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Figure 8. Effects of mutant RUNXT on hematopoietic differentiation of WT-iPSCs. (a) Expression of mutant RUNX1 protein in WT-iPSCs
transfected with pcDNA3/Flag-RUNXT-N™ or pcDNA3/RUNXT-C™, Three different clones were isolated for each RUNXI-mutant, and the
expression of transfected genes was examined by western blotting. Flag-RUNX1-N™ and RUNX1-C™ proteins were detected by anti-Flag and
anti-RUNX1 antibodies, respectively. a-Tubulin was used as a loading control. The clone numbers are shown on each lane. WT-iPSCs
transfected with mock vector (mock) were used as a negative control. (b) Hematopoietic differentiation of WT-iPSCs expressing RUNXT-N™ and
RUNX1-C™ by AGM-S3 co-culture. Cells were co-cultured on AGM-S3 cells for 10-14 days and subjected to FACS analyses. Frequencies (%) of
CD34%, CD45™" or GPA™ cells derived from WT-iPSCs expressing RUNX1-N™ and RUNX1-C™ or FPD-iPSCs (Pdg. 1 and 3) against MNCs are
shown (n =3, mean t s.d.). Parental WT-iPSCs and WT-iPSCs transfected with mock vector were used as controls. *P<0.05. NS, not significant
against ‘WT-iPSCs’ or ‘'WT-iPSCs + mock' (¢) Colony-forming assay of HPCs derived from WT-iPSCs expressing RUNX1-N™ and RUNX1-C™, Sorted
CD34* cells (5000 cells/plate) from AGM-S3 co-culture were subjected to the assay as described in Methods. GM, CFU-GM; E, BFU-E; Mix, CFU-
mix. Data are mean +s.d. (n=3). *P<0.05. NS, not significant against ‘WT-iPSCs’ or ‘WT-iPSCs + mock’ Description of the columns is the same
as that in panel (b) or (d). (d) Differentiation of MgKs from CD34* cells derived from WT-iPSCs expressing RUNXT-N™ and RUNX1-C™.
Percentage of CD41a* cells, mean fluorescence intensity of CD42b and mean-FSC are shown. Data are mean * s.d. (n = 3). *P<0.05. NS, not
significant against ‘WT-iPSCs’ or ‘WT-iPSCs + mock.

are defective in DNA binding, dimerization with CBFp or (lentiviral transduction vs plasmid overexpression), integration
transactivation capacities,>® and thereby suppress WT-RUNX1 by sites of the transduced gene or different iPSC clones utilized. This
varying degrees when they are overexpressed in vitro.® Taken is certainly another issue of future investigation.

together, it is plausible that the effects of mutant RUNXT on Another critical finding of this study is a cell-autonomous
hematopoiesis significantly vary depending on the expression effect of RUNXT mutation on hematopoiesis. Although previous
levels and the cellular context. This notion is supported by the studies using mutant mice or patient samples suggested cell-
previous observation that retroviral overexpression of mutant autonomous effects of mutant RUNXT on HPC emergence and
Runx1 in BM cells leads to the development of MDS/AML in mice, MgK differentiation, it has still been possible that extrinsic factors
while heterozygous mutant Runx1-KI mice do not develop such as altered microenvironmental cues affected the differentia-
leukemia during their lifetime. Further investigation is required tion process in vivo. This study demonstrated that FPD-iPSCs were
to reveal precise molecular mechanism for differential effect of defective in hematopoietic differentiation in in vitro assays,

RUNXT under various conditions. showing that disease-specific RUNX? mutation impaired the
Ran et al.** have recently reported that enforced expression of emergence of HPCs and MgK differentiation indeed in a cell-

RUNXIa, a naturally occurring isoform lacking C-terminal autonomous manner.

activation/repression domain, enhanced the production of It is noteworthy that functional roles of mutant RUNX1 on MgK

