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Dynamic mitochondrial changes during differentiation
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Abstract. Murine P19 embryonal carcinoma cells are multi-
potent cells that can differentiate into cardiomyocytes when
treated with dimethyl sulfoxide. This experimental model
provides an invaluable tool to study different aspects of cardiac
differentiation, such as the function of cardiac-specific tran-
scription factors and signaling pathways, and the regulation
of contractile protein expression. The role of mitochondria
during cardiac differentiation is unclear. In this context, we
have examined the mitochondrial-related changes in undif-
ferentiated and differentiated P19 cells. We observed that
mitochondrial DNA content sharply decreased in P19 cell
aggregates compared to undifferentiated cells, accompanied
by decreased levels of adenosine triphosphate (ATP) and reac-
tive oxygen species (ROS). Following the aggregation stage,
the mitochondrial DNA content reached its highest level on
day 7 of the differentiation process, with the intracellular
ROS level showing a trend to increase, similar to cellular ATP
production. In conclusion, our study on differentiating P19
embryonal carcinoma cells provides new insights into the role
of mitochondria in the differentiation of P19 stem cells into
beating cardiomyocytes.

Introduction
Heart diseases, including coronary heart disease, heart

failure and cardiomyopathy, have become leading causes of
death in the developed world (1-3). Important damage of the
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myocardium is considered irreversible, since mature cardiomy-
ocytes are highly differentiated and have limited regenerative
capacity (4). In order to address this issue, cell regeneration
therapy has emerged as a promising new approach for myocar-
dial repair (5,6). In this direction, a large body of studies have
focused on understanding the mechanisms of cardiomyocyte
differentiation using somatic and embryonic stem (ES) cells,
as well as embryonic carcinoma cells (7-9). The P19 embry-
onal carcinoma cell line was derived from a teratocarcinoma
induced in C3H/HC mice, and has been widely used as a
model system to study the molecular mechanisms underlying
cellular differentiation (8,10). Although the P19 cell line has
been extensively used to elucidate the mechanisms governing
differentiation of stem cells into cardiomyocytes (7,8,11), the
role of mitochondria during this process has not been studied.

Mitochondria are membrane-bound organelles that possess
their own genome and provide the majority of adenosine
triphosphate (ATP) within eukaryotic cells (12,13). The
maternally-inherited, 16.6-kb mitochondrial genome encodes
13 subunits of the electron-transfer chain, 22 transfer ()RNAs
and two ribosomal (r)RNAs (13,14). Mitochondria are involved
in numerous processes central to cellular functions, including
calcium signaling, growth and differentiation, cell-cycle
control and cell death (15). Previous reports have suggested a
role of mitochondria in ES cell viability and differentiation, a
finding that warrants further investigation (16-18).

This study used P19 embryonal carcinoma cells based on
their ability to differentiate into cardiomyocytes in suspension
culture when exposed to 1% dimethyl sulfoxide (DMSO) (10,19).
We compared the mitochondrial morphology and localization
between undifferentiated and differentiated P19 cells, and
quantified the mitochondrial DNA (mtDNA) copy number,
ATP content and reactive oxygen species (ROS) production
during cardiac differentiation. Our data provide evidence that
mitochondria play an important role in the differentiation of
cardiomyocytes.

Materials and methods
Cell cultures and differentiation. The P19 cells used in

this study were obtained from the American Type Culture
Collection (ATCC; Manassas, VA, USA), and were cultured
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in Gibco® a-modified Eagle's medium (a-MEM), supple-
mented with 10% Gibco® fetal bovine serum (FBS) (both
from Thermo Fisher Scientific Inc., Grand Island, NY, USA)
and 1% penicillin/streptomycin, at 37°C in a 5% CO, atmo-
sphere. In order to induce cardiac differentiation, P19 cells
that had reached the exponential growth phase were trypsin-
ized and transferred to 10-cm bacterial dishes containing
o-MEM medium supplemented with 10% FBS and 1%
DMSO (Sigma-Aldrich, St. Louis, MO, USA) at a density of
10° cells/m. The cells were left to aggregate for 4 days. The
cell aggregates were then transferred into cell culture flasks
containing complete medium containing 90% a-MEM, 10%
FBS and 1% penicillin/streptomycin without DMSO. for an
additional 7 days. The morphological changes in the P19
cells were examined and photographed under an inverted
microscope (Nikon, Tokyo, Japan).

