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ABSTRACT OF THE DISSERTATION 
 

Cardiomyocyte Cell Cycle Revealed by FUCCI 

 

by 

 

Roberto Alvarez Jr 

 

University of California San Diego, 2018 

San Diego State University, 2018 

 

Professor Mark A. Sussman, Chair 

 

Rationale: Pre-existing cardiomyocytes and resident cardiac stem cells are limited in 

their capacity for substantial regeneration in postnatal endogenous mammalian 

myocardial repair. Evidence for adult cardiomyocyte proliferation remains inconclusive, 
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relying on proliferation markers that also present in hypertrophy or DNA repair. 

Unambiguous identification of myocyte cell cycle activity to demarcate de novo 

cardiomyogenesis within the injured myocardium has not been achieved using 

traditional markers of cellular proliferation. A powerful tool, Fluorescence 

Ubiquitination-based Cell Cycle Indicators (FUCCI) reporter system utilized to examine 

dynamic oscillations between G1 and S/G2/M phases of the cell cycle has yet to be 

exploited in a cardiomyocyte specific fashion. Targeted myocardial expression of 

FUCCI has the potential to delineate cardiomyocyte cell cycle entry and completion 

during postnatal development and following pathologic challenge.  

 

Objective: Authenticate fidelity of proliferative markers as indicators of de novo 

cardiomyogenesis and subsequently delineate the post-mitotic status of postnatal 

cardiomyocytes. 

 

Methods and Results: Cardiomyocyte specific FUCCI expression driven by the α-

myosin heavy chain (αMHC) promoter was utilized in conjunction with traditional 

proliferation markers to identify cell cycle status of postnatal murine cardiomyocytes. 

Cardiomyocyte proliferation rapidly decreased after birth, with cell cycle arrest 

corresponding to G1/S rather than full mitotic exit at G0. Interestingly, cell cycle activity 

increased in cardiomyocytes of sham injured hearts, potentially in response to 

systemic insult. Proliferation markers commonly utilized to ascertain de novo 

cardiomyocyte formation failed to fully correspond with FUCCI cell cycle activity in 



 

  xx 

injured αMHC-FUCCI hearts. Moreover, rare cKit+ amplifying progenitors identified in 

early postnatal development confirmed contribution to cardiomyogenesis.  

 

Conclusions: Proliferation markers used to identify de novo cardiomyogenesis failed 

to distinguish cycling cardiomyocytes after injury. Adult cardiomyocytes upregulated 

cell cycle activity in response to sham injury but failed to complete regenerative 

proliferation following cell cycle reentry. αMHC-FUCCI elucidated post-mitotic 

cardiomyocyte arrest at G1/S as opposed to G0 cell cycle exit previously reported in 

the literature. Finally, αMHC-FUCCI revealed cardiac progenitor cells remain a 

possible source of neonatal cardiomyogenesis within the myocardium. 
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CHAPTER 1 
  

INTRODUCTION OF THE DISSERTATION 
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Cardiovascular Disease 
 
 Cardiovascular disease (CVD) is the leading cause of death in the world with 

origins ranging from genetics, ethnicity and age to lifestyle choices1. An average of 1 in 

3 deaths in the US is attributed to CVD every year1, 2. The most prevalent form of 

coronary artery disease is myocardial infarction, commonly known as a heart attack, and 

accounts for over 45% of all CVD deaths affecting almost 800,000 people yearly2. A 

heart attack results from blockage of blood flow through the coronary artery that supplies 

nutrients and oxygen to the cells responsible for generating the contractile force 

necessary to pump blood throughout the body, resulting in death to the myocardial tissue 

directly distal to the blockage. The damage caused by heart attacks results in scar 

formation and a less efficient pump. Research efforts in the last decade have focused 

on stem cell-mediated and existing cardiomyocyte-induced regeneration to the area of 

damage in an effort to improve remodeling after a heart attack3-8. Ongoing debate 

persists regarding the extent of existing cardiomyocyte contribution to de novo cardiac 

formation following injury, in part due to the difficulty of assessing surviving 

cardiomyocyte contribution to de novo formation. Mature cardiomyocytes have been 

reported to fully exit the cell cycle within the first two weeks of birth in the mouse 

myocardium into a post-mitotic configuration incapable of cellular replication9, 10. The 

overall post-mitotic status of the myocardium renders de novo myocyte formation after 

injury from surviving cardiomyocytes a challenging endeavor. Current markers utilized 

to identify proliferating myocytes in a post-injury model can also mark cellular states 

such as hypertrophy or DNA repair that do not involve the formation of two daughter 

cells necessary to replace damaged or dead cardiomyocytes, diminishing their validity 
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and specificity as stand-alone markers of de novo cardiomyocyte formation11-13. Given 

these deficiencies, new tools to verify cellular proliferation are necessary to 1) validate 

current markers of cardiomyocyte cell cycle status and 2) accurately evaluate pre-

existing, post-mitotic cardiomyocyte ability to reenter the cell cycle and contribute to de 

novo myocardial formation.   

The post mitotic heart 
 

The heart is traditionally considered a post-mitotic organ unable to replace 

damaged myocardium due to its remarkable resilience to proliferative stimuli and loss 

of myocyte cell division shortly after birth. Cardiomyocyte proliferation peaks between 

embryonic stage E10-12 and decreases sharply before birth in mice9, 14, 15. Estimates of 

myocyte turnover in the adult mammalian myocardium range from less than 1% up to 

40% annually, dependent on calculation methods utilized3, 15-19. Variability in these 

published studies highlight the methodological challenge associated with studying 

proliferation in a heterogeneous, largely non-proliferative cell population. Furthermore, 

experiments utilizing tritiated (3H) thymidine show only a 0.005% incidence of DNA 

synthesis during postnatal development that remain stable after induced injury15. These 

results demonstrate the intrinsic proliferative capacity in the mouse myocardium to be 

quite rare.  Attempts to force myocyte cell cycle re-entry by cardiomyocyte directed 

overexpression of pro-proliferative mitotic and oncogenic proteins such as AKT, c-Myc, 