CD347CD45" HPCs from human ESCs/iPSCs, which are  differentiation and platelet production are critically different

transplantable to immune-deficient mice. However, in our hands, between humans and mice. in mice, heterozygous DNA-binding

overexpression of RUNX1N233%%283 mutant (RUNXT-C™), which  Runx! mutation never led to thrombocytopenia, and only
closely resembles RUNX1a, in WT-iPSCs did not affect the homozygous animals presented mild MgK/platelet defects? In
differentiation to CD34™" cells. This discrepancy could be due to contrast, heterozygous RUNXT mutation is sufficient to cause MgK
a slight difference between the sequences of RUNXTa and RUNX1-C™, defects in human settings as demonstrated by the current study.
the different strategies taken to deliver RUNXT mutants into iPSCs These differences could be due to a differential sensitivity of MgK
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differentiation and platelet production to RUNXT dosage in human
or mouse hematopoiesis. Molecular mechanism underlying this
discrepancy definitely requires further investigation.

In MgK differentiation assays, mean-FSC by flow cytometry was
significantly lower in MgKs derived from FPD-iPSCs as compared
with those from WT-iPSCs, suggesting that FPD-iPSC-derived MgKs
are smaller in size. Complementation of RUNX1 activity in FPD-
iPSCs by WT-RUNXT rescued MgK differentiation as examined by
CD41a expression. Interestingly, however, mean-FSC of FPD-iPSC-
derived MgKs did not return to the level comparable to that
of WT in the same experiment. These results indicated that
differentiation and cell size of MgKs were differentially regulated
by RUNXT and raise a possibility that reduced size of FPD-iPSC-
derived MgKs might be the consequence of novel function
acquired by mutant RUNXT.

We were able to analyze three FPD-IPSC lines derived from
three distinct FPD/AML pedigrees. Two pedigrees carried mutation
in RUNT domain that disrupts DNA binding, and the other carried
frame-shift mutation resulting in premature termination before
C-terminal activation/repression domain. Through our in vitro
hematopoietic differentiation analyses, we could find no major
difference between the three FPD-iPSC lines in terms of HPC
emergence and MgK differentiation. These results suggest that
disease-specific RUNXT mutations impose highly similar impact on
the hematopoietic differentiation of iPSCs regardless of the sites of
mutation. However, it still leaves a possibility that various RUNX1
mutations differentially affect other aspects of hematopoiesis.
Particularly, as mutant RUNXT is involved in the malignant
transformation of hematopoietic cells, it would be intriguing to
examine differential impacts of various RUNX7 mutations on the
development of AML or MDS using our FPD-iPSC models.

In summary, we have successfully established iPSCs from three
distinct FPD/AML pedigrees and have shown that these FPD-iPSCs
are uniformly defective in HPC emergence and MgK differentia-
tion. This report is the first to demonstrate critical roles of RUNX1
in hematopoiesis in human experimental settings and revealed
differential impact of heterozygous mutant RUNX7 on human and
mouse MgK differentiation. We also demonstrated that the
phenotypes of FPD-iPSCs are the consequence of haploinsuffi-
ciency of RUNX1. We expect that these FPD-iPSC lines are
extremely useful as an unlimited source for human HPCs with
various RUNXT mutations, and they will serve as a novel platform
for investigating multistep leukemogenesis based on RUNX1
mutation.
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ARTICLE INFO ABSTRACT

Article history: Mammalian cardiomyocytes withdraw from the cell cycle shortly after birth, although it remains unclear how
Received 3 March 2014 cardiomyocyte cell cycles behave during development. Compared to conventional immunohistochemistry in
Accepted 24 March 2014

static observation, time-lapse imaging can reveal comprehensive data in hard-to-understand biological phenom-
enon. However, there are no reports of an established protocol of successful time-lapse imaging in mammalian
heart. Thus, it is valuable to establish a time-lapse imaging system to enable the observation of cell cycle dynam-

