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Abstract: PAX7 transcription factor plays a crucial role in embryonic myogenesis and in adult muscles
in which it secures proper function of satellite cells, including regulation of their self renewal. PAX7
downregulation is necessary for the myogenic differentiation of satellite cells induced after muscle
damage, what is prerequisite step for regeneration. Using differentiating pluripotent stem cells we
documented that the absence of functional PAX7 facilitates proliferation. Such action is executed
by the modulation of the expression of two proteins involved in the DNA methylation, i.e., Dnmt3b
and Apobec2. Increase in Dnmt3b expression led to the downregulation of the CDK inhibitors and
facilitated cell cycle progression. Changes in Apobec2 expression, on the other hand, differently
impacted proliferation/differentiation balance, depending on the experimental model used.

Keywords: mouse; ESCs; iPSCs; stem cells; differentiation; myogenesis; cell cycle; skeletal muscle;
teratoma; Pax7; 5azaC

1. Introduction

Pluripotent stem cells (PSCs), such as embryonic stem cells (ESCs) or induced pluripo-
tent stem cells (iPSCs), are capable of self-renewal when cultured under appropriate
conditions. When triggered with appropriate stimuli they differentiate into any given tis-
sue. Currently available in vitro differentiation assays allow to generate various cell types
that can be than used in research and possibly also in therapies. For many cell types the
protocols are straightforward and easily repeatable. For other ones, multiple approaches
have been tested not necessarily leading to designing the perfect differentiation method.
Among the tissues in which development and function are extensively analyzed using
PSCs are skeletal muscles. The protocols allowing derivation of myogenic progenitors
from PSCs cover various approaches involving overexpression of selected factors, such
as PAX3 or PAX7 (e.g., [1–3]), using DNA demethylating agents, such as 5-azacitidine
(5azaC) (e.g., [4–6]), as well as culture under precisely defined conditions (e.g., [7,8], for
review see [9]).

Many in vitro approaches base on the PSC differentiation within embryoid bodies
(EBs) and EB outgrowths (EBOs). In such three-dimensional structures molecular and
cellular events occurring during the early stages of embryonic development are recapit-
ulated (e.g., [10–12]). Culturing EBs and EBOs under defined conditions could lead to
the formation of myogenic precursor cells, myoblasts, and myotubes (e.g., [13–15]). Un-
til now none of these methods allowed to study the terminal stages of myogenesis, i.e.,
formation of innervated myofibers. However, promising results, have been presented by
Chal et al. and by Mazaleyrat et al. who used two-dimensional cell culture [7,16]. The
other model that could be used to analyze advanced stages of differentiation are teratomas,

Cells 2021, 10, 2205. https://doi.org/10.3390/cells10092205 https://www.mdpi.com/journal/cells

https://www.mdpi.com/journal/cells
https://www.mdpi.com
https://orcid.org/0000-0002-2536-9520
https://orcid.org/0000-0001-8782-7139
https://orcid.org/0000-0001-7816-6092
https://orcid.org/0000-0001-6455-9434
https://doi.org/10.3390/cells10092205
https://doi.org/10.3390/cells10092205
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/cells10092205
https://www.mdpi.com/journal/cells
https://www.mdpi.com/article/10.3390/cells10092205?type=check_update&version=1


Cells 2021, 10, 2205 2 of 19

i.e., non-malignant tumors formed from differentiating PSCs. Thus, PSCs injected into the
intracapsular space of kidneys or under the skin of mice differentiate spontaneously into
the cells and tissues originating from three germ layers. Many studies validated this model
as a tool to test pluripotency of mouse [17,18] or human cells [19–21], including first iPSCs
derived (e.g., [22,23]). It was also applied to study genetically modified PSCs (e.g., [24,25]).

Among the factors which role in myogenesis was extensively studied is PAX7. In mice,
ablation of this factor leads to early postnatal lethality [26]. Lack of the functional PAX7,
however, does not prevent myogenesis but affects its progression ([4,25,27,28]). Importantly,
in Pax7-null mice the number of muscle-specific stem cells, i.e., satellite cells (SCs), is lower
in skeletal muscles [29,30] and tunica muscularis of the esophagus [31]. Experiments
involving selective depletion of Pax7-expressing SCs pointed out the differences in the role
of this factor in embryonic, early postnatal, and adult myogenesis (reviewed in [32,33]).

In developing embryos myogenic precursor cells (MPCs) originate from somitic meso-
derm that cells express Pax3 and Pax7 [34–36]. During more advanced steps of myogenesis
expression of both genes is progressively downregulated and myogenic regulatory factors
(MRFs)-MYOD, MYF5, MYOGENIN, and MRF4 are synthesized (e.g., [37–39]). Some of the
MPCs retain Pax7 expression, do not differentiate, and become quiescent SCs. Skeletal mus-
cle injury leads to SC activation and differentiation resembling the process of embryonic
myogenesis. Many lines of evidence indicate that PAX7 is involved in regulating balance
between self-renewal and differentiation of SCs. In differentiating cells PAX7 controls the
expression of such factors as MYOD (e.g., [40]). In quiescent SCs it induces expression of
inhibitor of differentiation 3 (ID3), which prevents Myod1 or Myf5 expression [41]. PAX7
was also shown to be involved in the regulation of proliferation. Analyses of in vitro
cultured myoblasts brought contradictory results documenting that Pax7 overexpression
either increased [42] or inhibited proliferation [43]. Our analyses revealed that in the
absence of functional PAX7 proliferation of differentiating ESCs increased in vitro [4,14,24]
as well as in vivo after transplantation to the mouse muscle [4]. In the latter case, the
number of Pax7−/− ESCs present within regenerating muscles was significantly increased,
as compared to control [4]. Using 5azaC we showed that in the absence of functional
PAX7 levels of mRNAs and proteins coding myogenic markers, such as PAX3, MYF5,
MYOGENIN, were higher as compared to wild type cells [4]. Surprisingly, PAX7-deficiency
had similar impact on the proliferation of mouse embryonic fibroblasts [14]. Moreover,
PAX7 was shown to inhibit apoptosis [28] since its absence leads to increased mortality of
SCs [34] as well as rhabdomyosarcoma cells [44]. Cell cycle phenotype of Pax7−/− ESCs
was also suggested by in vivo analyses of teratomas, e.g., in the absence of functional PAX7
teratoma weight increased [25]. However, detailed studies on the cell cycle regulation
using teratoma in vivo model was not presented, so far.

Existing data documents that expression of CDK inhibitors is controlled by the cytosine
methylation. DNMT3B (DNA cytosine-5-methyltransferase 3 beta) together with DNMT3A
catalyzes de novo DNA methylation which is associated with gene silencing [45], including
genes encoding cell cycle regulators. In human umbilical cord blood-derived stem cells
DMNT3b downregulation increases the levels of CDKIs (e.g., [46,47]). Low levels of
DNMTs are associated with the upregulation of p21CIP1 in SCs [48]. On the other hand,
DNMT3b together with EZHT2 methyltransferase were shown to be necessary to repress
PAX7 during SC differentiation [49]. It was suggested that PAX7 controls the regulation of
gene expression via collaboration with APOBEC2 (apolipoprotein B mRNA editing enzyme
catalytic polypeptide 2). APOBEC2 is a cytidine deaminase enzyme possibly involved in
such processes as RNA editing but also DNA methylation [50]. It is expressed in cardiac
and skeletal muscle [51] and was shown to impact myoblast differentiation [50,52,53]. So
far, no data has been published concerning PAX7 impact on the cell cycle via modulation
of methylation.

To further explore PAX7 function in myogenic differentiation we analyzed two types
of pluripotent stem cells, i.e., ESCs and iPSCs derived according to classical protocol
involving Pou5f1, Sox2, Klf4, and c-Myc [23]. Differentiation of these PSCs was induced
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in vitro by 5azaC treatment or in vivo within teratomas. Using these models, we studied
the interplay between PAX7 and DNMT3b and APOBEC2 known to play a role in the
regulation of DNA methylation.

2. Materials and Methods
2.1. Pluripotent Stem Cell Lines

Embryonic stem cells (ESCs) used in the present study were previously derived
and characterized by us [4,14,24,25]. All experiments were carried out on three wild
type Pax7+/+ ESCs lines (B3, B5, B8) and three knock-out Pax7−/− ESCs lines (B4,
AI7.15, T2M4). Induced pluripotent stem cells (iPSCs) were obtained from Pax7+/+
(W65.5, W65.3, W65.5.1), and Pax7−/− (K64.2, K64.3, K64.3.1, K64.6) mouse embry-
onic fibroblasts by lentiviral transformation conducted and validated by specialized
company Stemgent Inc. MA, USA, according to protocol described by Takahasi and
Yamanaka [23]. Each experiment and analysis involving these cells was performed in at
least three independent replicates.

2.2. Preparation of Feeder Cells

Feeder cells, i.e., inactivated mouse embryonic fibroblasts (MEFs), were prepared
according to Robertson [54]. Briefly, males and females of F1(C57Bl6NxCBA/H) mice were
crossed and 13.5 days after the detection of vaginal plug embryos were dissected to derive
primary MEFs. Isolated cells were cultured in DMEM (with 4.500 mg/L glucose, Gibco,
Paisley, UK) supplemented with 10% heat-inactivated fetal bovine serum (FBS, Gibco),
penicillin and streptomycin (5000 units/mL each, Gibco). After reaching confluency MEFs
were inactivated with mitomycin C (10 µg/mL, Sigma-Aldrich, St. Louis, MO, USA),
frozen, and seeded.

2.3. Genotyping

C57Bl6N females carrying mutation in one allele of Pax7 gene were crossed with
129 Sv males. The 6-week-old F1(C57Bl6Nx129Sv) Pax7+/− females were allowed to
mate with males of the same cross and genotype. Obtained by crossbreeding mice (tail
tips) and isolated as described above, MEFs were genotyped. Briefly, genomic DNA was
isolated from MEFs (cells pellets) or tail tips placed in 100 µL of 10% Chelex 100 (Bio-Rad,
Hercules, CA, USA) solution in deionized water, in 98 ◦C, for 15 min. Next, supernatant
containing DNA was collected and 1 µL of obtained solution was used for PCR analysis
using RedTaq ReadyMix (Sigma-Aldrich) and primers according to conditions described
previously [26]. PCR products were separated using 1.5% agarose gel (Bio-Rad) and
visualized with ethidium bromide (1 mg/mL, Sigma-Aldrich). Agarose gels were analyzed
with GelDoc 2000 (Bio-Rad) using Quantity One software (Bio-Rad). Wild type allele was
represented by 200 bp and knock-out allele by 600 bp band [26].