Western blotting. Total protein extracts were isolated from
cultured cells, separated on a 10% sodium dodecyl sulfate
gel by polyacrylamide gel electrophoresis, transferred onto
a nitrocellulose membrane, and blocked in 5% non-fat
dried milk in a phosphate-buffered saline (PBS)/Tween-20
buffer. The membrane was then incubated with a polyclonal
rabbit anti-cTnT antibody (1:500; Abcam, Cambridge, UK),
and a polyclonal rabbit anti-tubulin antibody (1:10,000;
ABR-Affinity BioReagents cat no. AF0524; Affinity,
Shanghai, China), followed by incubation with the secondary
goat anti-rabbit IgG conjugated with horseradish peroxidase
(1:10,000; ZSGB-Bio, Beijing, China).

Electron microscopy. Cultured cells were collected after
trypsin (Gibco-BRL, Carlsbad, CA, USA) digestion, washed
in fresh PBS (Wisent Inc., QC, Canada; pH 7.4), and fixed
in a 2.5% glutaraldehyde-4% paraformaldehyde solution.
Cells were then washed in 0.1 M cacodylate buffer, and
post-fixed with 1% osmium tetroxide and 1.5% potassium
ferrocyanide for 1 h. Next, they were washed in water,
stained with 1% aqueous uranyl acetate for 30 min, and
dehydrated through a graded series of ethanol (5 min in 70%,
5 min in 90%, and 5 min in 100%). Finally, the samples were
infiltrated and embedded in TAAB epon (Marivac Canada
Inc., St. Laurent, Quebec, Canada). Ultrathin sections
(60 nm) were obtained on a Reichert Ultracut S microtome
(Leica, Wetzlar, Germany), placed onto copper grids, stained
with uranyl acetate and lead citrate, and examined under a
transmission electron microscope (JEM-1010; JEOL, Tokyo,
Japan), at an accelerating voltage of 80 kV.

Measurement of mtDNA concentration by quantitative (q)
PCR. Relative levels of mtDNA were determined using
gqPCR, performed on an Applied Biosystems 7500 sequence
detection system, and were quantified using the SDS soft-
ware (both from Applied Biosystems, Foster City, CA, USA)
in accordance with the manufacturer's protocol (20). Briefly,
DNA was isolated from cells using a DNA extraction kit (cat
no. A1120, Promega Corp., Madison, WI, USA) and quanti-
fied on a NanoDrop 2.0 spectrophotometer (Thermo Fisher
Scientific Inc.). A 110-nucleotide mtDNA fragment within
the cytochrome B gene (CYTB) was amplified with the
following forward primer, reverse primer, and probe, respec-
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tively: 5-TTT TAT CTG CAT CTG AGT TTA ATC CTG
T-3', 5'-CCA CTT CAT CTT ACC ATT TAT TAT CGC-3,
and AGC AAT CGT TCA CCT CCT CTT CCT CCA C. The
sequences of the forward, reverse primer and probe for the
amplification of a 291-bp region of the nuclear gene encoding
the 28S rRNA, used for normalization, were respectively:
5'-GGC GGC CAA GCG TTC ATA G-3',5'-AGG CGT TCA
GTC ATA ATC CCA CAG-3', and TGG TAG CTT CGC
CCC ATT GGC TCC T. The PCR product of CYTB had
been previously cloned into the plasmid pMD 18-T (Takara
Bio, Inc., Dalian, China) by qPCR and verified by DNA
sequencing (Invitrogen, Shanghai, China). Plasmid standards
(NDI1-plasmid pMD 18-T; Takara Bio, Inc.) of known copy
number for ND1 were used to generate a log-linear standard
curve, from which the CYTB copy number was extrapolated.
A standard curve from qPCR results on the plasmids that
contained the 28S fragment (28S-pMDI18®-T; Takara Bio,
Inc.) was used to determine the copy number of the studied
28S rRNA fragment. The ratio of mtDNA to nuclear DNA
copies was used to define the concentration of mitochondria
per cell.