Available online 3 April 2014

gmgzd;év elopment ics in living murine cardiomyocytes. This study sought to establish time-lapse imaging of murine heart to study
Cell cycle cardiomyocyte cell cycle behavior. The Fucci (fluorescent ubiquitination-based cell cycle indicator) system can
Imaging effectively label individual G1, $/G2/M, and G1/S-transition phase nuclei red, green and yellow, respectively, in
Cardiac regeneration living mammalian cells, and could therefore be useful to visualize the real-time cell cycle transitions in living mu-
Cell culture rine heart, To establish a similar system for time-lapse imaging of murine heart, we first developed an ex vivo cul-
ture system, with the culture conditions determined in terms of sample state, serum concentration, and oxygen
concentration. The optimal condition (slice culture, oxygen concentration 20%, serum concentration 10%) suc-
cessfully mimicked physiological cardiomyocyte proliferation in vivo, Time-lapse imaging of cardiac slices from
E11.5, E14.5, E18.5, and P1 Fucci-expressing transgenic mice revealed an elongated S/G2/M phase in
cardiomyocytes during development. Our time-lapse imaging of murine heart revealed a gradual elongation of
the S/G2/M phase during development in living cardiomyocytes.
© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

birth, but it remains unclear whether the cell cycle stops suddenly during
development or if it gradually elongates until stopped.

Mammalian cardiomyocytes withdraw from the cell cycle shortly after During cardiac tissue morphogenesis, cell proliferation, differentia-

birth [1], and adult mammalian heart has a limited regenerative capacity
[2,3]. Murine neonates show cardiac regenerative capacity after heart
damage, but lose this ability soon after birth [4]. To control cardiomyocyte
proliferation for cardiac regenerative therapy, it is important to know
how and when mammalian cardiomyocytes lose their proliferative
capacity. Previous measurements of cycling cells have relied chiefly on
immunostaining for cell cycle markers and nucleotide analogue incorpo-
ration, both of which assess the static condition in fixed samples [5]. Thus,
little is known about the spatial and temporal patterns of mammalian car-
diomyocyte cell cycle dynamics during development [6]. The static obser-
vations confirmed that cardiomyocyte proliferation ability drops after

* Corresponding author at: Department of Cardiology, Keio University School of
Medicine, 35 Shinanomachi Shinjuku-ku, Tokyo 160-8582, Japan. Tel.: +81 3 5363
3373; fax: +81 3 5363 3875.

E-mail address: yuasa@a8.keio.jp (S. Yuasa).

http://dx.doi.org/10.1016/j.yjmcc.2014.03.020
0022-2828/© 2014 Elsevier Ltd. All rights reserved.
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tion, and movement are tightly regulated spatiotemporally by humoral
factors and cell-cell interactions [7]. Since cell dissociation affects this
cell-cell interaction, in vitro cell cycle analysis using dissociated
cardiomyocytes may not accurately represent spatial dynamic informa-
tion or the in vivo cell cycle dynamics. Ex vivo culture system and live im-
aging in brain tissue successfully revealed in vivo phenomena such as
neuron migration and asymmetrical cell division [8,9]. Ex vivo cardiac cul-
ture system and live imaging, which provide less alteration of natural
conditions, would overcome these problems. It was recently reported
that interlocking fluorescent probes with antiphase oscillating proteins
that mark cell cycle transitions could effectively label individual cell
cycle stages in living mammalian cells (G1 phase nuclei red, S/G2/M
phase green, and G1/S transition phase yellow) [10]. This novel
technique, named Fucci (fluorescent ubiquitination-based cell cycle
indicator), could be an ideal tool to evaluate cardiomyocyte cell cycle
length by visualizing real-time cell cycle transitions in living murine
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cardiomyocytes using live imaging, particularly in association with an
ex vivo culture method.

In this study we therefore sought to establish an ex vivo cardiac cul-
ture method for live imaging and elucidate the native cardiomyocyte
cell cycle dynamics. Combining the Fucci system with our ex vivo cul-
ture method, we observed cardiomyocyte cell cycle progression and
gradual elongation of the S/G2/M phase during development in living
cardiomyocytes. This is the first study to report direct measurement of
the cardiomyocyte cell cycle phase duration, by establishing a live imag-
ing method of ex vivo cultured cardiac tissue.