2.4. Karyotyping

iPSCs were incubated for 1.5 h in culture medium containing 10 mg/mL of colchicine
(Sigma-Aldrich). Next, iPSCs were disaggregated in 0.05% trypsin-EDTA (Invitrogen,
Paisley, UK) for 5 min, washed two times in PBS, suspended and incubated for 20 min in
0.56% KCl (Sigma-Aldrich) at room temperature. Cells were fixed with methanol:acetic acid
solution (3:1) in 4 ◦C for 16 h. Finally, iPSCs were dropped onto warm slides, allowed to dry
and stained with Giemsa (Merck, Darmstadt, Germany) according to the manufacturer’s
protocol. Next, specimens were dehydrated in HistoChoice (Sigma-Aldrich), mounted
with VectaMount Mounting Medium (Vector Laboratories, Burlingame, CA, USA) and
analyzed using transmitted light microscopy (Axioskop, Zeiss, Oberkochen, Germany).
For each iPSC line at least 30 metaphase plates were analyzed.
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2.5. In Vitro Differentiation of PSCs

PSCs, i.e., ESCs or iPSCs, were cultured as described before [4,24] using so called
standard ESC medium composed of KnockOut Dulbecco’s modified Eagle’s medium
(KnockOut DMEM, Gibco), 15% high-quality bovine serum (FBS, Gibco), nonessential
amino acids (0.1 mM, Gibco), L-glutamine (2 mM, Gibco), β-mercaptoethanol (0.1 mM,
Sigma-Aldrich), penicillin and streptomycin (5000 units/mL each, Gibco), murine leukemia
inhibitory factor (LIF, 1000 IU/mL, ESGRO, Merck). Before 5-azacytidine (5azaC) incuba-
tion, PSCs were separated from MEFs by pre-plating. To this point cell suspension was
plated on 1% gelatin coated dishes and incubated in 37 ◦C, 5% CO2, for 20 min. Such
procedure was repeated twice allowing MEFs to attach to the dish and ESCs to remain
suspended in the medium. After pre-plating PSCs were harvested and 2 × 105 cells were
seeded onto 1% gelatin-coated cover slips placed in 35 mm dishes. PSCs were cultured
without MEFs in standard ESC medium. After 24 h of culture cells were divided into two
groups: control-one and treated with 5azaC (5 µM, Sigma-Aldrich). They were incubated in
medium containing DMEM 4.500 mg/L glucose (Gibco), 10% FBS, (Gibco), 10% HS (horse
serum, Invitrogen), penicillin and streptomycin 5000 units/mL each (Gibco), containing
5azaC—5 µmol/L (Sigma-Aldrich). After 24 h incubation cells were washed twice with
PBS and cells were cultured in the medium lacking 5azaC. Medium was changed every
2 days until the experiment was terminated after 10 days.

2.6. In Vivo Differentiation of PSCs–Teratomas Formation

PSCs were cultured under standard conditions to support pluripotency, as described be-
fore [4,24]. After 4–5 days of culture cell colonies were disaggregated in 0.05% trypsin/EDTA
(Invitrogen) for 3–5 min. Finally, 1 × 107 cells were suspended in 100 µL 0.9% NaCl and
injected subcutaneously to isoflurane-anesthetized 3-month-old F1(C57Bl6Nx129Sv) males.
Thirty days after transplantation teratomas that reached 1 cm in diameter were isolated,
weighed, frozen in liquid nitrogen cooled isopentane, and stored at −80 ◦C. Small and
poorly differentiated teratomas (diameter ≤ 5 mm), were excluded from the analysis.

2.7. Histological Analysis

The 10 µm thick sections were collected from frozen teratomas using a cryostat (Mi-
crom HM 505 N; Microm International GmbH, Dreieich, Hessen, Germany), air-dried,
stained for 10 min with Harris’s hematoxylin (Sigma-Aldrich) and 40 min with Gomori
trichrome (Sigma-Aldrich). Finally, sections were mounted in aqueous permanent mount-
ing medium (Dako, Carpinteria, CA, USA). Pictures were taken using a Nikon TE200
microscope (Nikon Instruments, Tokyo, Japan) and NIS Elements software.

2.8. Muscle Isolation

Gastrocnemius muscles were isolated from 14 days old F1(C57BI6N x 129Sv) Pax7+/+
or Pax7−/− males. Immediately after isolation muscles were frozen in liquid nitrogen
cooled isopentane for mRNA isolation and preserved at −80 ◦C. Muscles were isolated
from at least three animals per genotype.

2.9. RNA Isolation, RT-PCR and qPCR

Total RNA was isolated using mirVana miRNA Isolation Kit (Life Technologies, Carlsbad,
CA, USA) from undifferentiated PSCs, 5azaC-treated cells, teratomas, as well as skeletal muscles.
For RT-PCR 0.2 µg of RNA was used and the reaction was carried using Titan One Tube RT-PCR
System (Roche, Basel, Switzerland) and primers according to conditions previously used by
us. PCR products were separated in 1.5% agarose gel and analyzed. Reverse transcription
was performed using 1 µg total RNA and RevertAid First Strand cDNA Synthesis Kit (Thermo
Fisher Scientific, Waltham, MA, USA) according to manufacturer’s instruction. qPCR was per-
formed using specific TaqMan® probes: Mm02019550_s1 (Nanog), Mm00658129_gH (Pou5f1),
Mm00516104_m1 (Klf4), Mm00432359_m1 (Ccnd1), Mm00438070_m1 (Ccnd2), Mm01612362_m1
(Ccnd3), Mm00438066_m1 (Ccna2), Mm00432367_m1 (Ccne1), Mm00494449_m1 (Cdkn2a),
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Mm04205640_g1 (Cdkn1a), Mm00438168_m1 (Cdkn1b), Mm01240113_m1 (Dnmt3b),
Mm00477588_m1 (Apobec2), Mm00435125_m1 (Myf5), Mm00440387_m1 (Myod1),
Mm00446194_m1 (Myog), Mm00483191 m1 (Cdh15), Mm00488527 m1 (Sdc4), Mm01205647_g1
(Actb), the TaqMan Gene Expression Master Mix (Life Technologies) and LightCycler 96 in-
strument (Roche). Data was normalized against Actb. Data was also standardized against
expression observed in mouse embryos at day 13.5. Amplification curves were analyzed
using LightCycler 96 SW1.1 software (Roche) for determination of Ct. 2−∆∆CT analysis was
performed according to Livak and Schmittgen [55].

2.10. Immunolocalization

Cell cultures or teratoma cryosections were fixed with 3% paraformaldehyde (Sigma-
Aldrich) in PBS, at room temperature, for 10 min. Then permeabilization was performed
with 0.05% Triton-X 100 (Sigma-Aldrich) in PBS, at room temperature for 3 min. Nonspecific
antibody binding sites were blocked by the incubation in 3% bovine serum albumin (BSA,
Sigma-Aldrich), at room temperature, for 30 min. Next, specimens were incubated in
primary antibodies solutions, i.e., against Ki67 (AB15580, 1:500, Abcam, Cambridge, UK),
cleaved Caspase-3 (Asp175, 9661s, 1:200, Cell Signaling, Danvers, MA, USA), OCT3/4
(sc 5279, 1:100, Santa Cruz Biotechnology, Santa Cruz, CA, USA), or NANOG (RCAB0002P-
F, 1:50, Cosmo Bio Co., Tokyo, Japan) diluted in 0.5% BSA in PBS, at 4 ◦C, overnight.
Afterwards, specimens were incubated with appropriate secondary antibody conjugated
with Alexa 488 (Life Technologies) or Alexa 594 (Life Technologies) diluted 1:200 in 0.5%
BSA in PBS, at room temperature, for 2 h. DRAQ5 (Biostatus Limited, Loughborough,
UK) diluted 1:500 in PBS were used to visualize the nuclei. Finally, specimens were
mounted with Fluorescent Mounting Medium (DakoCytomation, Glostrup, Denmark).
The specificity of primary antibodies was verified by incubating samples with secondary
antibodies only. The specimens were analyzed using Axio Observer Z1 scanning confocal
microscope (Zeiss) equipped with LSM 700 software (Zeiss).

2.11. Global DNA Methylation Measurement

Isolation with Wizard® Genomic DNA Purification Kit (Promega, Madison, Wisconsin,
USA) was performed to obtain genomic DNA from frozen ESC teratomas. Then, global
DNA methylation was quantified using MethylFlash Global DNA Methylation (5-mC) Kit
(Epigentek, Farmingdale, NY, USA), according to the manufacturer’s instructions. In brief,
5-methyl cytosine was detected using an ELISA-like reaction. Levels of 5-methyl cytosine in
DNA of all biological samples were reported as the amount of methylated cytosines relative
to the genomic cytosine content (%). Fluorometric assays were conducted according to the
manufacturer’s instructions using 100 ng of input genomic DNA. All samples contained the
same amount of DNA. Absorbance was calculated using a microplate reader (Biotek ELx800,
Bad Friedrichshall, Germany) at 450 nm. Absolute amounts and the proportion of 5-methyl
cytosine were estimated using a standard curve Global measurement of DNA methylation.