IGF and TERT fail to induce robust, sustained reentry into the cell cycle resulting in 

proliferation6, 8, 20-22. Cardiomyocyte specific overexpression of cell cycle genes is 

similarly unsuccessful in progressing cardiomyocytes through a full cell cycle event5, 23, 

24.  
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Eukaryotic Cell Cycle 
 

 Deciphering the cellular mechanisms inhibiting post-mitotic cardiomyocyte 

proliferation require fundamental understanding of the eukaryotic cell cycle of somatic 

cells. The cell cycle is a tightly orchestrated sequence of events that involve a multitude 

of proteins necessary to advance cells through a series of checkpoints spanning four 

distinct phases: Gap 1 (G1), Synthesis (S), Gap 2 (G2) and Mitosis (M). The resting 

phase of G1 is necessary for cell growth prior to initiation of cellular division. Cell size 

and content in the form of organelles and cytoplasm determine if a cell will divide or 

enter into a state of quiescence termed G023, 25, 26. Once cells commit to cell cycle entry, 

duplication of cellular chromatin occurs in S-phase. The cellular decision to proceed to 

the next phase of the cell cycle is made based on final DNA integrity during the G2 

checkpoint in the cell cycle where newly synthesized DNA is monitored for aberrations 

and repaired if necessary26, 27. Intact DNA integrity initiates M, the nuclear/cell division 

phase, typically resulting in the production of two daughter cells. Key regulators of the 

different phases of the cell cycle include, Cyclins D, E, A and B, cyclin dependent serine-

threonine kinases (CDKs) 2, 4/6, 1 as illustrated in Figure 1.1, and cyclin dependent 

kinase inhibitors (CdkIs) p21, p27 and p1626, 28, 29.   

Cyclin D is expressed during G1 in response to cell growth stimuli25, 30-32. Binding 

of Cyclin D to Cdk4/6 drives partial phosphorylation of the retinoblastoma protein (Rb), 

a cell cycle repressor at the G1 checkpoint25, 26, 30, 31, 33. Partial phosphorylation of Rb by 

the CyclinD-Cdk4/6 complex results in release of the early transcription factor (E2F), 

necessary for production of Cyclin E; required for transition from G1 into S phase of the 
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cell cycle.31, 34-36. Cyclin E binds its catalytic partner Cdk2, the Cyclin E-Cdk2 complex 

further phosphorylates Rb and renders the hyper-phosphorylated form of Rb inactive for 

the remainder of the cell cycle34, 35, 37. In addition to freeing E2F for transcriptional 

activity, Cyclin E-Cdk2 complex initiates the pre-replication complex necessary for S-

phase. Furthermore, this cyclin-cdk complex phosphorylates Cdk inhibitors p21 and p27 

and marks them for degradation via the ubiquitin-proteasome system36, 37. E2F activity 

and p27 degradation allow for the upregulation of Cyclin A which binds cdk2 to form the 

CyclinA-Cdk2 complex to initiate DNA synthesis27. At the onset of S phase, competitive 

binding of Cyclin A to Cdk2 terminates the formation of pre-replication complexes27, 38, 

39. Once threshold levels of cyclin A-Cdk2 necessary for DNA synthesis are reached, 

the cell begins the arduous process to make a duplicate copy of its chromatin24, 27. As S 

phase progresses, cyclin A binds Cdk1 to allow transition from S to G2 phase of the cell 

cycle27, 38. If DNA is damaged beyond repair in G2 the cell cycle can arrest and result in 

cellular senescence40. The G2/M checkpoint permits accumulation of the CyclinB-Cdk1 

complex in the cytoplasm where it plays a role in reorganization of cellular contents38, 

39. Inactive CyclinB-Cdk1 shuttled to the nucleus during G2 is exported immediately 

however, activation of the nuclear CyclinB-Cdk1 complex by Cdc25 phosphatases 

initiate M followed by breakdown of the nuclear envelope38, 39. Toward the end of M-

phase, the remaining cyclins (A and B) are degraded by the anaphase promoting 

complex/cyclosome (APC/C) and cells undergo cytokinesis to produce two daughter 

cells, complete the current cycle and prepare for the next round of cellular division. 

Unlike most proliferative eukaryotic cells, cardiomyocytes may deviate from the 

canonical sequence of cell cycle events during postnatal maturation.    
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Cardiac Myocyte Cell Cycle  
 

Most proliferative cells adhere to the canonical cell cycle, however post-mitotic 

cardiac myocytes exhibit atypical cellular features. The complex structure, multiple 

nuclei and a “tetraploid checkpoint” characteristic of adult cardiomyocytes render 

standard cell cycle analysis insufficient to address questions of cardiac myocyte 

proliferation40. For example, myocytes are proliferative during embryonic gestation when 

the number of cells dictate the size of the heart40, 41. The number of proliferative 

myocytes quickly diminish shortly after birth, and proliferative capacity is thought to be 

abolished by postnatal day 7, hence the term, “terminally differentiated” used to identify 

non-proliferative cells within an organ. Proliferation of adult mammalian cardiomyocytes 

has been postulated based on the ability of adult cardiac myocytes to re-enter the cell 

cycle and regenerate myocardium in zebrafish and other non-mammalian vertebrates42. 

Subsequent studies to analyze the proliferative capacity of P1-P7 neonatal mouse 

cardiac myocytes after cardiac cryo-injury, infarction and apical resection demonstrate 

reparative capacity similar to adult zebrafish41, 43-47. These reports of proliferation in 

neonatal and non-mammalian adult cardiomyocyte reports have sparked a frenzy of 

studies revisiting myocyte proliferation in the adult mammalian heart as a possible 

mechanism for cardiac repair48-50. As a result, and in conjunction with recent disclaimers 

against the reparative capacity of resident cardiac stem cells, it has been postulated that 

only existing myocytes give rise to new myocytes after acute injury. Approaches to 

measure cardiomyocyte proliferation utilized in the past have resurfaced and are being 

applied to demonstrate de novo cardiomyocyte formation. Defining new myocyte 

formation with markers of proliferation such as nuclear antigen Ki67, proliferating cell 
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nuclear antigen (PCNA), bromo-deoxy uridine (BrdU), and phosphorylated histone H3 

(pHH3) has become a benchmark in this regard3, 5, 8, 9, 48-52. Studies show incorporation 

of one or two proliferative markers and claim unequivocal de novo adult cardiomyocyte 

formation. However, these same markers have been shown to be upregulated in 

response to injury or stress and call into question conclusions that post-mitotic 

cardiomyocytes actually undergo cell division. 