2. Methods
2.1. Animals

The Fucci-expressing (FucciG1-#596, FucciS/G2/M-#504) mice
were established using the CAG promoter, as described previously
[10]. Pregnant and neonatal C57BL/6] wild-type mice were purchased
from Japan CLEA. Adult mice were anesthetized by 3% isoflurane gas in-
halation. Embryos and neonates were anesthetized by cooling on anice
bed for 3 min, The adequacy of anesthesia was monitored by heart rate,
muscle relaxation, and the loss of sensory reflex response, i.e. non-
response to tail pinching. All experiments were performed in accor-
dance with the Keio University animal care guidelines and approved
by the Ethics Committee of Keio University, which conforms to the
Guide for the Care and Use of Laboratory Animals published by the US
National Institutes of Health (NIH Publication no. 85-23, revised 1996).

2.2, Statistical analyses
Values are presented as mean 4- SEM. Statistical significance was

evaluated with Student’s unpaired t test for comparisons between two
mean values. P < 0.05 was considered significant.

H. Hashimoto et al. / Journal of Molecular and Cellular Cardiology 72 (2014) 241-249

3. Results
3.1. Fucci visualized the cardiomyocyte cell cycle

The cell cycle is finely controlled by ubiquitin-mediated proteol-
ysis. APCC9"" and SCFS*P2 are ubiquitin ligase complexes which mark
avariety of proteins with ubiquitin in a cell cycle-dependent manner
[11]. Geminin and Cdt1, which are involved in “licensing” of replica-
tion origins, are direct substrates of APC¥" and SCF*P?, respective-
ly [12]. Due to cell cycle-dependent proteolysis, protein levels of
Geminin and Cdt1 oscillate inversely. Cdt1 levels are highest during
the G1 phase and Geminin levels are highest during the S/G2/M
phases. By fusing the ubiquitination domains of Geminin and Cdt1
to fluorescent proteins Azami Green and Kusabira Orange respec-
tively, Fucci probes effectively label individual G1 phase nuclei red,
G1/S phase nuclei yellow, and S/G2/M phase nuclei green in Hela
and neural cells [10].

In the present study, we first sought to confirm that Fucci probes
could distinguish the cell cycle phase in cardiomyocytes. Hearts
were extracted from Fucci-red/green transgenic mice (#596/
#504) at E18.5 (E0 = the day of plug), and immunostained
for Nkx2.5 to identify cardiomyocytes (Fig. 1A). Nkx2.5-positive
cells expressed either Fucci-green or Fucci-red, or both as
yellow, in E18.5 embryonic ventricular heart (Fig. 1A, B). To
confirm that Fucci probes could adequately visualize cell cycle
dynamics in cardiomyocytes, we also immunostained for PCNA
and PHH3, known as well-established markers of S phase and
M phases, respectively [13,14]. Both PCNA- and PHH3-positive
cells also showed Fucci-green (Fig. 1C). On the other hand, Fucci-
red(+)/green(—) cells did not show any signal for PCNA or
PHH3. These data indicated that murine cardiomyocytes express
Fucci probes in a proper fashion that reflects the native cell cycle
dynamics.

A FucciG1-#596-FucciS/G2/M-#504 E18.5
G1 G1/8 SIG2/IM
Fucci Green
Fucci Red Fucci Red
B
FucciG1-#596-FucciS/G2/M-#504 FucciG1-#596-FucciS/G2/M-#504  FucciG1-#596-FucciS/G2/M-#504
E18.5 E18.5 E18.5
G1 G1/S S/IG2M G1 G1/S SIG2M G1 G1/S SIG2M
Fucci Red Fucci Red Fucci Red
G1 G1 G1
Fucci Green e Fucci Green Fucci Green
SIG2/M SIG2M SIG2M
Nkx2.5 . PCNA PHH3
DAPI .- DAPI DAPI
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Fig. 2. Cardiomyocyte cell cycle analysis by Fucci probe in the developing heart. A, The sections of heart samples were obtained from Fucci-expressing (#596/#504) mouse embryos from
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3.2. The Fucci system could visualize developing cardiomyocytes