Assessment of cellular ATP production. ATP was measured
by a luciferase-based luminescence assay kit (Beyotime
Institute of Biotechnology, Nantong, China). Briefly, cultured
cells were homogenized in an ice-cold ATP-releasing buffer
(Beyotime Institute of Biotechnology, cat no. S0026-4) and
centrifuged at 12,000 x g for 10 min. Following centrifuga-
tion, the supernatant was transferred to a fresh tube in order
to measure the ATP concentration. A 20-u1 sample along
with 100 ul of ATP detection buffer (Beyotime Institute of
Biotechnology, cat no. S0026-1) were assayed in a single-tube
luminometer (Turner BioSystems, Sunnyvale, CA, USA).
The standard curve used to determine the ATP concentra-
tion (107-1 uM) was prepared from a known amount of
ATP, purchased from Beyotime Institute of Biotechnology.
The relative ATP level was then normalized to the protein
concentration of the respective sample, measured by the
bicinchoninic acid assay method.

ROS assay. Intracellular ROS generation was measured
using a 2'7'-dichlorodihydrofluorescein diacetate acetyl
ester (H,-DCFDA) probe (Sigma-Aldrich), as previously
described (21). Briefly, cells were washed twice with PBS
buffer and incubated at 37°C in prewarmed o-MEM medium
containing 5 M H,-DCFDA. After 30 min, the cells were
washed three times with PBS. For flow cytometry, the cells
were trypsinized and centrifuged at 500 x g at 4°C for 5 min,
and resuspended in 300 1 PBS. The cells were then analyzed
by fluorescence-activated cell sorting (FACS), using a
FACScan flow cytometer and the CellQuest software (both
from BD Biosciences, San Jose, CA, USA).

Statistical analysis. Statistical significance of differences
among experimental samples was assessed by a one-way
analysis of variance (ANOVA), using the SPSS 16.0
statistical software (IBM, Armonk, NY, USA). All data
were expressed as means + SD from three independent
experiments. P<0.05 was considered to indicate statistically
significant differences.
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Figure 1. P19 embryonal carcinoma cell differentiation into cardiomyocytes on day (D)0, D3,D5,D7,D9, and D11. (A) Representative images of differentiating
P19 cells. (B) In order to confirm the differentiation of P19 cells into mature cardiomyocytes, we used western blotting to quantify the expression level of a

cardiomyocyte marker, the cardiac-specific isoform of troponin T (cTnT).

Results

Cardiac differentiation of P19 cells. Upon induction with
1% DMSO, cell aggregation, and a total of 11 days in culture,
P19 cells differentiated into beating cardiomyocytes (Fig. 1A).
When the cells were observed under a phase contrast micro-
scope, differentiated cells displayed a denser cytoplasm, while
the undifferentiated cells were relatively small. The first
beating cardiomyocytes were observed on day 9 and were
abundant by day 11. In order to confirm the differentiation of
P19 cells into mature cardiomyocytes, we analyzed the expres-
sion of the cardiomyocyte protein marker ¢InT, encoding the
cardiac-specific isoform of troponin T. Western blot analysis
showed that the protein level of cTnT increased throughout cell
differentiation (Fig. 1B).