Proliferative Markers in Response to Injury 
 

Markers of proliferation include Ki67, PCNA, BrdU, pHH3 along with Aurora 

Kinase B (Aurora B) and Anillin have been successfully utilized to accurately identify 

proliferation events during canonical cell cycle activity due to their established presence 

in specific cell cycle phases46, 53 (Figure 1.2). Recent studies employ a combination of 

these markers as unequivocal identifiers of proliferation and de novo cardiac formation 

in the post-mitotic heart following injury54, 55. In the case of cardiomyocytes however, it 

is plausible that the presence of these markers indicate cellular stress instead of de novo 

myocyte11-13. Additionally, cardiomyocytes are capable of undergoing endocycle 

processes known as endomitosis and endoreduplication in response to stress56, 57. 

Endomitosis results in a binucleated cell which contains two nuclei with diploid (2n) DNA 

content within the same cytoplasm, a common feature of mature cardiomyocytes. 

Endoreduplication entails chromatin duplication without nuclear envelope breakdown 

(NEB) and result in nuclei with >2n DNA content. The ability of cardiomyocytes to 

engage in endomitosis and endoreduplication in addition to normal cell division (Figure 

1.3) allow for the presence of PCNA, BrdU, pHH3, Aurora B and Anillin in response to 

injury12, 19, 58. De novo postnatal mammalian cardiomyocyte formation requires clearer 
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understanding of cardiomyocyte cell cycle status prior to intervention and manipulation. 

Fortunately, the field of cell cycle dynamics has experienced a mini-revolution in recent 

years producing powerful tools to report live readouts for specific stages of the cell cycle. 

Cell Cycle Analysis Tools 
 

Analysis of the cell cycle with the introduction of the Fluorescent Ubiquitination 

Cell Cycle Indicator (FUCCI) system is now possbile59-65. FUCCI is a powerful tool that 

exploits the dynamic relationship of human Chromatin licensing and DNA replication 

factor 1 (hCdt1) and human Geminin, an inhibitor of hCdt1 where both proteins are 

visualized using fluorescent probes. A truncated form of hCdt1 containing amino acids 

(aa) 30-120, lacking the Cul4 and Geminin binding regions, is fused to monomeric 

Kusabira Orange 2 to create the mKO2-hCdt1 (mKO) probe. The N terminal region of 

Geminin from aa 1-110, lacking the Cdt1 binding region, is fused to Azami Green to form 

the AzGr-Geminin (AzGr) probe59. These fluorescently labeled mKO and AzGr probes 

have been modified to ensure proper oscillation in G1 and S/G2/M of the cell cycle, 

respectively59 (Figure 1.4). 

In G1, mKO is upregulated as hCdt1 is required for initiation of DNA synthesis 

when bound to the origin recognition complex (ORC), thus cells exhibit an orange 

fluorescence in the nucleus at this stage. The complex acts as a helicase to allow 

loading of DNA polymerase. Once DNA polymerase is bound, Cdt1 is released, the 

complex is dissociated and the cells begin to exit G1. At the onset of S phase, Cdt1 is 

degraded through ubiquitination proteolysis. Additionally, during the transition between 

G1 and S phase, there is an upregulation of AzG, the presence of both orange and 

green fluorescence give a yellow fluorescence appearance in nucleus of G1/S 
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transitioning cells. Geminin is upregulated in S phase and maintained at high levels 

through the end of M phase.  Geminin serves as a secondary mechanism to limit Cdt1 

strictly to the G1 phase thus a green fluorescence is observed in the nucleus of S/G2/M 

cells. At the end of M phase, Geminin is similarly degraded through ubiquitination 

proteolysis, green fluorescence disappears from the nucleus and allows for the 

accumulation of Cdt1 and orange fluorescence as the cells transition out of M and back 

into G0 or G166, 67. Loss of Geminin coincides with accumulation of Cdt1 due to the loss 

of the licensing machinery during the G0/G1 stage of the cell cycle32, 68. Protein levels 

of Cdt1 and Geminin inversely oscillate during the G1 and S/G2/M phases, respectively, 

in a tightly regulated manner67, 69, 70. These two oscillating cell cycle proteins play a role 

in licensing replication origins, namely G1 and S/G2/M and serve as direct reporters of 

these cell cycle states visualized through orange and green fluorescence within the 

nucleus of expressing cells59. 

 This system has been used in vitro to study the response of HeLa cells to hypoxia 

and cell cycle arrest69, 71-74. Additionally, neural tissue was studied in vivo using 

ubiquitously expressed FUCCI transgenes to investigate proliferation during 

development32, 59. Myocyte proliferation was studied in zebrafish and Drosophila 

expressing FUCCI75,76. FUCCI is quickly becoming the method of choice to study cell 

cycle dynamics in multi cellular organisms due to its proven fidelity as a cell cycle 

reporter77-89. Given its rising popularity to study cell cycle dynamics in different 

organisms and its fidelity to identify cell cycle activity, FUCCI can thus be exploited to 

monitor the cardiac cell cycle in a cell-type specific manner.   
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Promoter Selectivity 
 

 Cardiomyocyte specific expression of a variety of genes is possible with promoter 

specificity. The alpha myosin heavy chain (aMHC) promoter, first established by Dr. 

Robbins90, consists of non-coding exons 1-3 and a 4.4 kilobase fragment upstream of 

exon 1 from the mouse chromosome. The promoter is well insulated and allows uniform 

expression regardless of insertion site within the chromosome91. As an established 

promoter widely used in the cardiac research community it is the ideal choice for this 

doctoral project.   

 

The primary aim of this dissertation is to establish the cell cycle status of cardiac 

myocytes during development and following cardiac injury using a novel cardiomyocyte 

specific FUCCI reporter mouse model. In this system, the αMHC promoter will be utilized 

to express both FUCCI transgenes in order to study cell cycle oscillations in cardiac 

myocytes. 

