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Abstract: Direct reprogramming of fibroblasts into induced cardiomyocytes (iCMs) holds a great 16 
promise for regenerative medicine and has been studied in several major directions. However, 17 
cell-cycle regulation, a fundamental biological process, has not been investigated during 18 
iCM-reprogramming. Here, our time-lapse imaging on iCMs, reprogrammed by Gata4, Mef2c, and 19 
Tbx5 (GMT) monocistronic retroviruses, revealed that iCM-reprogramming was majorly initiated 20 
at late-G1- or S-phase and nearly half of GMT-reprogrammed iCMs divided soon after 21 
reprogramming. iCMs exited cell cycle along the process of reprogramming with decreased 22 
percentage of EdU+/αMHC-GFP+ cells. S-phase synchronization post-GMT-infection could enhance 23 
cell-cycle exit of reprogrammed iCMs and yield more GFPhigh iCMs, which achieved an advanced 24 
reprogramming with more expression of cardiac genes than GFPlow cells; however, S-phase 25 
synchronization didn’t enhance the polycistronic-MGT reprogramming, in which cell-cycle exit 26 
had been accelerated. In conclusion, post-infection synchronization of S-phase facilitated the early 27 
progression of GMT-reprogramming through a mechanism of enhanced cell-cycle exit. 28 

Keywords: induced cardiomyocyte; epigenetic reprogramming; cell division; cell-cycle 29 
synchronization; cell-cycle exit. 30 

 31 

1. Introduction 32 

Cardiomyocytes (CMs) in the adult heart have limited regenerative capacity [1]. At the onset 33 
of heart disease, lost CMs are typically replaced with fibrotic scar tissue, subsequently leading to 34 
chronic heart failure, which remains one of the leading causes of death worldwide. Recent studies 35 
have found that mouse [2-5] and human [6-9] fibroblasts can be directly reprogrammed into 36 
induced CMs (iCMs), which holds a great promise to develop a new therapeutic approach for heart 37 
disease. In order to improve induction efficiency and quality of iCMs, studies have focused on 38 
developing optimized reprogramming methods and investigating the mechanism of direct cardiac 39 
reprogramming, including optimized gene-delivery approaches of reprogramming factors [10, 11], 40 
suppression of critical epigenetic barriers [12, 13] and pro-fibrotic signaling [14-16], and 41 
optimization of culture conditions [17, 18]. However, the cell-cycle regulation, a fundamental 42 
biological process, has not been investigated during iCM-reprogramming. 43 
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Many epigenetic barriers interfere reprogramming process right at the priming stage of 44 
reprogramming, therefore many cells fail to convert their fate toward CM-like state and remain as 45 
fibroblasts [19]. This suggests that initiation and early progression of iCM reprogramming have to 46 
be studied to understand and advance this nascent technology. Cell cycle and cell-cycle exit 47 
constitute an important part of iCM-reprogramming particularly at the priming of reprogramming; 48 
therefore cell-cycle related epigenetics might be a barrier to iCM-reprogramming. Similar to fully 49 
differentiated adult CMs, it has been recognized that reprogrammed iCMs exit the cell cycle.  No 50 
cardiac troponin-T (cTnT)+ iCMs were positively stained with Ki67 at week-2 of reprogramming 51 
[20]; 5-ethynyl-20-deoxyuridine (EdU) assay didn’t show any EdU+ iCMs from week-2 to week-4 52 
post-induction [17]. More recently, none of the α-Actinin+ iCMs expressed proliferation marker, 53 
Ki67, at DPI-28 [21]. These studies indicate that cell-cycle exit is an important event of 54 
iCM-reprogramming; however, it is unknown whether cell-cycle exit of reprogrammed iCMs 55 
happens right upon reprogramming induction or at a later stage of reprogramming process. A cell 56 
cycle constitutes a critically important chain of interconnected events with a dynamic fluctuation of 57 
epigenetic chromatin modifications [22], including genomic DNA methylation and histone 58 
modification, which have significant influence on epigenetic reprogramming of somatic cell fate 59 
[23]. Indeed, it has been reported that pre-synchronization of fibroblasts at the G0/G1-phase by 60 
transient serum starvation could significantly improve the reprogramming yield of induced 61 
pluripotent stem cells (iPSCs) [24]. In addition, cell-cycle pre-synchronization at the G1-phase could 62 
markedly enhance the reprogramming efficiency of induced dopaminergic neurons [25]. These 63 
studies suggested that manipulation of cell-cycle progression has a significant impact on epigenetic 64 
reprogramming; however, it is unknown whether a particular cell-cycle phase favors for 65 
reprogramming initiation and if manipulating the cell cycle (i.e. synchronization) of post-infected 66 
fibroblasts influences the progression of reprogramming. 67 