We next analyzed the cardiomyocyte cell cycle dynamics in Fucci-
expressing mouse embryos from E11.5 to P9 weeks. Low-magnification
observation revealed the global cell cycle dynamics in developing hearts,
with Fucci-green-positive cells gradually decreasing and Fucci-red-
positive cells increasing in developing hearts (Fig. 2A). Careful observa-
tion revealed that the population of Fucci probe expressing cells has a
positive correlation with cardiomyocyte marker expressing cells in
the heart (Fig. S1A). Fucci probe expression is under the control of
CAG promoter, which could be driven in many cell types [15,16].
We measured the Fucci fluorescence intensity in cardiomyocytes
and non-cardiomyocytes, revealing a markedly stronger signal in
cardiomyocytes compared to non-cardiomyocytes in the heart
(Fig. S1B). For further analysis, heart ventricles from wild-type
and Fucci-green-expressing E14.5 mice were compared by FACS
(Fig. S1C). The cardiomyocyte proportions detected by cardiac tro-
ponin T (cTnT) in both groups were approximately 40%, which is
consistent with prior reports [17-19]. The percentage of Fucci-green-
positive cardiomyocytes (6.1/38.1 = 16.0%) matched the results from
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fixed cardiac tissues (Fig. 2C right; E14.5: 18.3%). As expected, the fluo-
rescent intensity of Fucci-green was several orders of magnitude higher
in cTnT-positive cells than in cTnT-negative cells. We also assessed the
mRNA expression in populations of different Fucci fluorescence intensi-
ties. Heart ventricles were extracted from Fucci-red/green-expressing
E14.5 mice and cells were sorted into two groups by the strength of
Fucci fluorescence intensity. Cardiomyocyte marker expressions such
as Troponin T2 (Tnnt2) and Myosin light chain 2v (Myl2) were extremely
stronger in high Fucci fluorescence intensity population compared to
low intensity population (Fig. S1D).

3.3. The Fucci system could visualize developing cardiomyocyte cell cycle
dynamics

High-magnification imaging revealed similar regional cell cycle
dynamics, confirmed by counting the G1, G1/S, and S/G2/M phase
cardiomyocytes in the right and left atrium, right and left ventricle, and
the interventricular septum. The G1 phase cardiomyocyte population
was at a minimum in E11.5 and increased with development. The G1/S
phase cardiomyocyte population showed a small peak in E18.5. The S/
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Fig. 3. Regional difference of cell cycle dynamics in the developing cardiac ventricles. A. The sections of right ventricles were obtained from Fucci-expressing (#596/#504) mouse embryos
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100 pm. B. The percentages of S/G2/M phase cardiomyocytes in the compact layer and trabecular layer from E11.5 to P1 (n = 3-5).** P< 0.01; NS, no significant difference.

G2/M phase cardiomyocyte population peaked at E11.5 and diminished
with development (Fig. 2B and C). Previous reports that the cardiomyo-
cyte cell cycle stopped near the term, could be interrogated further in
this study. We did not see a significant difference in cell cycle dynamics
between the left and right atrium or within the ventricle (Fig. 2B and C).

Developing hearts have regional differences in cardiomyocyte popu-
lations with respect to cell cycle dynamics, such as in the compact layer
versus the trabecular layer [20,21]. As expected, cardiomyocytes in the
compact layer showed a larger S/G2/M phase population than the
trabecular layer during early developing stages (Fig. 3A and B). This an-
atomical difference gradually diminished during development. In addi-
tion, the outflow tract region showed a significantly low population of
the S/G2/M phase cardiomyocytes compared to the ventricles in Fucci-
green-expressing E10 transgenic mice (Fig. S2A, B, C). These findings
agree with prior studies which report low proliferative capacity in the
trabecular layer and outflow tract [22,23].