 

GOALS OF THE DISSERTATION 
 

Overarching Theme: Cardiomyocyte withdrawal from the cell cycle and contribution of 

adult cardiomyocytes to de novo cardiomyocyte formation in response to injury remains 

unresolved. Novel tools are required to assess fidelity of proliferation markers, to 

unequivocally resolve de novo cardiomyogenesis, and to elucidate the “true” nature of 
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the post-mitotic heart by pinpointing cell cycle dynamics of postnatal cardiomyocytes 

during postnatal growth and after pathological injury.  

  

Hypothesis: A subset of adult cardiomyocytes retain the ability to reenter the cell 

cycle in response to acute injury, however, markers utilized to clearly identify de 

novo cardiac formation fail to unmistakably identify cell cycle activity after injury. 

We intend to elucidate cardiomyocyte cell cycle dynamics by using a novel tool targeted 

to the heart. Specific Aims of the dissertation test the following postulates: 

Specific Aims: 

I.    A subpopulation of adult cardiomyocytes retains the ability to enter the cell cycle in  

      postnatal development. 

      A.  Generate the alpha-myosin heavy chain FUCCI (αMHC-FUCCI) mouse model. 

      B.  FUCCI myocytes actively cycle within the first two weeks of birth exiting the cell  

           cycle shortly thereafter. 

II.   Adult cardiac myocytes near the border zone re-enter the cell cycle in response to  

      injury.   

A. Border zone cardiomyocytes in FUCCI hearts reenter the S/G2/M phase and re- 

express Azami Green-hGeminin1 in response to myocardial infarction. 

B. Remote zone cardiomyocytes fail to reenter the cell cycle in response to 

myocardial infarction. 

C. Isoproterenol cardiotoxic injury induces cell cycle reentry of cardiomyocytes in 

response to global stress. 
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Figure 1.1. The Mammalian Cell Cycle. Gap1 (G1): Growth phase of a new cell. 
Cyclin D-Cdk4/6.  G1-S: Transition from Growth (G1) to Synthesis (S). Cyclin E-
Cdk2. Synthesis (S): DNA content is duplicated 2nà4n. Cyclin A-Cdk2. Gap 2 (G2): 
DNA integrity check. Cyclin A-Cdk1. Mitosis (M): Distribution of DNA and cytoplasmic 
contents to two daughter cells 4nà 2n + 2n. CyclinB-Cdk1 
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Ki67 
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Figure 1.2. Markers of Division and Cell-Cycle Status. Nuclear antigen Ki67 is 
present from G1 to M phase (green).  PCNA is presents between G1 and G2 phase 
in response to DNA synthesis (red).  BrdU, a thymidine analog incorporates into 
DNA during synthesis (purple). pHH3 is responsible for chromatin condensation 
and is thus present during G2 through M phase (black). Aurora B in part 
phosphorylates pHH3 and plays a role in mitosis, present from G2 through M phase 
(yellow). Anillin plays a role in creating the cleavage furrow and begins to 
accumulate in late G2 through late M phase (orange). 
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A.  Mitosis        B.  Endomitosis 

        
 
C.  Endoreduplication 

 

Figure 1.3. Cardiomyocyte Cell Cycle and endocycles. A) Mammalian cell division 
as shown in Figure 1.1. B) Endomitosis: Cells progress through G1, S, G2, and M 
however the final step, cytokinesis, is “skipped”. Results in two nuclei, each with 2n 
DNA content within the same cell. C) Endoreduplication: Cells progress through S 
phase, duplicating DNA content (2nà4n). M phase is completely “skipped” resulting 
in a cell with 4n DNA content within the same nucleus.  
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Figure 1.4. The Mammalian FUCCI Cell Cycle. Gap1 (G1): Peak mKO2-hCdt1 
fluorescence (orange). G1-S: mKO2-hCdt1 fluorescence (orange) decreases as 
AzamiGreen-hGeminin fluorescence (green) increases, resulting in a yellow nucleus. 
Synthesis/Gap 2/Mitosis (S/G2/M): mKO2-hCdt1 is suppressed, AzamiGreen-
hGeminin fluorescence (green) guards against aberrant DNA synthesis. 
AzamiGreen-hGeminin fluorescence (green) is degraded shortly after karyokinesis 
resulting in non-fluorescent nuclei until mKO2-hCdt1 can increase in quantity and 
intensity at G0/G1. 
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CHAPTER 2 

VISUALIZING CARDIOMYOCYTE CELL CYCLE DYNAMICS WITH aMHC-FUCCI 
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INTRODUCTION 
 

Estimates of cardiomyocyte turnover in the adult mammalian myocardium range 

from less than 1% to 40% annually dependent on calculation methods utilized9, 17, 41, 52, 

92. A recent consensus statement in the field places the annual turnover potential closer 

to 1% and define the adult mammalian heart as a post-mitotic organ with extreme limited 

potential for proliferation and regeneration47, 93-96. Resilience to proliferative stimuli and 

significant de novo cardiac formation after birth contribute to adverse outcomes following 

injury97. Studies over the past decade place endogenous stem/progenitor cells 

expressing surface proteins tyrosine protein kinase kit (c-Kit), insulin gene enhancer (Isl-

1), or stem cell antigen 1 (Sca-1) and/or cardiogenic markers like GATA-4 or Nkx2.5 as 

a potential source of proliferative cells capable of regenerating myocardial tissue lost 

after injury7, 98-100. Pre-existing adult cardiomyocyte activation and progression through 

the cell cycle resulting in two daughter cells has also been posited as a potential donor 

source4, 54, 55, 97, 101, 102 yet attempts to stimulate post-mitotic cell cycle reentry after injury 

fail to induce profound effects necessary to be effective8, 20, 103, 104. Recent studies exploit 

markers of proliferation to identify new cardiomyocytes during the neonatal proliferative 

window and have been extrapolated as detectors of de novo cardiomyocytes following 

myocardial injury in adult mice55, 94, 105,10, 23, 24, 26. Clear and unambiguous identification 

of new cardiomyocytes remains elusive due to the alternate roles proliferation markers 

possess under stress conditions11, 13 as a response to injury27, 28. Adding to the 

complexity is the lack of a well-defined cell cycle exit of cardiomyocytes in the post-

mitotic heart. Clear demarcation of de novo cardiomyocyte formation and the perceived 
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mitotic-exit remains difficult to ascertain using current approaches53, 106, 107. Successfully 

identifying de novo cardiomyocyte formation and evidenced reentry into the cell cycle 

first requires a clearly identified exit that to date, has remained obscure in 

cardiomyocytes10, 40, 108.  