 68 
In this study, we first performed 48-hour time-lapse recordings to monitor the early 69 

progression of iCM-reprogramming and found that αMHC-GFP+ iCMs went through cell division 70 
at the early stage of reprogramming. We calculated the time from the initial expression of 71 
αMHC-GFP to cell division and estimated which cell-cycle phase iCM-reprogramming was 72 
initiated at. After we confirmed that iCMs exited cell cycle along the process of reprogramming, we 73 
synchronized cell cycle of fibroblasts at various time points post GMT-retrovirus infection and 74 
found that this post-infection synchronization of S-phase enhanced cell-cycle exit of reprogrammed 75 
iCMs and accelerated the early progression of reprogramming. 76 

2. Results 77 

2.1. iCMs go through cell division and exit cell cycle along with the progress of reprogramming 78 

 79 

For iCM reprogramming, we infected αMHC-GFP transgenic mouse embryonic fibroblasts 80 
(MEFs) with a cocktail of monocistronic Gata4, Mef2c, and Tbx5 (GMT) retroviruses and found that 81 
GFP could be first observed from day 2 post-infection (DPI-2), which was consistent with the 82 
observation that a high-level overexpression of GMT was achieved around 48 hours post-infection 83 
(Figure S1A). We recorded a 48-hour time-lapse at DPI-2 through DPI-4 to monitor the activation of 84 
αMHC-GFP during the early progression of iCM-reprogramming and to determine if cell division 85 
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occurs during iCM-reprogramming. We purposely set a three-second-exposure time for GFP 86 
recording to recognize very faint αMHC-GFP fluorescence, indicative of initial activation of 87 
reprogramming (Figure 1A, frame İ); we found that the fluorescence of αMHC-GFP was gradually 88 
enhanced during the process of reprogramming. Surprisingly, we found that ~41% (39 out of 95) of 89 
αMHC-GFP+ primary GMT-reprogrammed iCMs (GMT-iCMs) underwent cell division once within 90 
the 48-hour recording time (Figure 1A and 1B, Movie S1). Noticeably, ~16% (22 out of 134) of 91 
GMT-iCMs died before or after cell division (Figure 1B). Our time-lapse recordings revealed that 92 
iCMs at the early stage of reprogramming could still actively divide. 93 
 94 

We next performed an EdU assay to quantify cell division of αMHC-GFP+ iCMs from DPI-4 to 95 
later stages of the reprogramming process. Consistent with our previous study [2], the percentage 96 
of reprogrammed-αMHC-GFP+ iCMs gradually increased from DPI-4 to DPI-7, then decreased after 97 
two weeks (Figure S1B). We then incubated retrovirus-infected MEFs with EdU for 24 hours to label 98 
all the dividing cells within that time; we found that more than 80% of uninfected MEFs had gone 99 
through cell division within 24 hours (Figure 1C). Noticeably, 30.8±3.5% of GMT-iCMs at DPI-4 100 
entered cell division and was positively stained for EdU, which is consistent with our time-lapse 101 
results (DPI-2 to DPI-4). Furthermore, the percentage of EdU+-iCMs gradually decreased from 102 
DPI-4 to DPI-21 and almost none of the αMHC-GFP+ iCMs at DPI-21 were stained positively for 103 
EdU (n=5, Figure 1D), indicating that all iCMs, which were αMHC-GFP+/EdU-, had exited cell cycle 104 
at this late stage of reprogramming. 105 
 106 
2.2. iCM-reprogramming is predominantly initiated at late-G1- and S-phase 107 
 108 