2.12. Data Analysis

Sample size was computed based on GPower 3.1.9.4 (Informer Technologies, Inc, Los
Angeles, CA, USA) to ensure adequate power of the test. Data was analyzed and visualized
using Prism version 7.0 (GraphPad Software, Inc. San Diego, CA, USA). All analyses
were performed at least in three independent experiments. At first, Shapiro–Wilk test was
used to test the distribution of the data. Next, Fisher’s F test was applied to compare the
respective variances of the two groups. When the distribution of data was normal, we used
Student’s unpaired t-test (two-tailed) for comparisons between two groups. If data was
characterized by non-Gaussian distribution, we performed Mann–Whitney test. Values of
p < 0.05 were considered statistically significant (p < 0.05 (*), p < 0.01 (**), p < 0.001 (***) and
p < 0.0001 (****)). Two-way ANOVA with Sidak’s multiple comparisons or Kruskal–Wallis
tests were used to analyze differences between various groups. The level of significance
was set at p < 0.05.
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3. Results
3.1. Proliferative Status of Cells Building Pax7+/+ and Pax7−/− Teratomas

In the current study we decided to follow the cell cycle regulation in PSCs stimulated to
differentiate in vivo in teratomas and in vitro by the use of 5azaC, an agent inhibiting DNA
methyltransferases. We analyzed wild-type (Pax7+/+) and Pax7-null (Pax7−ax) mouse
ESCs and iPSCs. iPSCs were generated from Pax7+/+ and Pax7−ax mouse embryonic
fibroblasts by Pou5f1, Sox2, Klf4, and c-Myc overexpression [23]. ESCs or iPSCs were injected
under the skin of mice of the same genetic background and teratomas were isolated 30 days
later (Figure 1A). Each presented result came from analyses of three independent ESC and
three independent iPSC lines—Pax7+/+ (n = 3) and Pax7−ax (n = 3). ESC lines used by us
were previously characterized, proven to be pluripotent and able to differentiate into ecto-,
endo-, and mesoderm derived tissues [24]. iPSC lines were also analyzed by us (Figure S1).
In in vitro culture they formed typical PSC colonies (Figure S1A) and their karyotype was
normal (Figure S1B). They also synthetized OCT3/4 and NANOG (Figure S1C). Finally,
teratomas derived from them contained tissues of ecto-, endo-, and mesodermal origin
(Figure S1D). Thus, similarly to ESCs, they fulfilled the criteria of pluripotent stem cells.

First, we analyzed ESC-derived teratomas. The proportion of cycling cells was as-
sessed using the immunodetection of Ki67, i.e., a marker of proliferating cells [56]. Analysis
of teratoma sections revealed significantly higher number of proliferating cells in the ab-
sence of functional PAX7 (Figure 1B). At the same time, we did not observe any differences
in the levels of transcripts encoding G1 phase regulators, i.e., cyclin D1 and D2. Signifi-
cantly lower level of cyclin D3 mRNA was detected in Pax7−ax tissues, as compared to
control ones (Figure 1C). Next, in the absence of functional PAX7 expression of mRNAs
encoding cyclin E1 and A2 was upregulated (Figure 1C). At the same time, the levels of
transcripts encoding CDK inhibitors p16INK4A, p21CIP1, and p27KIP1 were significantly
lower (Figure 1D). Lack of antiapoptotic action of PAX7 and lower level of p27KIP1 [57]
resulted in the increased number of cells in which caspase 3 was activated (Figure 1E).

Teratomas formed from iPSCs mimicked the phenotype of ESC-derived ones. Prolif-
eration (Figure 2A) and cyclin E1 and A2 encoding mRNA expression was increased, as
compared to control (Figure 2B). p16INK4a and p27KIP1 encoding mRNAs were downreg-
ulated (Figure 2C). Moreover, the weight of Pax7−ax iPSC derived teratomas was higher
(Figure 2D) what was in agreement with previously published data on ESC derived ter-
atomas [25]. Again, lack of antiapoptotic action of PAX7 resulted in the increased number
of cells in which caspase 3 was activated (Figure 2E).

3.2. Relation between DNA Methylation, PAX7, and Cell Cycle Regulation in In Vitro and In Vivo
Differentiating Pax7+/+ and Pax7−/− PSCs

As previously shown, the expression of CDK inhibitors is controlled by the cytosine
methylation driven by DNMTs (e.g., [46–48]). APOBEC2, on the other hand, is involved
in the regulation of myoblast differentiation [50,52,53]. To look into the relation between
PAX7, DNA methylation, and cell cycle regulation we first analyzed ESC derived teratomas.
We found out that in the absence of functional PAX7 Dnmt3b expression was significantly
upregulated (Figure 3A). We observed similar increase in iPSC-derived Pax7−ax teratomas
(data not shown). At the same time dramatic drop in the levels of Apobec2 mRNA and
a significant increase in the overall level of 5-methyl cytosine in DNA were observed
(Figure 3A). Again, Apobec2 downregulation was observed in iPSC-derived Pax7−ax ter-
atomas (data not shown).

Thus, increase in Dnmt3b expression led to downregulation of CDKIs expression, what
was observed both in ESC- and iPSC-derived Pax7−ax teratomas (Figures 1D and 2C). This
could prevent efficient cell cycle arrest and cell differentiation. However, increase in Apobec2
expression could facilitate the upregulation of MRFs leading to myogenic differentiation.
Such phenomenon was previously described using the same experimental model [25].
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Figure 1. Cell proliferation and apoptosis in the teratomas generated from Pax7+/+ and Pax7−/−
ESCs. (A) Experimental design. (B) Proportion of Ki67 positive (Ki67+) cells and immunolocalization
of Ki67 (green) and nuclei (blue). Scale bar 100 µm. (C) Expression of mRNAs encoding cyclin D1
(Ccnd1), cyclin D2 (Ccnd2), cyclin D3 (Ccnd3), cyclin E1 (Ccne1), cyclin A2 (Ccna2). (D) Expression
of mRNAs encoding p16INK4A (Cdkn2a), p21CIP1 (Cdkn1a), p27KIP1 (Cdkn1b). (E) Proportion of
cleaved-caspase 3 (C-cas 3) positive cells and immunolocalization of cleaved-caspase 3 (green) and
nuclei (blue). Scale bar 100 µm. White bars—values for Pax7+/+ teratomas; gray bars—values for
Pax7−/− teratomas. Expression was related to the levels assessed in 13.5 d.p.c. mouse embryo
(E13.5) and normalized to mRNA encoding β-actin (Actb). For each experimental group the n ≥ 3.
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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Figure 2. Cell proliferation and apoptosis in the teratomas generated from Pax7+/+ and Pax7−/−
iPSCs. (A) Proportion of Ki67 positive (Ki67+) cells and immunolocalization of Ki67 (green) and
nuclei (blue). Scale bar 100 µm. (B) Expression of mRNAs encoding cyclin E1 (Ccne1), cyclin
A2 (Ccna2). (C) Expression of mRNAs encoding p16INK4A (Cdkn2a), p21CIP1 (Cdkn1a), p27KIP1
(Cdkn1b). (D) Weight of teratomas. (E) Proportion of cleaved-caspase 3 (C-cas 3) positive cells and
immunolocalization of cleaved-caspase 3 (green) and nuclei (blue). Scale bar 100 µm. White bars—
values for Pax7+/+ teratomas; gray bars—values for Pax7−/− teratomas. Expression was related to
the levels observed in 13.5 d.p.c. mouse embryo (E13.5) and normalized to mRNA encoding β-actin
(Actb). Data are presented as mean ± SD. Stars symbolizes results of Student’s unpaired two-tailed
t-test: * p < 0.05; ** p < 0.01, *** p < 0.001, **** p < 0.0001.

Figure 3. Cont.
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Figure 3. Analysis of factors regulating pluripotency and DNA methylation in Pax7+/+ and Pax7−/−
ESC and iPSCs—undifferentiated and differentiating in vitro treated with HS and 5-azacytidine and
in vivo in teratomas. (A) Expression of mRNAs Dnmt3b and Apobec2 in the teratomas generated from
Pax7+/+ and Pax7−/− ESCs. Global DNA methylation (5-mC, proportion of methylated cytosines
relative to the cytosine genomic content). (B) Expression of mRNAs encoding OCT3/4 (Pou5f1)
and NANOG (Nanog) in undifferentiated Pax7+/+ and Pax7−/− ESCs and iPSCs. (C) Expression
of mRNAs encoding DNMT3b (Dmt3b) in undifferentiated Pax7+/+ and Pax7−/− ESCs and iP-
SCs. (D) Expression of mRNA encoding Dnmt3b in differentiating Pax7+/+ and Pax7−/− ESCs
treated with HS and 5azaC. (E) Expression of mRNAs encoding Dnmt3b in differentiating Pax7+/+
and Pax7−/− iPSCs treated with HS and 5azaC. (F) Expression of mRNAs encoding Apobec2 in
differentiating Pax7+/+ and Pax7−/− ESCs treated with HS and 5azaC. (G) Expression of mRNAs
encoding Apobec2 in differentiating Pax7+/+ and Pax7−/− iPSCs treated with HS and 5azaC. White
bars—values for Pax7+/+ teratomas; gray bars—values for Pax7−/− teratomas. Expression was
related to the levels observed in 13.5 d.p.c. mouse embryo (E13.5) and normalized to mRNA en-
coding β-actin (Actb). Data are presented as mean ± SD. (A) Stars represent results of Student’s
unpaired two-tailed t-test: ** p < 0.01, *** p < 0.001. (B-Klf4) Data characterized by non-normal
distribution—stars symbolize results of Kruskal–Wallis and post-hoc Dunn’s multiple comparisons
test. The level of significance was set at p < 0.05. (B-Pou5f1, Nanog, Dnmt3b, D–G) Stars symbolize
result of two-way ANOVA and post-hoc Sidak’s multiple comparisons test: * p < 0.05; ** p < 0.01,
*** p < 0.001, **** p < 0.0001.

Next, we analyzed in vitro cultured ESCs and iPSCs. Analysis of two pluripotency
makers Pou5f1 and Nanog expression showed that it was significantly higher in pluripotent
ESCs than in iPSCs (Figure 3B). The level of Pou5f1 and Nanog mRNAs did not depend
on genotype and was comparable in each type of cell line analyzed. iPSCs were also
characterized by the lower levels of Dnmt3b mRNA, as compared to ESCs. Interestingly,
Dnmt3b expression was upregulated in iPSCs lacking functional PAX7 (Figure 3C).