The proliferative window in postnatal (P) development diminishes within the first 

two weeks in the mouse heart95, further corroborated by a decrease in cyclin and cyclin 

dependent kinase (CDK) downregulation necessary for cell cycle progression, 

coinciding within the same timeframe14. Comparisons between a proliferative neonatal 

heart and non-proliferative adult hearts to identify potential markers of proliferation have 

gained popularity in recent years45, 47, 97, 105, 109. Cell cycle markers like proliferating cell 

nuclear antigen (PCNA), Ki67, Aurora Kinase B, Anillin, phosphorylated histone H3 

(pHH3) and finally, thymidine analogs like bromo-deoxy-uridine (BrdU) are employed to 

identify de novo cardiomyocyte formation. Analysis of both, exploited markers and the 

cardiomyocyte cell cycle progression to determine fidelity of current markers to clearly 

identify cell cycle progression after injury, prompted the use of powerful and accurate 

cell cycle analysis technology to better understand the cardiomyocyte cell cycle at the 

cellular level.      

 

Fluorescence ubiquitination-based cell cycle indicators (FUCCI) was first 

introduced in 200859 to study cell cycle dynamics. FUCCI has revolutionized studies 

involving cell cycle analysis and has been utilized to study cell cycle dynamics from cell 

culture, Drosophila and fish to mammals61, 71, 76, 110-112. Monomeric Kusabira orange 2 

(mKO) fused to a truncated human chromatin licensing factor 1 (hCdt1 30/120) present 
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in G1 phase of the cell cycle and its inverse partner monomeric Azami Green (AzG) 

fused to truncated human Geminin (hGeminin 1/110) present in S/G2/M distinctly 

delineate cells from G1 to M phase. The original FUCCI model attempted to elucidate 

cardiomyocyte cell cycle dynamics utilizing the ubiquitously expressed synthetic chicken 

b-actin-globin (CAG) promoter however, ubiquitous expression in all cell types within the 

myocardium made identification of cardiomyocyte specific expression difficult. Existing 

FUCCI mouse models61, 111, 113, 114 still lack specificity to the cardiomyocyte population 

inciting the creation of a FUCCI mouse model using the alpha myosin heavy chain 

(αMHC) promoter91, 115 to drive FUCCI probes in a cardiomyocyte specific manner, 

named αMHC-FUCCI. 

 

αMHC-FUCCI faithfully oscillates between G1 and S/G2/M phase in a 

cardiomyocyte specific fashion in the postnatal heart. Cultured neonatal cardiomyocytes 

reveal myocyte division, binucleation and possible endoreduplication, showing robust 

and accurate FUCCI fluorophore oscillation within the system. Single positive cells 

(AzG+ or mKO+) and non-fluorescent cardiomyocytes, indicative of G0, peak at P2 and 

decrease thereafter. αMHC-FUCCI establishes the majority of cardiomyocytes are 

poised at the G1/S interface with levels reaching over 95% by P90, indicating arrest 

within the cell cycle and thus do not undergo a full mitotic exit. There is a small but 

statistically significant increase in single positive (AzG+ or mKO+) cells as a result of 

trauma to the heart that decreases by 21 days post myocardial infarction (MI) relative to 

homeostatic adult hearts. FUCCI cell cycle activity correlates with markers of 

proliferation like BrdU and pHH3 in development yet these same markers fail to correlate 
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with actively cycling FUCCI myocytes after injury. This study is the first to our knowledge 

to demonstrate cardiomyocytes do not undergo a full mitotic exit and instead identifies 

the G1/S interface as the point of seized cycling. A quantifiable sub-population of 

cardiomyocytes capable of reentering the cell cycle in response to injury confirms their 

existence but rendered insufficient to contribute to significant de novo cardiomyocyte 

formation. Markers commonly employed in identifying de novo cardiomyocyte formation 

did not correlate with observed FUCCI activity following injury raising speculation of their 

validity and accuracy for this purpose. Finally, FUCCI identifies a rare population of 

amplifying cardiac progenitors early in development that seem to disappear in 

conjunction with age.   
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METHODS 

FUCCI Plasmids 

 

FUCCI vector set was purchased from MBL international (Cat# VS0601). 

Transgenic plasmids for microinjection: mAG1-hGeminin 1/110 (AzGr) and mKO2-

hCdt1 30/120 (mKO) were digested, blunted and subcloned into the pCR2.1 Topo 

Vector (Thermo Scientific Cat# K202020) to add NheI and KpnI sites at 3’ and 5’ end 

respectively. Topo clones were digested with NheI and KpnI in CutSmart Buffer 4 (New 

England Biolabs, B7204S) and directionally subcloned into the aMHC promoter plasmid. 

Clones were verified by digest using NotI enzyme to produce a 6.8 kilobase (kb) pair 

fragment containing the promoter-transgene-pA on a 1% agarose gel. Fragments were 

excised directly from the gel and purified using a Machery Nagel Nucleospin Gel and 

PCR Cleanup Kit (Cat# 740609.10) and cleaned according to Mouse Genomics Core 

specifications and diluted to 2ng/µl for microinjection.  

Lentiviral plasmids: FUCCI vectors were digested with KpnI and HindIII, 

respectively and subcloned into the pShuttle Vector (Agilent Cat # 240006) to add 

BamHI and SalI sites at the 3’ and 5’ end. pShuttle-FUCCI vectors were released by 

BamHI-HF and SalI-HF in CutSmart Buffer 4 and directionally subcloned into 

pCCLsin.ppt.hPGK.GFP (a kind gift from Dr. Maurizio Capogrossi, Centro Cardiologico 

Fondazione I. Monzino-IRCCS) in place of GFP. Verified clones were amplified and 

lentivirus generated. 