We next asked in which phase of the cell cycle is iCM-reprogramming initiated. To answer this 109 
question, we carefully calculated the time between two consecutive cell divisions of MEFs in our 110 
time-lapse recordings and estimated that MEFs had an average of 25.3±7.4 hours of cell-cycle length 111 
(n=42, Figure S1C). We performed EdU assay with two-hour EdU-labeling and measured the 112 
average percentages of G1 (~60%), S (~29%), and G2/M (~11%) in MEFs (Figure S1D-E, n=4), which 113 
represent the percentages of the time spent in each phase out of whole cell-cycle duration [26]. 114 
Therefore, the duration of G1 phase was calculated as ~15.2 hours (~60% of 25.3 hours), S phase ~7.3 115 
hours, and G2/M phase ~2.8 hours (Figure S1F). We then measured the time from the completed 116 
cell-division back to the first appearance of the αMHC-GFP reporter (Figure 1E, Table S1) and 117 
determined in which cell-cycle phase reprogramming of individual iCMs was initiated. For 118 
example, the reprogramming initiation of one iCM in Figure 1A (indicated by arrow head) was 119 
started from 15 minutes with the first appearance of faint GFP-fluorescence (Figure 1A, frame İ) and 120 
cell division happened at 21 hours (Figure 1A, frame V); therefore, reprogramming of this iCM was 121 
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Figure 1. iCMs undergo cell division and exit cell cycle along the process of reprogramming. A)

Representative images of a time-lapse recording showing that one primary GMT-iCM (arrowhead) 

divided into two daughter iCMs 20.75 hours after the activation of αMHC-GFP. A scale bar indicates 

50µm. B) A table summarizing all three batches time-lapse results of GMT-iCMs. Bar graph shows the 

percentage of dividing GMT-iCMs and iCMs that underwent cell death. C) Representative FACS plots of 

αMHC-GFP+ iCMs and of 24-hour-incubation EdU assay assessing cell division of MEFs and 

αMHC-GFP+ iCMs at day 4 post-infection (DPI-4). D) Percentage of dividing EdU+/αMHC-GFP+

GMT-iCMs from DPI-4 to DPI-21 (n=5). E) The time duration from the reprogramming-initiation to cell 

division in dividing GMT-iCMs (n=34; three batches). F) A cell-cycle-distribution chart of dividing iCMs 

(panel E) at the time point of reprogramming initiation. 
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  123 

Figure 2. S- or G2/M-phase synchronization at DPI-1 enhances cell-cycle exit in 

GMT-reprogrammed iCMs. A) At DPI-1, MEFs were synchronized at G1, G0/G1, G1/S, or 

G2/M-phase by lovastatin, serum-free media, thymidine, or nocodazole, respectively. Representative 

pictures showing GMT-reprogrammed MEFs at DPI-10 with or without (Control) cell-cycle 

synchronization. Scale bars indicate 100µm. B) Representative FACS plots of reprogrammed 

αMHC-GFP+ iCMs at DPI-10. C) The effect of G1-, G1/S-, or G2/M-phase synchronization on 

GMT-iCMs (n=10), including the percentage (upper panel) and absolute number (lower panel) of 

αMHC-GFP+ iCMs at DPI-10. D) The effect of S-phase synchronization by aphidicolin, hydroxyurea, 

or L-mimosine on GMT-iCMs (n=5) at DPI-7. E) The percentage of EdU+ cells in αMHC-GFP+

iCM-population at DPI-7 with or without cell-cycle synchronization at DPI-1 (n=3). *p<0.05, **p<0.01 

vs. GMT group. 
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initiated at G1 phase and took 20.75 hours to pass through G1 (10.65 hours), S (7.3 hours), and G2/M 124 
(2.8 hours) phases for a completion of cell division. These transition times from reprogramming 125 
initiation to cell division of GMT-iCMs (n=34, Figure 1E) were converted into a distribution chart of 126 
cell-cycle phases. We found that 23 iCMs initiated the activation of αMHC-GFP at G1-phase, 127 
including 15 at late-G1-phase, 10 at S-phase, and 2 at G2/M-phase (Figure 1F), suggesting that 128 
iCM-reprogramming was mostly initiated at late-G1- and S-phase. 129 

 130 

2.3. S- or G2/M-phase synchronization at DPI-1 facilitates cell-cycle exit of GMT-iCMs 131 

 132 

Since the epigenetic status dynamically fluctuates throughout the cell cycle [22], we then 133 
investigated if synchronizing a specific cell-cycle phase in GMT-infected fibroblasts could improve 134 
iCM-reprogramming. At DPI-1, GMT-infected MEFs were synchronized at G1-, G0/G1-, G1/S-, or 135 
G2/M-phase, by a 24-hour incubation with lovastatin, serum-free media, thymidine, or nocodazole 136 
(Figure 2A), respectively; the morphology of synchronized MEFs displayed cell-cycle related 137 
changes (Figure S2A), as previously reported [26]. We found that thymidine-induced 138 
G1/S-synchronization could increase the percent yield of reprogrammed αMHC-GFP+ iCMs, while 139 
lovastatin-induced G1 synchronization had no significant influence (Figure 2B-C). However, the 140 
absolute number (i.e. yield) of αMHC-GFP+ iCMs was not significantly improved by 141 
thymidine-synchronization (n=10, Figure 2C) but was dramatically decreased by 142 
G2/M-synchronization of nocodazole. 143 
 144 