3.4, Establishing a cardiac ex vivo culture method

For live imaging, we planned to establish a cardiac ex vivo culture
method. E11.5 mouse embryos were anesthetized by induced hypo-
thermia, and hearts were quickly extracted and then placed, either
whole or sliced, in an agarose gel. Following re-warming in an incuba-
tor, the extracted heart tissue started beating spontaneously. EdU, a nu-
cleoside analog to thymidine, is incorporated into newly synthesized
DNA and often used to evaluate cell cycle progression [24]. We therefore
used EdU labeling as a reliable and standardized method to evaluate and
compare the cell cycle progression of in vivo and ex vivo cultured
cardiomyocytes. Fucci-green-expressing pregnant mice at 11.5 days
post coitum (dpc) were intraperitoneally (i.p.) injected with 200 pg
EdU. Embryo hearts were analyzed with immunofluorescence staining
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for Nkx2.5 and EdU. As expected, EdU-incorporated cardiomyocytes
also showed Fucci-green expression (Fig. S3A). Representative non-
cardiomyocyte populations such as endothelial cells (CD31), hemato-
poietic cells (CD45), fibroblasts (collagen type 1), and smooth muscle
cells (calponin) showed no visible Fucci-green expression in heart, re-
gardless of EdU incorporation (Fig. S3B). This re-confirmed the distinct
strength of Fucci fluorescence of cardiomyocytes.

To assess in vivo cardiomyocyte cell cycle progression, 11.5 dpc wild-
type mice were i.p. injected with 200 pg EAU. Two hours after the injec-
tion, in vivo EdU labeled embryo heart ventricles were immunostained
for Nkx2.5 and EdU (Fig. 4A), and up to 20.5% + 1.2% of cardiomyocytes
were labeled with EdU in vivo (Fig. 4D). To assess cell cycle progression
in ex vivo cultured cardiomyocyte, whole or sliced wild-type E10.5
heart was incubated in culture medium. EdU labeling was performed
for 2 hin 1 mM EdU-containing medium, starting at 24 h after placing
in control culture medium, to determine the effect of culture on ventric-
ular cardiomyocyte proliferation. After a total of 26 h of incubation,
Nkx2.5 and EdU were visualized by immunofluorescence staining in
whole (Fig. 4B) or sliced (Fig. 4C) wild-type E10.5 heart ventricles.

Different concentrations of oxygen and serum (fetal bovine serum;
FBS) were tested in E10.5 ex vivo-cultured samples to determine
the optimum condition. We tested five different oxygen concentra-
tions (0.1%, 1%, 5%, 20%, 40%) with standard FBS concentration
(10%). There were no cells alive after 26 h of culture in severe hyp-
oxic (0.1%) condition (data not shown). Both whole and sliced
heart cultured ex vivo showed a significant decrease in EdU-positive
cardiomyocyte population under low oxygen concentration, compared
to room air and high oxygen concentration (Fig. 4E). FBS was also tested
in four different conditions (0.1%, 10%, 20%, 95%) with standard oxygen
concentration (20%). EdU-positive cardiomyocytes showed no signifi-
cant difference between different FBS concentrations, in whole and
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slice ex vive cultures (Fig. 4F). Based on these results, we decided on an
optimal condition for cardiac ex vivo culture as oxygen concentration of
20% and FBS concentration of 10%, In this condition, there was no signif-
icant difference in the percentage of EdU-positive ventricular
cardiomyocytes between in vivo, and ex vivo whole and slice culture
(Fig. 4D},