Mitochondrial morphology and localization. The morphology
and cellular localization of mitochondria during P19
cell differentiation were investigated by electron micros-

copy (Fig. 2). Clustering of mitochondria was observed in
undifferentiated P19 cells, with individual mitochondria
displaying granular and thread-like patterns. During the
aggregation stage of differentiation, we observed that round
mitochondria dispersed around the nucleus; these mitochon-
dria appeared smaller compared to those of undifferentiated
cells. Following this stage, the number of mitochondria
increased, and they were found dispersed throughout the
cytoplasm, with the majority appearing rod-shaped, with
extended cristae.

Mitochondrial DNA copy number. The mtDNA copy
number per mitochondrion is considered to be constant in all
mammalian cell types (22). We examined the mtDNA copy
number of the undifferentiated and differentiated P19 cells
harvested at different time points using qPCR (Fig. 3). Our
results show that the mtDNA copy number was significantly
higher on days 5 and 7 (both P<0.05) compared to earlier
stages of differentiation, i.e. days 3 and 5, respectively, and
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Figure 2. Mitochondrial morphology and localization in P19 cells throughout cardiomyocyte differentiation. Representative electron microscope images of
mitochondria in differentiating P19 cells on day (D)0, D3, D5, D7, D9, and D11 (x10,000 magnification; scale bar, 2 xM).
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Figure 3. Cellular content in mitochondrial DNA (mtDNA) during differen-
tiation of P19 cells into cardiomyocytes, on day (D)0, D3, DS, D7, D9, and
D11. The mtDNA copy number was determined by quantitative PCR, with
primers designed to target the cytochrome B (CYTB) and 28S rRNA genes.
The ratio of CYTB to 28s rRNA levels was used to estimate the concentration
of mitochondria per cell. The results are presented as the mean =+ standard
deviation of six experiments. "P<0.05.

there was no significant difference in mtDNA copy number
during the remaining stages of cardiomyocyte differentiation
(P>0.05).

Intracellular ROS levels in differentiated P19 cells. The
intracellular levels of ROS were measured in differentiating
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Figure 4. Intracellular concentration in reactive oxygen species (ROS) during
differentiation of P19 cells into cardiomyocytes, on day (D)0, D3, DS, D7,
D9, and D11. The ROS level was determined by fluorescence-activated cell
sorting (FACS). The results are presented as the mean + standard deviation
of six experiments. 'P<0.05.

P19 cells, using the fluorescent probe DCFDA (Fig. 4).
Undifferentiated P19 cells had a relatively high intracellular
ROS level, which was significantly reduced in aggregating
cells on day 3 (P<0.05). From that day onwards, the ROS
level gradually increased, and returned to baseline levels on
day 11.



@ﬁ SPANDIDOS
.‘f‘,‘ PUBLICATIONS

£
& g
1 L

Celluar ATP production
(nM/mg protein)
o
T

=
L

Do D3 D5 D7 D9 D11

Figure 5. Intracellular adenosine triphosphate (ATP) production during
differentiation of P19 cells into cardiomyocytes, on day (D)0, D3, D5, D7,
D9, and D11. Cellular ATP production was normalized to the total protein
concentration. The results are presented as the mean + standard deviation of
six experiments. P< 0.05.

Cellular ATP production. The concentration of cellular
ATP was measured in differentiating P19 cells (Fig. 5). The
intracellular ATP content of differentiated cells on day 3 was
decreased compared to that of undifferentiated P19 cells on
day 0 (P<0.05). On the following days, the intracellular ATP
production gradually increased, although the total cellular
ATP level was slightly decreased on day 11 compared to day 9
(P<0.05).

Discussion

Since adult human heart cells have very limited regenerative
capacity, the application of stem cell-based cardiac regen-
eration to repair the failing heart has attracted a great deal
of attention (23). ES cells, induced pluripotent stem cells, and
embryonic carcinoma cells have become major models for
the elucidation of the mechanisms underlying the process of
differentiation into cardiomyocytes (8,9). Due to the fact that
the adult heart has a very high energy demand, as it continu-
ously contracts to supply the body with blood (24), the role of
mitochondria during cardiac differentiation has emerged as an
important study area.