We also investigated the effect of S-phase synchronization (Figure S2A), mediated by 145 
aphidicolin, hydroxyurea, or L-mimosine, [28] on iCM-reprogramming and found that all three 146 
compounds significantly suppressed iCM-reprogramming with decreased percentage and absolute 147 
number of αMHC-GFP+ iCMs (n=5, Figure 2D). None of the synchronization treatments inhibited 148 
the protein expressions of GMT in infected MEFs (Figure S2B). While un-reprogrammed MEFs 149 
could quickly recover from cell-cycle arrest and reenter cell cycle 24 hours after removing 150 
compounds (Figure S2A), we found that S- or G2/M-synchronization, but not G1-synchronization, 151 
at DPI-1 significantly decreased the percentage of dividing EdU+/αMHC-GFP+ GMT-iCMs at DPI-7 152 
(n=3, Figure 2E). Our data suggested that S- or G2/M- synchronization at DPI-1 decreased iCM yield 153 
by enhancing cell-cycle exit in GMT-reprogrammed iCMs. 154 

 155 

2.4. S-phase synchronization accelerates the early progression of iCM-reprogramming  156 
 157 

Our time-lapse recordings showed that iCMs initially expressed a low amount of αMHC-GFP 158 
(GFPlow) and gradually turned into brighter GFP+ cells (GFPhigh) along with the progress of 159 
reprogramming (Figure 1A), which was also disclosed with varying intensities of GFP fluorescence 160 
across iCMs by FACS assay (Figure 3A), suggesting that the intensity of GFP fluorescence might 161 
indicate different stages of reprogramming achieved in individual iCMs. We then gated all 162 
reprogrammed-αMHC-GFP+ cells at DPI-2, which were newly reprogrammed in theory, as a GFPlow  163 
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  165 

Figure 3. S-phase synchronization accelerates the early progression of reprogramming 

and increases the yield of GFPhigh iCMs. A) Reprogrammed iCMs were classified into 

GFPlow and GFPhigh populations. B) Significantly less GFPhigh iCMs were stained positive for 

EdU than GFPlow cells at DPI-7 (n=3) and DPI-10 (n=6). C) Comparisons of gene expression 

in GFPlow and GFPhigh iCMs at DPI-7 (n=6). D) Only synchronization of S-phase (n=6), but 

not other-phases (n=3), at DPI-1 significantly increased GFPhigh population of GMT-iCMs at 

DPI-7. E) The effect of S-phase synchronization by aphidicolin (n=3) from DPI-1 to DPI-6 on 

the percentage and absolute number of GMT-iCMs. F) The effect of 

aphidicolin-synchronization (n=4) from DPI-1 to DPI-6 on the percentage and absolute 

number yield of GFPhigh iCMs. *p<0.05; **p<0.01, ***p<0.001 vs. control.  
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sub-population (Figure 3A) and gated remaining αMHC-GFP+ cells with more intense 166 
GFP-fluorescence as a GFPhigh sub-population. We found a significantly smaller portion of EdU+ 167 
cells in GFPhigh iCM-population than that in GFPlow population at DPI-7 (n=3) and DPI-10 (n=6) 168 
(Figure 3B), suggesting that a bigger portion of GFPhigh iCMs had exited cell cycle. We then sorted 169 
out GFPlow and GFPhigh populations and found that, compared to GFPlow cells, GFPhigh iCMs 170 
expressed many cardiac genes at a significantly higher level, including Atp2a2, Myl7, Actc1, and 171 
Ryr2 (n=6, Figure 3C and Figure S3A-B), while the expression of Mki67, a proliferation marker gene, 172 
was significantly lower in GFPhigh cells. These results demonstrated that a more advanced degree of 173 