 Transgenic Mouse Generation and Genotyping 
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αMHC-FUCCI linearized plasmids from above containing αMHC-AzGr-hGem-pA 

and αMHC-mKO2-hCdt1-pA where mixed at 1:1 molar ratio and injected into 0.5dpc 

embryos using Leica Micromanipulators with consistent positive air flow of 3 pounds per 

square inch (psi). Over 250 embryos were injected over 3 sessions and transplanted to 

a total of 6 pseudo pregnant females. A total of 28 pups were born and genotyped for 

the presence of the transgene at P14. AzG was detected by Forward Primer: 5’ GGG 

TGC TCT CTT ACC TTC CTC ACC A and Reverse Primer:  5’- CCC TTG CCC TCG 

CCC TCG while mKO was detected by Forward Primer:  5’ GGG TGC TCT CTT ACC 

TTC CTC ACC A and Reverse Primer:  5’ GCA CTG ACT GAA GCG GAC CCA C 

respectively. A total of 4 potential founders were identified to have both of the injected 

transgenes and further bred for immunoblot analysis for protein expression.   

Immunoblot Analysis 

 

Hearts were excised and collected at postnatal day 0, 2, 7 and 10; postnatal week 

2, 3, and 4; and postnatal month 3, 6, 9 and 12 for whole heart protein lysates. Whole 

hearts were weighed and snap frozen in liquid nitrogen and homogenized in Isolation 

Buffer + Inhibitors (containing 70 mM sucrose, 190 mM mannitol, 20 mM HEPES 

solution, and 0.2 mM EDTA in de-ionized water supplemented with protease and 

phosphatase inhibitor cocktails from Sigma-Aldrich). Bradford assay using a 0 - 2mg 

BSA protein standard curve was performed to calculate protein concentration. 15µg of 

protein was loaded per well in a 4-12% gradient Bis-Tris polyacrylamide minigel (Thermo 

Fishers) and run in 1x MOPS Buffer (Thermo Fisher) for 1.5 hours. Protein was 

transferred onto PVDF nitrocellulose membrane in 1x Transfer Buffer (Thermo Fisher) 
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for 1.5 hours, blocked in 1x Tris Buffered Solution-Tween (TBST) containing 8% (weight 

/volume, w/v) skim milk for one hour. Antibodies were diluted in TBST+8% milk as shown 

in Table 2. Primary antibodies were incubated overnight at 4°C. Secondary antibodies 

were incubated at room temperature for 1.5 hours prior to detection of signal. 

Immunoblots were processed with a LICOR Odyssey Clx to detect signal of 680 or 800 

probes. Image Studio Software was utilized to quantitate signal intensity detected by 

LICOR for statistical calculations. Primary antibodies used to detect AzGr-hGeminin 

(Santa Cruz, SC74456), mKO2-hCdt1 (Cell Signaling Technology, D10F11), and 

Vinculin (Sigma, V9131). Secondary antibodies include, Donkey anti rabbit (DAR) 680 

(LICOR, P/N 925-68073), DAM 800 (LICOR, P/N 925-32212) and DAM 680 (LICOR, 

P/N 925-68072).  

Isolation of P2 Neonatal Mouse Ventricular Cardiomyocytes Cell Culture and 

Staining 

 

Neonatal cardiomyocytes were isolated as previously described116. Briefly, 

postnatal day 2 hearts were excised, and atria removed. Hearts were placed in isolation 

media (containing 20mM Butanedione Monoxime (BDM), 0.0125% Trypsin in 1x Hank’s 

Buffered Saline Solution (HBSS)) overnight at 4°C. The following day, ventricles were 

digested in digestion media (containing 20mM BDM, 7mg Collagenase/Dispase Enzyme 

(Sigma, 10269638001) in 10mL of Leibovitz’s L-15 base media (Thermo Fisher, 11415-

064)) at 37°C for 20 minutes. Hearts were triturated 10-20 times, allowed to settle and 

supernatant was passed through a 70um cell strainer.  Digestion was repeated on 
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undigested tissue for an additional 5 to 10 minutes and passed through strainer. 

Dissociated cells were centrifuged, resuspended in plating media (65% Dulbecco’s 

Modified Eagle Medium (DMEM, Thermo Fisher), 19% Media M-199(M199, Thermo 

Fisher), 10% horse serum (HS, Thermo Fisher), 5% fetal bovine serum (FBS, Thermo 

Fisher), and 1% pen-strep glutamine (100X PSG, Thermo Fisher)) onto uncoated 

100mm tissue culture plate, incubated at 37°C, 5% CO2 for three hours to remove non-

cardiomyocytes.  Supernatant containing cardiomyocytes was plated onto laminin 

(Invitrogen) coated 35mm glass bottom tissue culture dishes at a concentration of 

150,000 cells/mL in 37°C in 5% CO2 to allow attachment. After three days of incubation, 

CMs were rinsed three times with PBS and fixed in 1% paraformaldehyde (PFA) in 1x 

PBS for 15 minutes at room temperature. Fixed cells were washed, and permeabilized 

with 1x PBS containing 0.2M Glycine, 0.2% TritonX-100 for 15 minutes. Cardiomyocytes 

were rinsed and blocked in PBS + 10% HS. Primary antibodies were diluted in 1x PBS 

+ 10% HS at concentrations found in Table 2.1 and applied overnight at 4°C. The 

following day, cardiomyocytes were washed with 1x PBS, fluorescently conjugated 

secondary antibodies incubated at room temperature for 1.5 hours. Cardiomyocytes 

were rinsed, and nuclei were counterstained with DAPI, for 15 minutes and scanned 

using Leica TCS SP8 confocal microscope. Primary antibodies used to label neonatal 

cardiomyocytes in vitro; a sarcomeric actinin (Sigma, A7811), Sytox Blue (Invitrogen, 

S34857), sm22a (Abcam, AB14106), Wheat germ agglutinin 680 (Invitrogen, W32465).  