3.5. Successful time-lapse imaging of cardiomyocytes during development

Finally we performed time-lapse imaging by combining the ex vivo

culture method and the Fueci system. Cardiac slices were made from
E11.5, E14.5, E18.5, and P1 Fucci-red/green-expressing fransgenic
mice (Fig. $4). Live imaging successfully visualized the cell cycle
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Fig. 5. Time-lapse imaging of ex vivo cultured cardiomyocytes. A. Time-dependent change of cardiomyocyte cell cycle progression in E14.5 left ventricle by applying the ex vivo culture
method to the Fucd system {Fucci-expressing (#5596/#504) transgenic mice). B. Time-dependent change of cardiomyocyte cell cycle progression in P1 left ventricle by applying the
ex vivo culture method to the Fucc system {Fucci-expressing (#596/#504} transgenic mice). The cell cycle progression of cardiomyocytes is visualized, as fluorescent colors in the nuclei
changed from red {G1) to yellow (G1/85), green ($/G2/M), and then green extinction {M}. Scale bars, 50 .,

progression of cardiomyocytes, as fluotescent colors in the nuclei
changed from red to yellow and then green, suggesting the cell cycle
transition from the G1 phase to S phase and then S/G2/M phase
(Fig. 54, B, Movies 1, S2).

3.6. Cell cycle length dynamics in developing heart

Using the Fucci system, we could also directly measure the length of
an 5/G2/M phase. Each phase was represented respectively by Fucci-
green-positive nuclei and Fucci-green associated with dissolving nuclei,
in living ex vivo culfured cardiomyocytes (Fig. 6A and B). The length of
the S/G2/M phase, defined from the start of green fluorescence
appearing to the completion of the nucleus division associated with
green fluorescence disappearance, was measured at different develop-
mental stages from E11,5, E14.5, E18.5, and P1 hearts. Interestingly,
the S/G2/M phase length in cardiomyocytes elongated during develop-
ment (E14.5; 104 h+ 1.2 h, P1; 15.2 h4 1.2 h) (Fig. 6C), These data
help us to understand the heart morphogenesis by calculating the cell
proliferation, To reconfirm the difference of the $/G2/M phase length
among different development stages, we used a combination of EdU la-
beling and Fucci expression. Fucci-green-expressing pregnant mice
were i.p. injected with 200 pg EdU, and embryos were fixed at 2, 6,
and 14 h after injection (Fig. S5A and B). Since EdU labels S phase at
the injection point and Fucci-green visualizes the ongoing real time S/
G2/M phase, the populations of both EdU+ and Fucci-green+
cardiomyocytes gradually decreased after injection (Fig. S5C). As ex-
pected, E18.5 embryos had a higher percentage of both EdU + and
Fucci-green + cardiomyocytes compared to E11.5 ernbryos, which sug-
gested a longer S/G2/M phase length in E18.5 hearts. We calculated the
cardiomyocyte total cell cycle (Tc) length, by dividing the $/G2/M phase
length with the ratio of the S/G2/M phase to growth fraction [25,26].
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Growth fraction was counted by immunostaining each murine
heart ventricle with Nkx2.5 and Ki67 antibody {27} (Fig. $S6A and
B). Estimated T¢ length and G1 phase length resulted in the longest
Tc length in E18.5 and the shortest G1 phase length in P1 (Fig. S6C
and D). These data support that time-lapse imaging by using
ex vive culture and Fucci-expressing transgenic mouse reveals car-
diomyocyte cell cycle dynamics during development in a visually
comprehensive fashion.

4. Discussion

Our study presents an establishment of a cardiac ex vivo culture
method, accompanied by observation of cardiomyocyte cell cycle dy-
namics by live imaging,. Initially, we confirmed that Fucci probes repre-
sent cell cycle phase in murine cardiomyocytes. Fucci system uses the
CAG promoter, and gene expression under the CAG promoter is not spe-
cific for cardiomyocyte, but observed in a broad spectrum of tissues in
transgenic mice [28], In this study, we observed only the heart of Fucci
red/green-expressing transgenic mouse line, We found that preferential
strong expression was detected in cardiomyocyte in the heart as de-
scribed and this transgenic line was suitable for the experiment. PCNA
is up regulated not only in S phase, but also during DNA repair, so we
covered the shortcoming with PHH3 staining and EdU labeling
[13,14,24,29]. Then we optimized the ex vivo culture condition to min-
imize the differences in EdU incorporation between in vivo and ex vivo
cultured cardiomyocyte. Qur cardiac ex vive culture condition was
aimed to improve the previous methods that basically examined cardiac
tissue in whole embryo culture,