Figure 4. S-phase synchronization couldn’t further improve the enhanced reprogramming of 

polycistronic construct (MGT). A) Representative images of time-lapse recording showing that 

one MGT-iCM (arrowhead) divided into two daughter iCMs. Scale bar indicates 50µm. B) A 

table summarizing the time-lapse result of all three batches of MGT-reprogrammed 

αMHC-GFP+ iCMs. Bar graph shows the percentage of dividing MGT-reprogrammed iCMs and 

cells that underwent cell death. C) Time-lapse recordings revealed significantly less dividing 

cells among MGT-iCMs than GMT-iCMs. D) EdU assays showed that MGT-iCMs exited cell 

cycle earlier than GMT-iCMs (n=4). E) MGT-reprogramming yielded more GFPhigh iCMs than 

GMT-reprogramming at DPI-7 (n=7) and DPI-10 (n=3). F) S-phase synchronization at DPI-1 had 

no significant improvement on MGT-reprogramming (n=4). *p<0.05, **p<0.01 vs. control. 
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reprogramming had been achieved in GFPhigh iCMs. Importantly, S-phase synchronization (n=6), 174 
but no other cell-cycle phase synchronizations (n=3), at DPI-1 significantly increased the portion of 175 
GFPhigh iCMs at DPI-7 (Figure 3D).   176 
 177 

We next investigated how S-phase synchronization influences the yield of iCMs along the 178 
process of GMT-reprogramming and found that, unlike at DPI-1, S-phase synchronization from 179 
DPI-2 to DPI-6 had no inhibition on the yield of αMHC-GFP+ iCMs (n=3, Figure 3E and S3C-D). 180 
Importantly, S-phase synchronization from DPI-2 to DPI-5 actually yielded 2 to 4 times more 181 
number of GFPhigh-iCMs than unsynchronized control (n=4, Figure 3F and S3E), suggesting that 182 
S-phase synchronization accelerated the early progression of GMT-reprogramming. 183 
 184 

We next investigated the effect of S-phase synchronization on iCM-reprograming mediated by 185 
a polycistronic construct (MGT), which expresses an optimal stoichiometry of three reprogramming 186 
factors and could yield a better efficiency and a better quality of iCM-reprogramming in mouse 187 
cardiac fibroblasts than GMT monocistronic constructs [10]. We found that GMT- and 188 
MGT-reprogramming of MEFs yielded a similar number of iCMs at DPI-3 through DPI-10 (n=3, 189 
Figure S4A). Our 48-hour time-lapse recordings also captured cell division and cell death in 190 
MGT-reprogrammed iCMs (MGT-iCMs) from DPI-2 to DPI-4 (Figure 4A-B, Movie S2); however, the 191 
number of dividing cells was significantly less in MGT-iCMs than in GMT-iCMs (Figure 4C). 192 
Consistently, there were significantly less EdU+ cells in MGT-iCMs than in GMT-iCMs within the 193 
first two weeks of reprogramming (n=4, Figure 4D); moreover, MGT-reprogramming was 194 
processed faster and yielded significantly higher portion of GFPhigh iCMs than 195 
GMT-reprogramming at DPI-7 (n=7) and DPI-10 (n=3) (Figure 4E). These results demonstrated that 196 
an advanced progression with enhanced cell-cycle exit was achieved in iCMs reprogrammed by 197 
polycistronic MGT. Importantly, we found that S-phase synchronization failed to further increase 198 
the percentage of GFPhigh population among MGT-iCMs (n=4, Figure 4F), suggesting that the 199 
facilitated progression of GMT-reprogramming by S-phase synchronization was mediated through 200 
a mechanism of enhanced cell-cycle exit. 201 

 202 

3. Discussion 203 

In this study, we focused on understanding the early progression of iCM-reprogramming and 204 
found that iCMs did go through cell division at the early stage of reprogramming and ultimately 205 
exited cell cycle during the process of reprogramming. Importantly, we found that post-infection 206 
S-phase synchronization facilitated the early progression of GMT-reprogramming and yielded 207 
more GFPhigh iCMs through a mechanism of enhanced cell-cycle exit.  208 
 209 