Advances in electron microscopy have allowed to reveal
the considerable structural diversity of the mitochondria,
which change shapes under different physiological condi-
tions (25). These different configurations are believed to relate
to mitochondrial function (26). In our study, mitochondria
were clustered and appeared as granular and thread-like
organelles in undifferentiated P19 cells, which is different
from the mitochondrial morphology and distribution in ES
cells (25). This difference in morphology may be explained
by the origin of the P19 embryonal carcinoma cells. Given that
they are derived from a teratocarcinoma induced in C3H/HC
mice (10), these cells are expected to possess features of both
tumor and stem cells. Accordingly, P19 have energy require-
ments consistent with the maintenance of the pluripotent state,
as well as the need for continuous growth. Following the
aggregation stage of differentiation, the dynamic distribution
and morphology of the mitochondria were similar to that of
mitochondria of human embryonic stem cells (hESCs) (25),
and consistent with the energy demands of cells differentiating
into cardiomyocytes.
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Two key features of the mitochondria are the facts that
they are the only organelles in animal cells containing their
own genome, and that the multicopy mtDNA is maternally
inherited (27). In this study, we observed an initial decline
in the mtDNA copy number in aggregating cells relative to
undifferentiated P19 cells, followed by a gradual increase
back to baseline levels during differentiation. It is possible
that the low mtDNA copy number in aggregating cells may be
required to maintain their proliferative capacity in suspension
culture, while the subsequent increase between days 3 and 7
is in accordance with the observed changes in mitochondrial
distribution and morphology. We interpret the stable mtDNA
copy number from day 7 onwards as an indication that the
majority of P19 embryonal carcinoma cells had successfully
committed to the cardiomyocyte lineage.

Mitochondria are considered to be the major cellular
sources of ROS and ATP, and thus, the ROS and ATP cellular
levels were here used as markers of mitochondrial func-
tion in the P19 cells differentiating into cardiomyocytes.
Furthermore, the production of ROS by mitochondria (28)
or the nonphagocytic NADPH oxidases (29), are known
to play a key role in the differentiation of ES cells into the
cardiomyocyte lineage (30-32). Consistent with the dynamic
changes in mitochondrial number and mtDNA copy number,
we observed that intracellular ROS dropped to its lowest
level on day 3 of differentiation, and then gradually returned
to baseline levels. As a metabolic by-product and a common
signal in cellular processes, fluctuations in the intracellular
ROS level may reflect changes in ROS signaling involved in
P19 cell differentiation, or may be a consequence of the differ-
entiation into high-energy demand cardiomyocytes. Similarly,
intracellular ATP also declined to its lowest level on day 3, and
then steadily increased as the process of differentiation into
cardiomyocytes progressed and the energy demands became
higher. Interestingly, on day 11 of differentiation, intracellular
ATP production was again slightly, but significantly, reduced.
We hypothesize that this late decrease in the ATP level reflects
higher rates of ATP consumption relative to the rates of ATP
synthesis, reflecting the increased energy demand in the
beating cardiomyocyte.

In summary, our results demonstrate that during the
differentiation of P19 embryonal carcinoma cells into
cardiomyocytes, mitochondria undergo dynamic changes
in their morphology and function. Specifically, we suggest
that mitochondria of undifferentiated cells transform from a
primitive status with immature morphology and low function
into aggregating cells, and then cells with gradually enhanced
function along the differentiation process. Our study is the first
to indicate, to the best of our knowledge, that dynamic mito-
chondrial changes occur throughout the differentiation of P19
cell-derived cardiomyocytes. This study thus offers a glimpse
into the mechanisms underlying P19 embryonal carcinoma
cell differentiation into cardiomyocytes, and may be useful in
the optimization of protocols for the in vitro differentiation of
cardiomyocytes.
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