Secondary antibodies used; DAR 405 (Jackson Immunoresearch), DAM 633 (Abcam).  

Antibody concentrations can be found in Table 2.1. 
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Isolation and Culture of Adult Cardiomyocytes and MG132 treatment 

  

Adult cardiomyocytes were isolated from anesthetized mice using ketamine-

xylazine solution, the chest opened, and the aortic arch was isolated. Curved forceps 

were used to push a 4-0 suture (Ethicon) underneath the arch. A small incision was 

made to the arch to insert a 22-guage cannula (Radnoti LLC). Perfusion buffer consisting 

of water supplemented with Sodium Chloride (113mM), Potassium Chloride (4.7 mM), 

Potassium Phosphate-Monobasic (0.6mM), Sodium Phosphate-Dibasic (0.6mM), 

Magnesium Sulfate-Heptahydrate (1.2mM), Sodium Bicarbonate (12mM), Potassium 

Bicarbonate (10mM), HEPES (10mM), Taurine (30mM), Glucose (30mM) and BDM 

(10mM) was used as a base. Digestion buffer, consisting of perfusion buffer 

supplemented with Collagenase II (460 Units/mL, Worthington Biochemical), was slowly 

perfused through the heart after suspending from a Radnoti EZ Myocyte/Langendorff 

Isolated Heart System within a 100 mL beaker warmed to 37°C using constant water 

flow for no more than 14 minutes.  The heart was removed from the cannula and placed 

in a 100mm tissue culture dish containing perfusion buffer with collagenase II.  The heart 

was removed from the cannula and transferred to a sterile hood and atria removed. 

Ventricles were teased with blunted forceps to dissociate the tissue and triturated slowly 

using a sterile transfer pipette. The cell suspension was transferred to a 15 mL conical 

tube and chunks were allowed to settle.  Supernatant was passed through a 100 µm 

filter pre-wet with 10mL of Stop Buffer 1 solution consisting of perfusion buffer 

supplemented with 10% fetal bovine serum and Calcium Chloride (12.5µM). Remaining 

chunks of tissue were incubated with collagenase buffer, triturated and passaged 
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through fresh 100 µm filters 2 more times until all tissue was dissociated. All fractions 

were allowed to sit 30 minutes at room temperature to allow cardiomyocyte settling.  The 

supernatant was aspirated and the fractions containing myocytes were pooled and 

washed in Stop Buffer 2 containing 5% FBS and Calcium Chloride (12.5µM). 

Resuspended myocytes were transferred to a T-75 flask and calcium add back was 

performed in a step wise fashion over a 30-minute interval. Rod-shaped cardiomyocytes 

were resuspended and used for staining, or culture.  Cardiomyocytes used for staining 

were fixed in 1% PFA and immunostained as described in neonatal isolation methods 

section.  Cardiomyocytes used for MG132 (Sigma, 10µM) experiments were 

resuspended in plating media, counted on a hemocytometer slide and plated at 150,000 

cells/mL in 6 well plates coated with Laminin for two hours at 37°C to allow attachment. 

After incubation, cells were washed with plating media and switched to maintenance 

media. MG132 was introduced to the media and incubated for 12 hours prior to collection 

for immunoblot analysis. Primary antibodies used for staining; a-sarcomeric actinin 

(Sigma), endogenous Geminin for FVB myocytes (Santa Cruz, SC13015), Sytox Blue 

(Invitrogen, S34857).  Secondary antibodies used for staining; DAM 633 (Abcam).  

Primary antibodies used for immunoblot; Vinculin (Sigma), ubiquitin (Abcam, 

Ab140601).  Secondary antibodies used for immunoblot; DAM 680 (LICOR), DAR 

(LICOR, P/N 925-32213). Dilution for antibodies can be found in Table 2.1.    

Histology and Immunofluorescence 
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Tissue samples used for histology were fixed in 1% PFA and embedded in 

Tissue-Tek optimal cutting temperature (OCT) Media after equilibration in 1x PBS 

containing 30% sucrose (w/v). Frozen sections were cut at 5-10 µm and fixed onto glass 

slides, incubated at room temperature for two hours prior to storage at -20°C. Sections 

were allowed to equilibrate at room temperature for 20 minutes, washed in 1x PBS, 

permeabilized with 0.2% TritonX 100/0.2M glycine and washed with 1x PBS. Sections 

were quenched in 1x PBS + 3% H2O2 (v/v) for 20 minutes and washed three times with 

1x PBS. After quenching, samples were incubated with DNase Buffer (40mM Tris-HCl, 

10mM NaCl, 6mM MgCl2, 10mM CaCl2, pH 7.9) for 5 minutes, treated with 500U/mL 

DNaseI in DNase Buffer for 15 minutes at RT and washed three times in deionized 

water.  Slides were then washed with 1x PBS and blocked for one hour in 1x PBS + 

10% HS at RT. Slides were incubated with primary antibodies as shown in Table 2.1, in 

1x PBS + 10% HS overnight at 4°C. The following day, slides were washed with 1x PBS 

and incubated with secondary antibodies diluted in 1x PBS+10% HS for 1.5 hours at 

RT. If tyramide and/or streptavidin conjugated fluorophores were utilized, they were 

diluted in 1x PBS+10% HS and incubated at room temperature for 20 minutes at RT. 

Slides were washed with 1x PBS and incubated for 15 minutes at RT with DAPI or Sytox 

Blue to label nuclei. Slides were coverslipped using Vectashield Mounting Media and 

scanned on Leica SP8 Confocal using LASX software. Primary antibodies used; ckit 

(R&D Systems, AF1356), Histone H3 (Abcam, Ab5176), BrdU (Abcam, Ab6326), 

cardiac troponin I (Abcam, Ab47003) and tropomyosin (Sigma, T9283) and WGA 680 

(Invitrogen).  Secondary antibodies used: DAG HRP (Jackson Immunoresearch), 

Tyramide Bio (Perkin Elmer), Streptavidin LS490 (Atto tech), DAR 405 (Jackson 
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Immunoresearch), Donkey anti rat (DARt) Biotin (Jackson Immunoresearch) 

Streptavidin 700 (Invitrogen) and DAM 633 (Abcam). Dilutions for antibodies can be 

found on Table 2.1. 