Cell cycle includes two critical phases––a synthesis phase (S-phase) of accurate DNA 210 
duplication and a mitosis phase of chromosome segregation—which are preceded by two gap 211 
phases, G1- and G2-phase respectively. The epigenetic status at S-phase suppresses global RNA 212 
transcription and protein synthesis, with the exception of histone proteins [22]; however, we 213 
observed that the activation of αMHC-GFP could be also initiated at S-phase, suggesting that 214 
iCM-reprogramming is conducted throughout different phases of cell cycle and might continue 215 
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through more than one cell cycle. Indeed, our time-lapse recordings revealed that 216 
iCM-reprogramming was processed and continued through at least one cell-cycle as shown by cell 217 
division of iCMs following αMHC-GFP activation in both monocistronic GMT- and polycistronic 218 
MGT-mediated reprogramming. Consistently, a recent study of single-cell transcriptomics 219 
reconstructed a path of cell-fate conversion from fibroblast to iCMs and disclosed a population of 220 
early-stage reprogrammed iCMs that underwent cell division [19]. Therefore, iCMs remain active in 221 
cell cycle at the early stage of reprogramming. 222 
 223 

Moreover, our study also demonstrated that iCMs exited cell cycle at a later stage of 224 
reprogramming and S-phase synchronization following the initiation of reprogramming could 225 
enhance cell-cycle exit in GMT-iCMs. Interestingly, the enhanced cell-cycle exit by S-phase 226 
synchronization was accompanied with an improved progression of GMT-reprogramming and 227 
yielded significantly more GFPhigh iCMs, which achieved a more advanced reprogramming than 228 
GFPlow cells. This might be due to that cell-cycle exit prevents a dilution of GMT expression in 229 
dividing iCMs and subsequently induce high cardiac gene expression and better reprogramming. 230 
This facilitated progression is also validated in iCM-reprogramming of polycistronic MGT [10], 231 
which accelerated cell-cycle exit and yielded more GFPhigh iCMs. Because of this accelerated 232 
progression of MGT-reprogramming, S-phase synchronization failed to further increase the GFPhigh 233 
portion in MGT-iCMs, indicating that a common mechanism of enhanced cell-cycle exit is shared by 234 
both methods. Consistently, the active cell-cycle status at later stages of reprogramming was found 235 
to negatively correlate to the maturity of reprogrammed iCMs [19, 21] and iCM-reprogramming 236 
was significantly suppressed in an immortalized cardiac fibroblast line, which never exits cell cycle 237 
[19]. These all together demonstrate that cell-cycle exit is an essential process of 238 
iCM-reprogramming. In addition, our time-lapse recordings also found that some iCMs 239 
reprogrammed by either GMT or MGT underwent cell death, possibly apoptosis, which could 240 
explain why inhibitors of ROCK signaling increased the yield of reprogrammed iCMs in a previous 241 
study [16].  242 
 243 

One limitation is that our study focuses on cell-cycle regulation during the early progression of 244 
iCM-reprogramming; it is unknown how much the overall functional maturation of iCMs could be 245 
achieved at later stages of reprogramming by the strategy of accelerated cell-cycle exit. Cell cycle 246 
and cell-cycle exit constitute an important part of iCM-reprogramming especially at the initiation of 247 
reprogramming, indicating that epigenetics of different cell-cycle phases might play a critical role to 248 
initiate iCM-reprogramming. Our S-phase synchronization data implies that S-phase epigenetics at 249 
early progression of reprogramming might benefit iCM reprogramming, although more 250 
comprehensive study is needed to validate it in future. On the other hand, our approach for 251 
cell-cycle synchronization might have limited the benefits of S-phase synchronization on iCM 252 
reprogramming; thus other approaches could be tested to study impact of S-phase in future studies.  253 
 254 
 255 
 256 
 257 
 258 
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5. Conclusion  259 

 260 
In summary, our study provides direct evidence that iCMs actually go through cell division at 261 

an early reprogramming stage and exit cell cycle along the process of reprogramming. Importantly, 262 
our studies suggest that cell-cycle exit is one critical event or an indicator of the transition into a 263 
more advanced reprogramming. Enhanced cell-cycle exit by S-phase synchronization promotes the 264 
early progression of iCM-reprogramming so that accelerates iCM-maturation progress. Our study 265 
improves the understanding of iCM-reprogramming process by enlightening potential roles of 266 
cell-cycle regulation during iCM-reprogramming, which will guide us to further optimize this 267 
nascent reprogramming approach for future translational applications. 268 
 269 

5. Materials and Methods  270 

 271 

Animal Use Protocol 272 
 273 

All animal protocols have been reviewed and approved by Case Western Reserve University 274 
Institutional Animal Care and Use Committee (Approval#: 2015-0058; Approval Date: April 22, 275 
2015). 276 