To have a closer look at the PAX7 and methylation interplay we induced PSCs to
differentiate using horse serum (HS) and 5azaC. 5azaC decreases the level of cytosine
methylation. In case of PSCs it induces OCT3/4 and NANOG degradation mediated by
caspase 3 and 7 [58]. Importantly, 5azaC was also shown to promote myogenic differen-
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tiation and induce MYOD1 expression in human [59] and mouse ESCs [6]. Pax7+/+ and
Pax7−ax ESCs and iPSCs were cultured in medium supplemented with HS and 5 µM 5azaC
for 24 h and then in medium containing HS for 10 days. Control cells were cultured in the
medium lacking 5azaC (Figure 1A). Under such experimental conditions, the morphology
of the cells changed (Figure S2A). Dnmt3b expression was elevated only in differentiating
Pax7−ax iPSCs (Figure 3D,E), i.e., the cells with initially low Pou5f1 and Nanog, as compared
to ESCs. 5azaC led to the upregulation of Apobec2 expression, again only in iPSCs that
lacked functional PAX7 (Figure 3F,G). Interestingly, Pax7−ax ESCs cultured only in the
presence of horse serum [HS, (Figure 3F,G)] showed downregulation of Apobec2, similarly
as observed in ESC-derived Pax7−ax teratomas (Figure 3A). In case of iPSCs-cultured in
HS Apobec2 was upregulated (Figure 3G).

3.3. Proliferation of Pax7+/+ and Pax7−/− Differentiating PSC

Since differentiating Pax7−/− ESC and iPSC lines analyzed by us differed in the
levels of Dnmt3b and Apobec2 expression we asked how such phenotype impacts the cell
cycle. To elucidate this issue, we used ESCs and iPSCs induced to differentiate by HS and
5 µM 5azaC treatment, as described above (Figure 1A). The absence of functional PAX7
did not impact the number of Ki67+ positive ESCs (Figure 4A). However, cells expressing
this marker were significantly more abundant in cultures treated with HS and 10µM 5azaC
(data not shown). In case of Pax7−/− iPSC cultures, the number of proliferating cells
was considerably increased in every group studied (Figure 4B). Moreover, the number
of Pax7−/− ESCs as well as iPSCs with activated caspase 3 was lower, as compared to
wild type controls (Figure 4C,D). In in vitro differentiating ESCs, 5azaC did not impact the
levels of Cdkn2a and Cdkn1a, encoding p16INK4a or p21CIP1 inhibitors, regardless of their
genotype (Figure 6A).

The levels of abovementioned RNAs were significantly lower in Pax7−/− iPSCs
(Figure 6B). Thus, the comparison of in vitro cultured ESCs and iPSCs uncovered the rela-
tionship between PAX7 and methylation regulation. In the absence of PAX7, differentiating
iPSCs significantly increased Dnmt3b expression. Cdkn2a and Cdkn1a mRNAs and number
of proliferating cells were increased (Figures 4B and 6B). Apobec2 upregulation observed by
us in Pax7−/− iPSCs led to increase in the Myog expression (Figure S2B).

3.4. Dnmt3a, Apobec2, and CDKIs in Pax7+/+ and Pax7−/− Skeletal Muscles

To verify PAX7 impact at the DNA methylation in vivo we assessed the levels of
mRNAs encoding APOBEC2, DNMT3B, CDKIs, and SC markers (MYF5, M-cadherin, syn-
decan 4) in Gastrocnemius muscles of two-week old Pax7+/+ and Pax7−/−mice. Apobec2
expression was significantly downregulated while increase in the level of Dnmt3b was
insignificant (p = 0.08) in Pax7−/− muscles (Figure S3A). Levels of mRNAs encoding
p21CIP1 and p27KIP1 were also decreased (Figure S3B). Thus, “muscle phenotype” re-
flected the one of Pax7−/− teratomas. Finally, Myf5, Cdh15 (M-cadherin), and Sdc4
(syndecan 4) mRNA levels were significantly lower in Pax7−/− muscles, as compared
to control (Figure S3C). Thus, it was in agreement with the previous reports showing
the lower number of SCs in Pax7-null skeletal muscles [29,30] and also in teratomas
derived from Pax7-deficient PSCs [25].

Summarizing, we documented that PAX7 controls proliferation/differentiation bal-
ance by blocking the expression of Dnmt3b what leads to the upregulation of CDKIs. Next,
it positively influences APOBEC2 leading to the demethylation of sequences regulating
MRF genes what promotes myogenic differentiation.
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Figure 4. Cell proliferation and apoptosis in differentiating Pax7+/+ and Pax7−/− ESCs and iPSCs
treated with HS and 5-azacytidine. (A) Proportion of Ki67 positive (Ki67+) cells and immunolocal-
ization of Ki67 (green) and nuclei (blue) in ESCs. Scale bar 100 µm. (B) Proportion of Ki67 positive
(Ki67+) cells and immunolocalization of Ki67 (green) and nuclei (blue) in iPSCs. Scale bar 100 µm.
(C) Proportion of cleaved-caspase 3 (C-cas 3) positive cells and immunolocalization of cleaved-
caspase 3 (green) and nuclei (blue) in ESCs. Scale bar 100 µm. (D) Percentage of cleaved-caspase
3 (C-cas 3) positive cells and immunolocalization of cleaved-caspase 3 (green) and nuclei (blue) in
iPSCs. Scale bar 100 µm. White bars—values for Pax7+/+ PSCs; gray bars—values for Pax7−/−
PSCs. Data are presented as mean ± SD. (A,B) Stars symbolize result of two-way ANOVA and
post-hoc Sidak’s multiple comparisons test: * p < 0.05, **** p < 0.0001. (C,D) Stars symbolize results
of Student’s unpaired two-tailed t-test: * p < 0.05, **** p < 0.0001.

Figure 5. Cont.
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Figure 6. Cell cycle inhibitors in differentiating Pax7+/+ and Pax7−/− ESCs and iPSCs treated with
HS and 5-azacytidine. (A) Expression of mRNAs encoding p16INK4A (Cdkn2a), p21CIP1 (Cdkn1a) in
differentiating Pax7+/+ and Pax7−/− ESCs treated with HS and 5azaC. (B) Expression of mRNAs
encoding p16INK4A (Cdkn2a), p21CIP1 (Cdkn1a) in differentiating Pax7+/+ and Pax7−/− iPSCs
treated with HS and 5azaC. White bars—values for Pax7+/+ ESCs and iPSCs; gray bars—values for
Pax7−/− ESCs and iPSCs. Expression was related to the levels observed in 13.5 d.p.c. mouse embryo
(E13.5) and normalized to mRNA encoding β-actin (Actb). Data are presented as mean ± SD. Stars
symbolize result of two-way ANOVA and post-hoc Sidak’s multiple comparisons test: ** p < 0.01,
*** p < 0.001. Scale bar 100 µm.

4. Discussion

In the current study, using differentiating PSCs, we focused at the relation between
PAX7, factors involved in DNA methylation, and cell cycle progression. We used two differ-
ent models of PSC differentiation. In vivo generated teratomas and PSCs in vitro induced
to differentiate using horse serum and demethylating agent-5azaC. Each of these models
was used in the past proving their usefulness for studying PSC phenotypes caused by defi-
ciency of PAX7 function [4,25]. Moreover, our previous studies documented that Pax7−/−
ESCs were more prone to undergo myogenic differentiation induced in vitro in EBs [24] or
by HS and 5azaC [4]. It was manifested by increased expression of myogenesis regulating
factors, such as Pax3, Myf5, Myod1. In in vivo developing Pax7−/− teratomas, however,
the levels of Myod1 and Myog were significantly lower, as compared to wild type control.
As a result, myogenic differentiation was delayed [25].

PAX7 is a master regulator of embryonic myogenesis and SC function in the adult
muscle. It controls the expression of genes promoting SC survival and self-renewal, and
preventing their differentiation (reviewed in [60,61]). Many lines of evidence suggest
the involvement of PAX7 in cell cycle control. Thus, it has been shown that myoblasts
lacking Pax7 decreased their proliferation [34] and formed fewer and smaller myotubes [30].
Mice expressing nonfunctional PAX7 were characterized by small myofiber diameter and
muscle mass [26,29]. However, it has to be remembered that decrease in PAX7 level
accompanies SC activation followed by intensive proliferation and formation of myotubes
and myofibers (for review see [60]). Results of our studies focusing at PSCs lacking
functional PAX7 documented that indeed, as it happens in the case of SCs, the absence of
this transcription factor facilitates the cell cycle progression. Regardless of the method used
to induce PSC myogenic differentiation we always observed that dysfunction of PAX7 leads
to the increased proliferative potential. In the case of ESCs it was proven using various
approaches. In in vitro cultured EBs, by assessing the number of cells and their proliferation
rate, detection of Ki67, and mRNAs encoding cell cycle regulators [14]. In vivo by localizing
Ki67 expressing ESCs transplanted into regenerating skeletal muscle [4], or by measuring
teratoma weight (current study, [25]). Current results confirmed that expression of mRNAs
encoding cyclin E1 and A2 was increased and those coding CDKI, i.e., p16IN4A, p21CIP1,
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and p27KIP1 was significantly reduced in Pax7−ax ESC and iPSC-derived teratomas. As a
result, the number of Ki67 expressing cells was increased. Thus, we documented that PAX7
cell cycle limiting function is the same in SCs and in differentiating PSCs. We also showed
slight increase in Dnmt3b mRNA level in Pax7−ax skeletal muscles what was accompanied
by the drop in CDKIs expression. The question was how such PAX7 effect is executed.

Several lines of evidence suggested the connection between PAX7 and DNMT3b.
DNMT3b, together with EZHT2 methyltransferase, was shown to repress PAX7 and
NOTCH1 during SC differentiation [49]. Knockdown of Dnmt3b led to the upregulation of
Pax7 expression in early neural crest cells [62]. In the case of human rhabdomyosarcoma
cells, it resulted in increase of MYOD1, MYOG, and MyHC expression [47]. Importantly, it
was documented that in in vitro differentiating mouse ESCs the level of mRNA encoding
Dnmt3b changed independently of Pax7 expression [50]. In the current study, for the first
time, we documented closer relation between these two factors. In the absence of func-
tional PAX7 Dnmt3b expression increased in ESC- and iPSC-derived teratomas, as well
as in vitro differentiating iPSCs. Such increase led to the increase in DNA methylation.
Thus, it suggested that PAX7 negatively regulates Dnmt3b expression. Such methylation
increase led to the drop in the CDKI expression, what we showed for p16INK4A (Cdkn2a),
p21CIP1 (Cdkn1a), and p27KIP1 (Cdkn1b). DNMT3b was shown to be responsible for CDKI
levels in human umbilical cord blood-derived stem cells [47], human rhabdomyosarcoma
cells [48], and many cancer cell lines [63–65]. Low levels of DNMT3b in PRMT7 (protein
arginine methyl transferase 7) deficient SCs was accompanied by p21CIP1 increase [48].
As far as cell cycle regulation is concerned we also detected cyclin E1 as well as A2 up-
regulation in Pax7−/− PSCs (current study, [14]). In the current study we also show
that Pax7−/− ESC-derived teratomas express lower levels of cyclin D3. This particular
cyclin D is involved in early activation of myogenesis by the increase of Cdkn1a, Myod1,
Myf5, and Myog expression. Thus, its decrease may also promote proliferation and prevent
efficient myogenic differentiation (e.g., [66–68]). Interestingly, cyclin D3 also promotes
Pax7 expression [67,68].