Oxygen concentrations range from 1% to 5% in the uterine environ-
ment, and effects of different oxygen concentrations on the develop-
ment of rodent embryo culture have been discussed in the past few
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decades [30-33]. Optimal oxygen concentration for embryonic develop-
ment differs in developmental stages, where early stage embryos
(~E9.5) tend to favor hypoxic conditions compared to later stages. Oxy-
gen concentration also strongly influences development of the heart
[34-36]. The myocardium is broadly hypoxic at E9.5, but by E13.5, hyp-
oxia is restricted to the myocardium of the outflow tract, interventricu-
far septum, and atrioventricular cushions [36~38]. However, ex vivo
culture provides a different environment compared to in vivo. For
example, lack of extracardiac signals and mechanical stress may influ-
ence cytoskeletal organization and gene expression in ex vivo culture
cardiomyocytes [39-41]. Important modulators of the development
and expansion of cardiac chambers such as closed functional embryonic
circulation and coronary blood flow, are lost in ex vive condition which
are established around E10-E12 and E14-E186, respectively [35,42-44].
Loss of hemoglobin (red blood cell) also affects difference in environ-
ment such as oxygen supply [35]. Thus, it is important to understand
that ex vivo cultured heart still exists in different circumstances.

No prior study has successfully examined cell cycle length directly in
cardiomyocytes, mainly due to the lack of methods to directly measure
this parameter. A traditional method is to measure the population dou-
bling time and then calculate each cell cycle phase from the ratio of their
cell cycle marker expression [25]. However, this method is not accurate
because it only works on the premise that every cell continuously enters
the cell cycle and has the same length of cell cycle phases such as cancer
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cells [45]. By combining Fucci system with our ex vivo culture method,
we revealed that the cardiomyocyte $/G2/M phase prolongs during de-
velopment. It is ideal to measure the full cell cycle length including the
G1 phase; however, it was often difficult to follow a single cardiomyo-
cyte since the Fucci fluorescence disappears immediately after the M
phase, and most of the cells that finished their M phase during observa-
tion already showed a red signal from the beginning. This could mean
that the total cardiomyocyte cell cycle length is longer than 24 h,
which was the limit of our current live imaging. The estimated total
cell cycle length of ventricular cardiomyocyte calculated by the ratio
of the $/G2/M phase to growth fraction, was around 30-35 h, exceeding
24 h,

It is important to reveal cell cycle dynamics in cardiomyocytes,
particularly with respect to the need to control cardiomyocyte pro-
liferation and develop adult cardiac regenerative therapy. Cell
cycle length of the heart has been estimated mainly by methods uti-
lizing DNA synthesis analysis, targeted in various cell types and spe-
cies [23,46-50]. Results in total cell cycle length vary between
several hours and several days, according to targeted regions, devel-
opmental stages, cell types, and species. Our estimated total cell
cycle length in ventricular cardiomyocyte consists of prior reports
and we revealed elongation of the cardiomyocyte cell cycle phase
during development, but the difference between in vive and our
ex vivo study should be noticed,
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This study established a novel cardiac ex vivo culture method for
live imaging in murine heart. As a consequence, we found a gradual
elongation of the S/G2/M phase length during development in living
cardiomyocytes.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.yjmcc.2014.03.020.

Non-standard abbreviations and acronyms

¢InT cardiac troponin T

EdU 5-ethynyl-20-deoxyuridine

Fucci fluorescent ubiquitination-based cell cycle indicator
FACS fluorescence-activated cell sorter
FBS fetal bovine serum

PBS phosphate-buffered saline

PCNA  proliferating cell nuclear antigen
PHH3  phosphohistone H3

TBS Tris-buffered saline

dpc days post coitum
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