 277 
Mouse Embryonic Fibroblast Isolation 278 
 279 

Mouse embryonic fibroblasts (MEFs) were isolated from transgenic αMHC-GFP mouse 280 
embryos (E12.5-13.5) with modifications in a previously reported method [17]. Briefly, embryos 281 
were extracted from pregnant mice under sterile conditions and only embryos with αMHC-GFP+ 282 
expression in the hearts were used for MEF isolation. To prevent any cardiomyocyte contamination, 283 
embryonic hearts were carefully removed as well as other internal organs and head. Embryos were 284 
chopped into small pieces (1-2mm3) and incubated in 2ml of 0.125% trypsin/EDTA per embryo for 285 
20min in a water bath at 37oC. Every 5 min, tissue pieces were pipetted up and down 5-10 times to 286 
dissociate the tissue. Then, 1ml additional Trypsin per embryo was added and incubated for 287 
approximately 10 min until there is no visible tissue chunks. To stop enzyme digestion, an equal 288 
volume of DMEM media with 10% FBS (Hyclone, ThermoScientific) was added and cells were 289 
filtered through a 40uM cell strainer (Falcon, Fisher Scientific) followed by centrifugation at 290 
1,500rpm for 3min. The pellet was dissolved in MEF medium (DMEM with 10% heat-inactivated 291 
FBS) and cultured in a 10cm dish per 3 embryos without gelatin coating. 2-3 days after growth in 292 
cell culture until they reach nearly 100% confluency, primary MEFs were passaged freshly for 293 
reprogramming or stored in liquid nitrogen for later use.  294 
 295 
Direct Cardiac Reprogramming and Flow Cytometry 296 

 297 
For iCM-reprogramming, retroviruses were generated as previously reported [2, 10]. Briefly, 298 

pMX retroviral Gata4, Mef2c, or Tbx5 plasmid [2] or polycistronic Mef2c-P2A-Gata4-T2A-Tbx5 299 
(MGT) plasmid [10] was transfected into PlatE cells (at ~90% confluence) with FugeneHD 300 
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transfection reagent (Promega) as per manufacturer’s protocol. Next day, media was refreshed with 301 
PlatE media (DMEM with 10% FBS). Viruses were harvested 48 hours after transfection and filtered 302 
through 0.45uM low protein-binding filter (Nalgene, ThermoSci). MEFs, which were seeded into 303 
6-well plates ~24hrs in advance at the density of 120,000cells/well without any gelatin coating, were 304 
infected with a mixture of three viruses of Gata4, Mef2c, and Tbx5 (GMT, 0.5ml each) or 0.5ml MGT 305 
for 24 hours in the presence of polybrene (8µg/ml, Millipore). Infected MEFs were maintained in 306 
cardiac reprogramming media, which is consisted of DMEM/M199 (4:1) with 10% heat-inactivated 307 
FBS, NEAA (Gibco), and L-glutamine (Gibco), with media changing every 2 to 3 days. For 308 
evaluating reprogramming efficiency at either day 7 post-infection (DPI-7) or DPI-10, iCMs were 309 
harvested by 0.05% trypsin/EDTA and dissolved in FACS buffer (2mM EDTA, 5% FBS in PBS). The 310 
percentage and absolute number of αMHC-GFP+ iCMs reprogrammed by monocistronic GMT 311 
(GMT-iCMs) or polycistronic MGT (MGT-iCMs) were evaluated by BD Accuri C6 flow cytometer 312 
(BD Biosciences). 313 
 314 
Cell-cycle Synchronization 315 

 316 
For cell-cycle synchronization, GMT-retrovirus-infected MEFs were incubated with thymidine 317 

(2mmol/L Sigma), lovastatin (25µmol/L, Sigma), nocodazole (50ng/ml, Sigma), aphidicolin (2µg/ml, 318 
Sigma), hydroxyurea (2mmol/L, Sigma), L-mimosine (0.5mmol/L, Sigma), or serum-free DMEM 319 
media at DPI-1 for 24 hours. After synchronization, MEFs were extensively washed with PBS to 320 
remove drugs and were cultured in cardiac reprogramming media for iCM-reprogramming.  321 
 322 
Time-lapse Imaging of iCM-reprogramming 323 