Another factor we analyzed was APOBEC2 that was suggested to play a role in many
processes like tumorigenesis by RNA editing [69] or tissue regeneration [70], and myogen-
esis progression by DNA demethylation [50]. Apobec2-deiffcient mice were characterized
by many defects, including a reduction in body mass, mild myopathy, and increased
proportion of slow muscle fibers in Soleus muscle [71]. Next, in the absence of APOBEC2
mitochondrial defects were observed in skeletal muscle what led to increased mitophagy
and chronic muscle damage [72]. It was also shown that APOBEC2 function is important
for Myog expression during myoblast differentiation [50]. We show here that Pax7−/−
teratomas Apobec2 expression was decreased. Such downregulation could result in lower
levels of Myf5, Myod1, and Myog expression [25]. Our current analyses also document that
in Pax7−/− skeletal muscles significant downregulation in Apobec2 mRNA accompanies
drop in Myf5 expression. Taken together, Dnmt3b upregulation and Apobec2 downregula-
tion resulted in the prevalence of proliferation over differentiation in Pax7−/− teratomas.
Interestingly, “cell cycle phenotype” of in vitro differentiating PSCs differed from that
characteristic for teratomas.

In our current study we decided to in vitro culture and analyze two types of PSCs, i.e.,
ESCs which we previously studied [4,14,24,25], and also iPSCs. Our decision was driven
also by the fact, that iPSCs differed to some extent from ESC counterparts. This differ-
ence was manifested by lower expression of mRNAs encoding pluripotency markers, i.e.,
OCT3/4 and NANOG in iPSCs. Interestingly, we also revealed that Dnmt3b expression was
significantly higher in Pax7−/− iPSCs. This analysis confirmed that when interpreting the
results and drawing the conclusions from PSC analyses, special attention is needed. Many
lines of evidence document certain aberrations manifested in PSCs, including epigenetic
ones [73–76]. For this reason, every analysis presented in the current study was performed
using three independent cell lines of each type. Moreover, crucial phenotypes of PSCs
concerning Dnmt3b, Apobec2, and CDKIs expression were confirmed in skeletal muscles.
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Having such tool, we had the opportunity to study PAX7 and methylation at the
initially different background. In the case of differentiating ESCs we did not observe any
significant changes in Dnmt3b mRNA levels, regardless of the genotype. Apobec2 mRNA,
however, was at the lower level in Pax7−/− ESCs cultured in the presence of HS only, as
compared to wild type control. iPSC response to HS and 5azaC treatment was more evident,
as compared to ESCs. In the absence of functional PAX7 we observed Dnmt3b and Apobec2
upregulation accompanied by significant drop in Cdkn2a and Cdkn1a as well as increase in
Myod1 and Myog expression (Figure 7A). Thus, both types of Pax7−/− PSCs response to
5azaC treatment with increased proliferation, as shown by the proportion of Ki67+ cells
but at the same time differentiation markers were effectively upregulated. Regardless of
the model used by us, in vitro or in vivo, PAX7 deficiency resulted in increase of level
of Dnmt3b followed by decreased level of mRNAs encoding CDKIs. However, Apobec2
downregulation occurred only in ESCs cultured in vitro in the presence of HS and in vivo
in teratomas. As we have previously shown in such cells, MRFs expression and myogenic
differentiation were affected [4,25]. When we induced DNA demethylation by 5azaC
treatment in in vitro cultured Pax7−/− cells we prevented drop in Apobec2 expression
(ESCs) or even led to its increase (iPSCs). Moreover, in Pax7−/− skeletal muscles Apobec2
mRNA level was significantly lower while Dnmt3b mRNA was only slightly upregulated.
This clearly documented that PAX7 regulates Dnmt3b and Apobec2 expression, and thereby
impacts the cell cycle progression.

Figure 7. PAX7, DNMT3b, APOBEC2, CDKIs and MRFs in in vitro differentiating ESCs and iPSCs
and in vivo developing teratomas. (A) Changes in the expression of selected markers in Pax7−/−
cells in relation to Pax7+/+ cells. + higher level; − lower level; = significant difference was not
observed. (B) Schematic diagram presenting status quo in wild type, i.e., Pax7+/+ cells.

The question remains what causes the differences between ESCs and iPSCs. First of
all, iPSCs analyzed by us were characterized by the lower levels of pluripotency markers.
This, however, did not affect their ability to form teratomas containing derivatives of three
germ layers, or karyotype. Increased expression of Dnmt3b mRNA in Pax7−/− iPSCs
could be linked with their pluripotency status [77]. Analysis of human iPSC showed that
aberrant DNA methylation is associated with the somatic cells reprogramming what can
also affect gene expression (for review see [76]). At the end, we obtained differentiating
iPSCs, but caution and special attention must be taken, as we mentioned above, to analyze
several cell lines of the same genotype.

Apart from the cell cycle regulators, we also compared the apoptosis level in ESCs
and iPSC induced to differentiate with 5azaC and teratomas derived from these cells. It
allowed us to document significant differences between in vivo and in vitro models of
differentiation. In teratomas, in the absence of functional PAX7, we observed significant
increase of cells containing active caspase 3. This observation goes with line with the
previous data showing antiapoptotic PAX7 function [34,40,78,79]. In vitro setting seems
to be more complicated. In the current, as well as in our previous study [14] we observed
significantly fewer Pax7−/− cells containing activated caspase 3, as compared to wild
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type control. As we previously suggested, it is possible that in vitro cultured Pax7−/−
cells might prematurely exit the cell cycle and start to differentiate, what is manifested by
an increase in MRFs expression, and CDKIs downregulation. Under such circumstances
the apoptosis is not timely executed, as it happens in vivo. Again, this points out the
differences between in vivo and in vitro models used by us.

5. Conclusions

We proved that in differentiating PSCs PAX7 balances the cell cycle progression via
regulating expression of Dnmt3b and Apobec2. PAX7 blocks the expression of Dnmt3b what
leads to the upregulation of CDKIs. At the same time, its action restricts Ccne1 and Ccna2
expression. It positively influences APOBEC2 leading to the demethylation of sequences
regulating MRF genes what induces myogenic differentiation (Figure 7B) [50]. Lack of
functional PAX7 results in higher DNA methylation causing delayed cell cycle exit and
myogenic differentiation. However, this effect can be neutralized/compensated and even
inverted by treatment with demethylating agents.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cells10092205/s1, Figure S1: Characteristics of Pax7+/+ (W65.5, W65.3, W65.5.1) and Pax7−/−
(K64.2, K64.3, K64.3.1, K64.6) iPSC line. Figure S2: Myogenic differentiation of Pax7+/+ and Pax7−/−
iPSCs treated with HS and 5-azacytidine. Figure S3: Expression of selected genes in muscles obtained
from Pax7+/+ and Pax7−/− 14 day old mice.

Author Contributions: Conceptualization, M.A.C., A.F. and I.G.; methodology, A.F. and I.G.; valida-
tion, A.F. and I.G.; formal analysis, M.A.C., A.F. and I.G.; investigation, A.F., I.G., M.G., Z.J., I.M., J.N.,
L.T. and M.Z.; data curation, A.F. and I.G.; writing—M.A.C.; writing—review and editing M.A.C.,
A.F. and I.G.; visualization, A.F. and I.G.; supervision, A.F. and I.G.; project administration, A.F. and
I.G.; funding acquisition, A.F. and I.G. All authors have read and agreed to the published version of
the 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. The study was financially supported by the Ministry of Science and Higher Education
through the Faculty of Biology, University of Warsaw intramural grant #501-D114-86-0115000-15 for
Anita Helinska (Florkowska).

Institutional Review Board Statement: Animal studies were approved by Local Ethics Committee
No. 1 in Warsaw, Poland, permit number 356/2017, according to the European Union Directive on
the approximation of laws, regulations and administrative provisions of the Member States regarding
the protection of animals used for experimental and scientific purposes [80,81]. All mice were raised
on the premises and were maintained under a 12 h light/12 h dark cycle.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors thank Katarzyna Janczyk-Ilach and Władysława Streminska for
excellent technical support. We would like to thank all members of the Department of Cytology
for their constant support and helpful discussions. The authors thank Maciej Wnuk for providing
valuable advice during the DNA methylation analyses.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Magli, A.; Incitti, T.; Kiley, J.; Swanson, S.A.; Darabi, R.; Rinaldi, F.; Selvaraj, S.; Yamamoto, A.; Tolar, J.; Yuan, C.; et al. PAX7

Targets, CD54, Integrin α9β1, and SDC2, Allow Isolation of Human ESC/iPSC-Derived Myogenic Progenitors. Cell Rep. 2017, 19,
2867–2877. [CrossRef]

2. Darabi, R.; Arpke, R.W.; Irion, S.; Dimos, J.T.; Grskovic, M.; Kyba, M.; Perlingeiro, R.C.R. Human ES- and iPS-Derived Myogenic
Progenitors Restore DYSTROPHIN and Improve Contractility upon Transplantation in Dystrophic Mice. Cell Stem Cell 2012, 10,
610–619. [CrossRef]

https://www.mdpi.com/article/10.3390/cells10092205/s1
https://www.mdpi.com/article/10.3390/cells10092205/s1
http://doi.org/10.1016/j.celrep.2017.06.005
http://doi.org/10.1016/j.stem.2012.02.015


Cells 2021, 10, 2205 16 of 19

3. Darabi, R.; Pan, W.; Bosnakovski, D.; Baik, J.; Kyba, M.; Perlingeiro, R.C. Functional myogenic engraftment from mouse iPS cells.
Stem Cell Rev. 2011, 7, 948–957. [CrossRef]

4. Helinska, A.; Krupa, M.; Archacka, K.; Czerwinska, A.M.; Streminska, W.; Janczyk-Ilach, K.; Ciemerych, M.A.; Grabowska, I.
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. [CrossRef]

5. Watanabe, S.; Hirai, H.; Asakura, Y.; Tastad, C.; Verma, M.; Keller, C.; Dutton, J.R.; Asakura, A. MyoD gene suppression by Oct4 is
required for reprogramming in myoblasts to produce induced pluripotent stem cells. Stem Cells 2011, 29, 505–516. [CrossRef]

6. Archacka, K.; Denkis, A.; Brzoska, E.; Swierczek, B.; Tarczyluk, M.; Janczyk-Ilach, K.; Ciemerych, M.A.; Moraczewski, J.
Competence of In Vitro Cultured Mouse Embryonic Stem Cells for Myogenic Differentiation and Fusion with Myoblasts. Stem
Cells Dev. 2014, 23, 2455–2468. [CrossRef]

7. Chal, J.; Al Tanoury, Z.; Oginuma, M.; Moncuquet, P.; Gobert, B.; Miyanari, A.; Tassy, O.; Guevara, G.; Hubaud, A.; Bera, A.; et al.
Recapitulating early development of mouse musculoskeletal precursors of the paraxial mesoderm in vitro. Development 2018, 145,
dev.157339. [CrossRef]

8. Chal, J.; Pourquie, O. Making muscle: Skeletal myogenesis in vivo and in vitro. Development 2017, 144, 2104–2122. [CrossRef]
9. Archacka, K.; Brzoska, E.; Ciemerych, M.A.; Czerwinska, A.M.; Grabowska, I.; Kowalski, K.K.; Zimowska, M. Pluripotent and

Mesenchymal Stem Cells—Challenging Sources for Derivation of Myoblast. In Cardiac Cell Culture Technologies; Brzozka, Z.,
Jastrzebska, E., Eds.; Springer International Publishing: Cham, Switzerland, 2018; pp. 109–154.

10. Desbaillets, I.; Ziegler, U.; Groscurth, P.; Gassmann, M. Embryoid bodies: An in vitro model of mouse embryogenesis. Exp.
Physiol. 2000, 85, 645–651. [CrossRef]

11. Itskovitz-Eldor, J.; Schuldiner, M.; Karsenti, D.; Eden, A.; Yanuka, O.; Amit, M.; Soreq, H.; Benvenisty, N. Differentiation of human
embryonic stem cells into embryoid bodies compromising the three embryonic germ layers. Mol. Med. 2000, 6, 88–95. [CrossRef]

12. Grabowska, I.; Archacka, K.; Czerwinska, A.M.; Krupa, M.; Ciemerych, M.A. Mouse and human pluripotent stem cells and the
means of their myogenic differentiation. In Mouse Development; Kubiak, J., Ed.; Springer: Berlin/Heidelberg, Germany, 2012;
Results and Problems in Cell Differentiation; Volume 55, pp. 321–356.

13. Bem, J.; Grabowska, I.; Daniszewski, M.; Zawada, D.; Czerwinska, A.M.; Bugajski, L.; Piwocka, K.; Fogtman, A.; Ciemerych, M.A.
Transient MicroRNA Expression Enhances Myogenic Potential of Mouse Embryonic Stem Cells. Stem Cells 2018, 36, 655–670.
[CrossRef] [PubMed]

14. Czerwinska, A.M.; Nowacka, J.; Aszer, M.; Gawrzak, S.; Archacka, K.; Fogtman, A.; Iwanicka-Nowicka, R.; Janczyk-Ilach, K.;
Koblowska, M.; Ciemerych, M.A.; et al. Cell cycle regulation of embryonic stem cells and mouse embryonic fibroblasts lacking
functional Pax7. Cell Cycle 2016, 15, 2931–2942. [CrossRef] [PubMed]

15. Sanchez, A.; Jones, W.K.; Gulick, J.; Doetschman, T.; Robbins, J. Myosin heavy chain gene expression in mouse embryoid bodies.
An in vitro developmental study. J. Biol. Chem. 1991, 266, 22419–22426. [CrossRef]

16. Mazaleyrat, K.; Badja, C.; Broucqsault, N.; Chevalier, R.; Laberthonniere, C.; Dion, C.; Baldasseroni, L.; El-Yazidi, C.; Thomas, M.;
Bachelier, R.; et al. Multilineage Differentiation for Formation of Innervated Skeletal Muscle Fibers from Healthy and Diseased
Human Pluripotent Stem Cells. Cells 2020, 9, 1531. [CrossRef]

17. Muntener, M.; Kagi, U.; Stevens, L.C.; 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, 223–229. [CrossRef]

18. Quattrocelli, M.; Palazzolo, G.; Floris, G.; Schoffski, P.; Anastasia, L.; Orlacchio, A.; Vandendriessche, T.; Chuah, M.K.; Cossu, G.;
Verfaillie, C.; et al. Intrinsic cell memory reinforces myogenic commitment of pericyte-derived iPSCs. J. Pathol. 2011, 223, 593–603.
[CrossRef]

19. Kazuki, Y.; Hiratsuka, M.; Takiguchi, M.; Osaki, M.; Kajitani, N.; Hoshiya, H.; Hiramatsu, K.; Yoshino, T.; Kazuki, K.; Ishihara, C.;
et al. Complete genetic correction of ips cells from Duchenne muscular dystrophy. Mol. Ther. 2010, 18, 386–393. [CrossRef]

20. Lezmi, E.; Weissbein, U.; Golan-Lev, T.; Nissim-Rafinia, M.; Meshorer, E.; Benvenisty, N. The Chromatin Regulator ZMYM2
Restricts Human Pluripotent Stem Cell Growth and Is Essential for Teratoma Formation. Stem Cell Rep. 2020, 15, 1275–1286.
[CrossRef]

21. 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, 281–287. [CrossRef]

22. Takahashi, K.; Tanabe, K.; Ohnuki, M.; Narita, M.; Ichisaka, T.; Tomoda, K.; Yamanaka, S. Induction of pluripotent stem cells from
adult human fibroblasts by defined factors. Cell 2007, 131, 861–872. [CrossRef]

23. Takahashi, K.; Yamanaka, S. Induction of pluripotent stem cells from mouse embryonic and adult fibroblast cultures by defined
factors. Cell 2006, 126, 663–676. [CrossRef] [PubMed]

24. Czerwinska, A.M.; Grabowska, I.; Archacka, K.; Bem, J.; Swierczek, B.; Helinska, A.; Streminska, W.; Fogtman, A.; Iwanicka-
Nowicka, R.; Koblowska, M.; et al. Myogenic Differentiation of Mouse Embryonic Stem Cells That Lack a Functional Pax7 Gene.
Stem Cells Dev. 2016, 25, 285–300. [CrossRef] [PubMed]

25. Florkowska, A.; Meszka, I.; Zawada, M.; Legutko, D.; Proszynski, T.J.; Janczyk-Ilach, K.; Streminska, W.; Ciemerych, M.A.;
Grabowska, I. Pax7 as molecular switch regulating early and advanced stages of myogenic mouse ESC differentiation in teratomas.
Stem Cell Res. Ther. 2020, 11, 238. [CrossRef] [PubMed]

26. Mansouri, A.; Stoykova, A.; Torres, M.; Gruss, P. Dysgenesis of cephalic neural crest derivatives in Pax7-/- mutant mice.
Development 1996, 122, 831–838. [CrossRef] [PubMed]

http://doi.org/10.1007/s12015-011-9258-2
http://doi.org/10.1016/j.ejcb.2016.12.001
http://doi.org/10.1002/stem.598
http://doi.org/10.1089/scd.2013.0582
http://doi.org/10.1242/dev.157339
http://doi.org/10.1242/dev.151035
http://doi.org/10.1111/j.1469-445X.2000.02104.x
http://doi.org/10.1007/BF03401776
http://doi.org/10.1002/stem.2772
http://www.ncbi.nlm.nih.gov/pubmed/29314416
http://doi.org/10.1080/15384101.2016.1231260
http://www.ncbi.nlm.nih.gov/pubmed/27610933
http://doi.org/10.1016/S0021-9258(18)54589-0
http://doi.org/10.3390/cells9061531
http://doi.org/10.1007/BF02899408
http://doi.org/10.1002/path.2845
http://doi.org/10.1038/mt.2009.274
http://doi.org/10.1016/j.stemcr.2020.05.014
http://doi.org/10.1038/nbt.1527
http://doi.org/10.1016/j.cell.2007.11.019
http://doi.org/10.1016/j.cell.2006.07.024
http://www.ncbi.nlm.nih.gov/pubmed/16904174
http://doi.org/10.1089/scd.2015.0162
http://www.ncbi.nlm.nih.gov/pubmed/26649785
http://doi.org/10.1186/s13287-020-01742-3
http://www.ncbi.nlm.nih.gov/pubmed/32552916
http://doi.org/10.1242/dev.122.3.831
http://www.ncbi.nlm.nih.gov/pubmed/8631261


Cells 2021, 10, 2205 17 of 19

27. Hutcheson, D.A.; Zhao, J.; Merrell, A.; Haldar, M.; Kardon, G. Embryonic and fetal limb myogenic cells are derived from
developmentally distinct progenitors and have different requirements for β-catenin. Genes Dev. 2009, 23, 997–1013. [CrossRef]

28. Kuang, S.; Charge, S.B.; Seale, P.; Huh, M.; Rudnicki, M.A. Distinct roles for Pax7 and Pax3 in adult regenerative myogenesis. J.
Cell Biol. 2006, 172, 103–113. [CrossRef]

29. Seale, P.; Sabourin, L.A.; Girgis-Gabardo, A.; Mansouri, A.; Gruss, P.; Rudnicki, M.A. Pax7 is required for the specification of
myogenic satellite cells. Cell 2000, 102, 777–786. [CrossRef]

30. Oustanina, S.; Hause, G.; Braun, T. Pax7 directs postnatal renewal and propagation of myogenic satellite cells but not their
specification. EMBO J. 2004, 23, 3430–3439. [CrossRef]

31. Worl, J.; Breuer, C.; Neuhuber, W.L. Deletion of Pax7 changes the tunica muscularis of the mouse esophagus from an entirely
striated into a mixed phenotype. Dev. Dyn. 2009, 238, 864–874. [CrossRef]