 324 
To understand the early progression of iCM-reprogramming, retrovirus-infected MEFs were 325 

cultured in a micro-incubator (STXG-WSKMX, Tokai Hit) at 37oC, 5% CO2 and were monitored 326 
from DPI-2 to DPI-4 by DMi8 Leica fluorescent microscope (Leica Microsystems). Brightfield and 327 
GFP-fluorescent images were recorded from the same sites every 15 minutes for 48 hours. A 328 
three-second-exposure time was purposely set up for GFP-fluorescence recording so that the 329 
initiation of iCM-reprogramming with very faint GFP-fluorescence could be recognized. Recorded 330 
pictures were analyzed by MetaMorph software (Molecular Devices) to assess cell division in 331 
reprogrammed-iCMs and non-reprogrammed MEFs.  332 
 333 
Cell-cycle Assays 334 

 335 
For analysis of cell-cycle phases, plain MEFs with or without cell-cycle synchronization were 336 

incubated with EdU (10mmol/L) for 2 hours and then harvested for staining with anti-EdU 337 
antibodies (1:200) and propidium iodide (0.08µg/µL, Sigma) using Click-iTTM Plus EdU Alexa 338 
FluorTM 647 Flow Cytometry Assay Kit (ThermoFisher Scientific) with some modifications in the 339 
protocol. Briefly, the cells were harvested in 0.05% trypsin/EDTA, washed with 1X PBS, and fixed 340 
by 4% PFA in pellet, followed by staining with EdU at room temperature and propidium iodide at 341 
37oC, respectively. The cells were kept on ice in propidium iodide staining solution prior to 342 
cell-cycle analysis by BD Accuri C6 flow cytometer. 343 
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 344 
For analysis of cell division in iCMs, GMT-retrovirus-infected MEFs were incubated with EdU 345 

(10mmol/L) for 24 hours and harvested for immunostaining with anti-EdU (1:200) and 346 
anti-GFP-FITC antibodies (1:100, Novus Biologicals). EdU+/αMHC-GFP+ GMT-iCMs were analyzed 347 
by BD Accuri C6.  348 

 349 
Western Blot Analysis 350 

 351 
To estimate the expression level of reprogramming factors, total proteins were extracted from 352 

MEFs at various time points after GMT-retrovirus infection and used for a standard western blot 353 
assay with antibodies of Gata4 (1:5000, Santa Cruz), Mef2c (1:5000, Aviva Systems Biology), and 354 
Tbx5-Flag (1:500, Thermo Scientific). β-Actin (1:1000, Sigma) or GAPDH (1:1000, Santa Cruz) were 355 
used as the housekeeping gene control. Pierce ECL Plus Chemiluminescence Detection Kit (Thermo 356 
Scientific) was used to detect the proteins. 357 

 358 
Real-time qPCR Assay 359 

 360 
Reprogrammed GFPlow and GFPhigh iCMs (~10,000 cells) were sorted out separately by HAPS1 361 

cell sorter (iCyt, Sony) and used for reverse transcription to generate cDNA by CellsDirect One-Step 362 
qRT-PCR Kit (Invitrogen). After pre-amplification with pooled primers, standard quantitative PCR 363 
assays were performed by a 7300 Real-Time PCR system (Applied Biosystems). The expression 364 
levels of cardiac and proliferation genes (Table S2) were normalized to a housekeeping gene 365 
GAPDH. 366 

 367 
Statistical Analyses 368 
 369 

All data were analyzed with at least three biological replicates and expressed as mean±SEM. 370 
The statistical significance was examined by two-way paired or unpaired student’s t-test or 371 
chi-square test. P values of <0.05 were recognized as statistically significant. *p<0.05, **p<0.01, 372 
***p<0.001. 373 

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/link. 374 
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 388 

Abbreviations 389 

iCM Induced cardiomyocytes 
MEF 
αMHC 

Mouse embryonic fibroblasts 
α-myosin heavy chain 

GMT Gata4, Mef2c, and Tbx5 (monocistronic constructs) 
GMT-iCMs 
MGT 
MGT-iCMs 
DPI 
EdU 

αMHC-GFP+ iCMs reprogrammed by GMT 
Mef2c-P2A-Gata4-T2A-Tbx5 (polycistronic construct) 
αMHC-GFP+ iCMs reprogrammed by MGT 
Days post-infection 
5-ethynyl-20-deoxyuridine 
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