32. Wang, J.; Conboy, I. Embryonic vs. adult myogenesis: Challenging the ‘regeneration recapitulates development’ paradigm. J. Mol.
Cell Biol. 2009, 2, 1–4. [CrossRef]

33. Relaix, F.; Zammit, P.S. Satellite cells are essential for skeletal muscle regeneration: The cell on the edge returns centre stage.
Development 2012, 139, 2845–2856. [CrossRef]

34. Relaix, F.; Montarras, D.; Zaffran, S.; Gayraud-Morel, B.; Rocancourt, D.; Tajbakhsh, S.; Mansouri, A.; Cumano, A.; Buckingham,
M. Pax3 and Pax7 have distinct and overlapping functions in adult muscle progenitor cells. J. Cell Biol. 2006, 172, 91–102.
[CrossRef] [PubMed]

35. Bober, E.; Franz, T.; Arnold, H.H.; Gruss, P.; Tremblay, P. Pax-3 is required for the development of limb muscles: A possible role
for the migration of dermomyotomal muscle progenitor cells. Development 1994, 120, 603–612. [CrossRef] [PubMed]

36. Williams, B.A.; Ordahl, C.P. Pax-3 expression in segmental mesoderm marks early stages in myogenic cell specification. Develop-
ment 1994, 120, 785–796. [CrossRef]

37. Braun, T.; Bober, E.; Rudnicki, M.A.; Jaenisch, R.; Arnold, H.H. MyoD expression marks the onset of skeletal myogenesis in Myf-5
mutant mice. Development 1994, 120, 3083–3092. [CrossRef]

38. 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, 127–138. [CrossRef]

39. Relaix, F.; Rocancourt, D.; Mansouri, A.; Buckingham, M. A Pax3/Pax7-dependent population of skeletal muscle progenitor cells.
Nature 2005, 435, 948–953. [CrossRef] [PubMed]

40. Relaix, F.; Rocancourt, D.; Mansouri, A.; Buckingham, M. Divergent functions of murine Pax3 and Pax7 in limb muscle
development. Genes Dev. 2004, 18, 1088–1105. [CrossRef] [PubMed]

41. McKinnell, I.W.; Ishibashi, J.; Le Grand, F.; Punch, V.G.; Addicks, G.C.; Greenblatt, J.F.; Dilworth, F.J.; Rudnicki, M.A. Pax7
activates myogenic genes by recruitment of a histone methyltransferase complex. Nat. Cell Biol. 2008, 10, 77–84. [CrossRef]
[PubMed]

42. Collins, C.A.; Gnocchi, V.F.; White, R.B.; Boldrin, L.; Perez-Ruiz, A.; Relaix, F.; Morgan, J.E.; Zammit, P.S. Integrated functions of
Pax3 and Pax7 in the regulation of proliferation, cell size and myogenic differentiation. PLoS ONE 2009, 4, e4475. [CrossRef]

43. Olguin, H.C.; Olwin, B.B. Pax-7 up-regulation inhibits myogenesis and cell cycle progression in satellite cells: A potential
mechanism for self-renewal. Dev. Biol. 2004, 275, 375–388. [CrossRef] [PubMed]

44. Bernasconi, M.; Remppis, A.; Fredericks, W.J.; Rauscher, F.J.; Schafer, B.W. Induction of apoptosis in rhabdomyosarcoma cells
through down-regulation of PAX proteins. Proc. Natl. Acad. Sci. USA 1996, 93, 13164–13169. [CrossRef] [PubMed]

45. Okano, M.; Bell, D.W.; Haber, D.A.; Li, E. DNA methyltransferases Dnmt3a and Dnmt3b are essential for de novo methylation
and mammalian development. Cell 1999, 99, 247–257. [CrossRef]

46. So, A.Y.; Jung, J.W.; Lee, S.; Kim, H.S.; Kang, K.S. DNA methyltransferase controls stem cell aging by regulating BMI1 and EZH2
through microRNAs. PLoS ONE 2011, 6, e19503. [CrossRef]

47. Megiorni, F.; Camero, S.; Ceccarelli, S.; McDowell, H.P.; Mannarino, O.; Marampon, F.; Pizer, B.; Shukla, R.; Pizzuti, A.; Marchese,
C.; et al. DNMT3B in vitro knocking-down is able to reverse embryonal rhabdomyosarcoma cell phenotype through inhibition of
proliferation and induction of myogenic differentiation. Oncotarget 2016, 7, 79342–79356. [CrossRef]

48. Blanc, R.S.; Vogel, G.; Chen, T.; Crist, C.; Richard, S. PRMT7 Preserves Satellite Cell Regenerative Capacity. Cell Rep. 2016, 14,
1528–1539. [CrossRef] [PubMed]

49. Acharyya, S.; Sharma, S.M.; Cheng, A.S.; Ladner, K.J.; He, W.; Kline, W.; Wang, H.; Ostrowski, M.C.; Huang, T.H.; Guttridge, D.C.
TNF inhibits Notch-1 in skeletal muscle cells by Ezh2 and DNA methylation mediated repression: Implications in duchenne
muscular dystrophy. PLoS ONE 2010, 5, e12479. [CrossRef] [PubMed]

50. Carrio, E.; Magli, A.; Munoz, M.; Peinado, M.A.; Perlingeiro, R.; Suelves, M. Muscle cell identity requires Pax7-mediated
lineage-specific DNA demethylation. BMC Biol. 2016, 14, 30. [CrossRef] [PubMed]

51. Liao, W.; Hong, S.H.; Chan, B.H.; Rudolph, F.B.; Clark, S.C.; Chan, L. APOBEC-2, a cardiac- and skeletal muscle-specific member
of the cytidine deaminase supergene family. Biochem. Biophys. Res. Commun. 1999, 260, 398–404. [CrossRef] [PubMed]

52. Ohtsubo, H.; Sato, Y.; Matsuyoshi, Y.; Suzuki, T.; Mizunoya, W.; Nakamura, M.; Tatsumi, R.; Ikeuchi, Y. Fluorescence microscopy
data on expression of Paired Box Transcription Factor 7 in skeletal muscle of APOBEC2 knockout mice. Data Brief 2018, 17,
1348–1351. [CrossRef] [PubMed]

53. Ohtsubo, H.; Sato, Y.; Suzuki, T.; Mizunoya, W.; Nakamura, M.; Tatsumi, R.; Ikeuchi, Y. APOBEC2 negatively regulates myoblast
differentiation in muscle regeneration. Int. J. Biochem. Cell Biol. 2017, 85, 91–101. [CrossRef] [PubMed]

http://doi.org/10.1101/gad.1769009
http://doi.org/10.1083/jcb.200508001
http://doi.org/10.1016/S0092-8674(00)00066-0
http://doi.org/10.1038/sj.emboj.7600346
http://doi.org/10.1002/dvdy.21898
http://doi.org/10.1093/jmcb/mjp027
http://doi.org/10.1242/dev.069088
http://doi.org/10.1083/jcb.200508044
http://www.ncbi.nlm.nih.gov/pubmed/16380438
http://doi.org/10.1242/dev.120.3.603
http://www.ncbi.nlm.nih.gov/pubmed/8162858
http://doi.org/10.1242/dev.120.4.785
http://doi.org/10.1242/dev.120.11.3083
http://doi.org/10.1016/S0092-8674(00)80189-0
http://doi.org/10.1038/nature03594
http://www.ncbi.nlm.nih.gov/pubmed/15843801
http://doi.org/10.1101/gad.301004
http://www.ncbi.nlm.nih.gov/pubmed/15132998
http://doi.org/10.1038/ncb1671
http://www.ncbi.nlm.nih.gov/pubmed/18066051
http://doi.org/10.1371/journal.pone.0004475
http://doi.org/10.1016/j.ydbio.2004.08.015
http://www.ncbi.nlm.nih.gov/pubmed/15501225
http://doi.org/10.1073/pnas.93.23.13164
http://www.ncbi.nlm.nih.gov/pubmed/8917562
http://doi.org/10.1016/S0092-8674(00)81656-6
http://doi.org/10.1371/journal.pone.0019503
http://doi.org/10.18632/oncotarget.12688
http://doi.org/10.1016/j.celrep.2016.01.022
http://www.ncbi.nlm.nih.gov/pubmed/26854227
http://doi.org/10.1371/journal.pone.0012479
http://www.ncbi.nlm.nih.gov/pubmed/20814569
http://doi.org/10.1186/s12915-016-0250-9
http://www.ncbi.nlm.nih.gov/pubmed/27075038
http://doi.org/10.1006/bbrc.1999.0925
http://www.ncbi.nlm.nih.gov/pubmed/10403781
http://doi.org/10.1016/j.dib.2018.02.063
http://www.ncbi.nlm.nih.gov/pubmed/29876490
http://doi.org/10.1016/j.biocel.2017.02.005
http://www.ncbi.nlm.nih.gov/pubmed/28215905


Cells 2021, 10, 2205 18 of 19

54. Robertson, E. Embryo-derived stem cell lines. In Teratocarcinomas and Embryonic Stem Cells: A Practical Approach; Robertson, E.,
Ed.; Oxford University Press: Oxford, UK, 1987; pp. 71–112.

55. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(T)(-Delta Delta
C) method. Methods 2001, 25, 402–408. [CrossRef]

56. Gerdes, J.; Lemke, H.; Baisch, H.; Wacker, H.H.; Schwab, U.; Stein, H. Cell cycle analysis of a cell proliferation-associated human
nuclear antigen defined by the monoclonal antibody Ki-67. J. Immunol. 1984, 133, 1710–1715.

57. Hiromura, K.; Pippin, J.W.; Fero, M.L.; Roberts, J.M.; Shankland, S.J. Modulation of apoptosis by the cyclin-dependent kinase
inhibitor p27(Kip1). J. Clin. Investig. 1999, 103, 597–604. [CrossRef]

58. Musch, T.; Oz, Y.; Lyko, F.; Breiling, A. Nucleoside drugs induce cellular differentiation by caspase-dependent degradation of
stem cell factors. PLoS ONE 2010, 5, e10726. [CrossRef] [PubMed]

59. Zheng, J.K.; Wang, Y.; Karandikar, A.; Wang, Q.; Gai, H.; Liu, A.L.; Peng, C.; Sheng, H.Z. Skeletal myogenesis by human
embryonic stem cells. Cell Res. 2006, 16, 713–722. [CrossRef] [PubMed]

60. Buckingham, M.; Relaix, F. PAX3 and PAX7 as upstream regulators of myogenesis. Semin. Cell Dev. Biol. 2015, 44, 115–125.
[CrossRef]

61. Ciemerych, M.A.; Archacka, K.; Grabowska, I.; Przewozniak, M. Cell cycle regulation during proliferation and differentiation of
mammalian muscle precursor cells. In Cell Cycle in Development; Kubiak, J., Ed.; Springer: Berlin/Heidelberg, Germany, 2011;
Results and Problems in Cell Differentiation; Volume 53, pp. 473–527.

62. Martins-Taylor, K.; Schroeder, D.I.; LaSalle, J.M.; Lalande, M.; Xu, R.H. Role of DNMT3B in the regulation of early neural and
neural crest specifiers. Epigenetics 2012, 7, 71–82. [CrossRef] [PubMed]

63. Wang, J.; Walsh, G.; Liu, D.D.; Lee, J.J.; Mao, L. Expression of Delta DNMT3B variants and its association with promoter
methylation of p16 and RASSF1A in primary non-small cell lung cancer. Cancer Res. 2006, 66, 8361–8366. [CrossRef]

64. Lin, T.S.; Lee, H.; Chen, R.A.; Ho, M.L.; Lin, C.Y.; Chen, Y.H.; Tsai, Y.Y.; Chou, M.C.; Cheng, Y.W. An association of DNMT3b
protein expression with P16INK4a promoter hypermethylation in non-smoking female lung cancer with human papillomavirus
infection. Cancer Lett. 2005, 226, 77–84. [CrossRef]

65. Fang, J.Y.; Yang, L.; Zhu, H.Y.; Chen, Y.X.; Lu, J.; Lu, R.; Cheng, Z.H.; Xiao, S.D. 5-Aza-2′-deoxycitydine induces demethylation
and up-regulates transcription of p16INK4A gene in human gastric cancer cell lines. Chin. Med. J. 2004, 117, 99–103. [PubMed]

66. Kiess, M.; Gill, R.M.; Hamel, P.A. Expression of the positive regulator of cell cycle progression, cyclin D3, is induced during
differentiation of myoblasts into quiescent myotubes. Oncogene 1995, 10, 159–166. [PubMed]

67. De Santa, F.; Albini, S.; Mezzaroma, E.; Baron, L.; Felsani, A.; Caruso, M. pRb-dependent cyclin D3 protein stabilization is required
for myogenic differentiation. Mol. Cell. Biol. 2007, 27, 7248–7265. [CrossRef] [PubMed]

68. Gurung, R.; Parnaik, V.K. Cyclin D3 promotes myogenic differentiation and Pax7 transcription. J. Cell. Biochem. 2012, 113, 209–219.
[CrossRef] [PubMed]

69. Okuyama, S.; Marusawa, H.; Matsumoto, T.; Ueda, Y.; Matsumoto, Y.; Endo, Y.; Takai, A.; Chiba, T. Excessive activity of
apolipoprotein B mRNA editing enzyme catalytic polypeptide 2 (APOBEC2) contributes to liver and lung tumorigenesis. Int. J.
Cancer 2012, 130, 1294–1301. [CrossRef] [PubMed]

70. Powell, C.; Elsaeidi, F.; Goldman, D. Injury-dependent Muller glia and ganglion cell reprogramming during tissue regeneration
requires Apobec2a and Apobec2b. J. Neurosci. 2012, 32, 1096–1109. [CrossRef] [PubMed]

71. Sato, Y.; Probst, H.C.; Tatsumi, R.; Ikeuchi, Y.; Neuberger, M.S.; Rada, C. Deficiency in APOBEC2 leads to a shift in muscle fiber
type, diminished body mass, and myopathy. J. Biol. Chem. 2010, 285, 7111–7118. [CrossRef] [PubMed]

72. Sato, Y.; Ohtsubo, H.; Nihei, N.; Kaneko, T.; Sato, Y.; Adachi, S.I.; Kondo, S.; Nakamura, M.; Mizunoya, W.; Iida, H.; et al. Apobec2
deficiency causes mitochondrial defects and mitophagy in skeletal muscle. FASEB J. 2018, 32, 1428–1439. [CrossRef]

73. Newman, A.M.; Cooper, J.B. Lab-specific gene expression signatures in pluripotent stem cells. Cell Stem Cell 2010, 7, 258–262.
[CrossRef]

74. Bock, C.; Kiskinis, E.; Verstappen, G.; Gu, H.; Boulting, G.; Smith, Z.D.; Ziller, M.; Croft, G.F.; Amoroso, M.W.; Oakley, D.H.; et al.
Reference Maps of human ES and iPS cell variation enable high-throughput characterization of pluripotent cell lines. Cell 2011,
144, 439–452. [CrossRef]

75. Humpherys, D.; Eggan, K.; Akutsu, H.; Hochedlinger, K.; Rideout, W.M., 3rd; Biniszkiewicz, D.; Yanagimachi, R.; Jaenisch, R.
Epigenetic instability in ES cells and cloned mice. Science 2001, 293, 95–97. [CrossRef]

76. Bar, S.; Benvenisty, N. Epigenetic aberrations in human pluripotent stem cells. EMBO J. 2019, 38, e101033. [CrossRef]
77. Polo, J.M.; Anderssen, E.; Walsh, R.M.; Schwarz, B.A.; Nefzger, C.M.; Lim, S.M.; Borkent, M.; Apostolou, E.; Alaei, S.; Cloutier, J.;

et al. A molecular roadmap of reprogramming somatic cells into iPS cells. Cell 2012, 151, 1617–1632. [CrossRef]
78. Zammit, P.S.; Relaix, F.; Nagata, Y.; Ruiz, A.P.; Collins, C.A.; Partridge, T.A.; Beauchamp, J.R. Pax7 and myogenic progression in

skeletal muscle satellite cells. J. Cell Sci. 2006, 119, 1824–1832. [CrossRef] [PubMed]
79. Seale, P.; Ishibashi, J.; Scime, A.; Rudnicki, M.A. Pax7 is necessary and sufficient for the myogenic specification of CD45+:Sca1+

stem cells from injured muscle. PLoS Biol. 2004, 2, e130. [CrossRef] [PubMed]

http://doi.org/10.1006/meth.2001.1262
http://doi.org/10.1172/JCI5461
http://doi.org/10.1371/journal.pone.0010726
http://www.ncbi.nlm.nih.gov/pubmed/20502711
http://doi.org/10.1038/sj.cr.7310080
http://www.ncbi.nlm.nih.gov/pubmed/16788572
http://doi.org/10.1016/j.semcdb.2015.09.017
http://doi.org/10.4161/epi.7.1.18750
http://www.ncbi.nlm.nih.gov/pubmed/22207353
http://doi.org/10.1158/0008-5472.CAN-06-2031
http://doi.org/10.1016/j.canlet.2004.12.031
http://www.ncbi.nlm.nih.gov/pubmed/14733783
http://www.ncbi.nlm.nih.gov/pubmed/7824268
http://doi.org/10.1128/MCB.02199-06
http://www.ncbi.nlm.nih.gov/pubmed/17709384
http://doi.org/10.1002/jcb.23346
http://www.ncbi.nlm.nih.gov/pubmed/21898542
http://doi.org/10.1002/ijc.26114
http://www.ncbi.nlm.nih.gov/pubmed/21469143
http://doi.org/10.1523/JNEUROSCI.5603-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22262907
http://doi.org/10.1074/jbc.M109.052977
http://www.ncbi.nlm.nih.gov/pubmed/20022958
http://doi.org/10.1096/fj.201700493R
http://doi.org/10.1016/j.stem.2010.06.016
http://doi.org/10.1016/j.cell.2010.12.032
http://doi.org/10.1126/science.1061402
http://doi.org/10.15252/embj.2018101033
http://doi.org/10.1016/j.cell.2012.11.039
http://doi.org/10.1242/jcs.02908
http://www.ncbi.nlm.nih.gov/pubmed/16608873
http://doi.org/10.1371/journal.pbio.0020130
http://www.ncbi.nlm.nih.gov/pubmed/15138500


Cells 2021, 10, 2205 19 of 19

80. Close, B.; Banister, K.; Baumans, V.; Bernoth, E.M.; Bromage, N.; Bunyan, J.; Erhardt, W.; Flecknell, P.; Gregory, N.; Hackbarth, H.;
et al. Recommendations for euthanasia of experimental animals: Part 2. DGXT of the European Commission. Lab. Anim. 1997, 31,
1–32. [CrossRef] [PubMed]

81. Close, B.; Banister, K.; Baumans, V.; Bernoth, E.M.; Bromage, N.; Bunyan, J.; Erhardt, W.; Flecknell, P.; Gregory, N.; Hackbarth, H.;
et al. Recommendations for euthanasia of experimental animals: Part 1. DGXI of the European Commission. Lab. Anim. 1996, 30,
293–316. [CrossRef] [PubMed]

http://doi.org/10.1258/002367797780600297
http://www.ncbi.nlm.nih.gov/pubmed/9121105
http://doi.org/10.1258/002367796780739871
http://www.ncbi.nlm.nih.gov/pubmed/8938617

	Introduction 
	Materials and Methods 
	Pluripotent Stem Cell Lines 
	Preparation of Feeder Cells 
	Genotyping 
	Karyotyping 
	In Vitro Differentiation of PSCs 
	In Vivo Differentiation of PSCs–Teratomas Formation 
	Histological Analysis 
	Muscle Isolation 
	RNA Isolation, RT-PCR and qPCR 
	Immunolocalization 
	Global DNA Methylation Measurement 
	Data Analysis 

	Results 
	Proliferative Status of Cells Building Pax7+/+ and Pax7-/- Teratomas 
	Relation between DNA Methylation, PAX7, and Cell Cycle Regulation in In Vitro and In Vivo Differentiating Pax7+/+ and Pax7-/- PSCs 
	Proliferation of Pax7+/+ and Pax7-/- Differentiating PSC 
	Dnmt3a, Apobec2, and CDKIs in Pax7+/+ and Pax7-/- Skeletal Muscles 

	Discussion 
	Conclusions 
	References