Postnatal Developmental Time course 

 

Mice were given a single BrdU injection IP at 150mg/kg two hours prior to harvest. 

Hearts were excised at postnatal day 0, 2, 7, 10, 14, and 21, 30 and 90 and prepared 

for histological sections as described above.  

Myocardial Infarction Injury 

 

Myocardial Infarction was performed as previously described100, 117 in 8-12 week 

old mice. Briefly, mice were subjected to acute myocardial infarction by left anterior 

descending coronary artery ligation surgery (LAD). Mice were pulsed daily with BrdU at 

50mg/kg by intraperitoneal (IP) injection to label DNA synthesis until the day of harvest. 

Hearts were excised on day 3, 7, 10, 14 and 21 days post-MI and prepared for 

histological staining as described above.  

Cardiotoxic Injury 

 

Cardiotoxic injury was induced in 8-12 week old mice with a single IP bolus 

injection of isoproterenol at 150mg/kg. Mice were pulsed daily with BrdU at 50mg/kg by 

IP until day of harvest. Hearts were excised on day 3, 7, 10, 14, 21 and 28dpi and 

prepared for histological staining as described above. 
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HeLa FUCCI and Fluorescent Activated Cell Sorting and Cell Cycle Block 

Treatments  

 

HeLa cells were infected with the FUCCI lentivirus (HeLa-F) generated above. 

MOI of 1, 5, 10, 50 and 100 were tested with MOI 5 generating the highest efficiency 

transduction and survival rate. HeLa-F cells were sorted using BD Aria sorter, single 

mKO, single AzGr and double mKO/AzGr positives were sorted. Only double mKO/AzGr 

positive cells at the time of sorting were selected for expansion and utilized for 

subsequent experiments. G1 Blocker, Lovastatin 10 µmol/L, G2 Blocker, Teniposide 

(VM-26) 0.5µg/mL, and G1/S blockers; Aphidocolin, 10µM, Thymidine, 2mmol/L, and L-

mimosine, 400µmol/L were added to media and incubated up to 72 hours at 37°C. 

Image Analysis 

 

Nuclei counts for developmental cell cycle oscillation was analyzed using Leica 

LAS X Suite software. Regions of interest (ROI) of cardiomyocyte nuclei were selected, 

and exported as excel files containing intensities for AzG, mKO, Sytox, pHH3, and BrdU. 

Excel macros were written in an effort to eliminate biased analysis. Briefly, the lowest 

10 intensities per series per channel where averaged to establish thresholds. A 10% 

buffer was added to the averaged thresholds to increase values and eliminate borderline 

positive/negative signals. Positive signals were assigned 1, negative assigned, 0. ROIs 

with a zero value for Sytox (nuclear stain) were excluded from analysis. ROI with 1, 1, 1 

for Sytox, mKO, and AzG where considered mKO+/AzG+ respectively.  Similarly, ROI 



 

 30 

with 1, 1, 0 for Sytox, mKO, and AzG were considered mKO+ while 1, 0, 1 for Sytox, 

mKO, AzG were considered AzG+ nuclei respectively. Additionally, consultation with Dr. 

Barbara Bailey of SDSU mathematics department was secured to verify analysis. 

Briefly, to assess accuracy of threshold parameters, histograms for individual channel 

intensities per section were created.  Histograms revealed 1-5 nuclear values at the 

bottom of the intensity scale were excluded from analysis, thus validating the threshold 

values generated by the Excel macro. HeLa-F counts for G1/S block experiments were 

analyzed using Leica LAS X Suite. Briefly, DAPI was utilized to create a reference mask 

to identify nuclei. The mask was analyzed for the presence of mKO+ and AzG+ signal. 

The images (n=5, per experiment) were batch processed using the same thresholds for 

all images prior to table export. The presence of AzG or mKO above the set threshold 

(10%) is assigned a value of 1 by the software. Excel files were then processed for 

values >0 to be counted for mKO and/or AzG signal and utilized for quantitation. 

BrdU+ cardiomyocytes were identified by the presence of BrdU intensity signal in 

LAS X Suite software. Identified BrdU+ cardiomyocytes were traced to determine area 

of tissue analyzed within the software.  

Statistical Analysis  

 

Data expressed as mean±SEM. Statistical analyses for each figure was 

performed using GraphPad prism version 5.0 software.  Experiments using N=biological 

replicates were performed in technical triplicates unless otherwise stated. Figures  2.3, 

2.5, 2.7, 2.8, 2.10 and 2.11 were assessed by 1-way ANOVA using Tukey’s post hoc 

test. Figures 2.4 and 2.6 were assessed by 1-way ANOVA using Dunnett’s post hoc 
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test.  Figure 2.5 was assessed using unpaired t-test. A p-value of less than 0.05 was 

considered statistically significant. 
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RESULTS 

aMHC-FUCCI expression is specific to cardiomyocytes 

The postnatal mammalian heart is a post-mitotic organ with limited cardiomyocyte 

cell cycle activity shortly after birth10 yet recent studies place existing cardiomyocytes as 

the primary source of de novo cardiomyogenesis; often utilizing common markers of 

proliferation45, 54, 55 found in neonatal development to identify new cells. Given the lack 

of clarity regarding the mitotic exit of cardiomyocytes and clear identification of de novo 

cardiomyocyte formation, it is difficult to reconcile these two opposing views. Clear and 

specific cardiomyocyte cell cycle dynamics are currently unavailable in existing FUCCI 

mouse models 59, 61, 114 and thus prompted the creation of cardiomyocyte specific αMHC-

FUCCI reporter. αMHC-mKO2-hCdt1-pA (mKO) and αMHC-Azami Green-hGeminin1-

pA (AzG) linearized DNA transgenes were co-injected into 0.5dpc FVB/N J embryos in 

1:1 molar ratios (Figure 2.1A). Four potential founders positive for both AzG and mKO 

by polymerase chain reaction (PCR) resulted from microinjection; germline 

transmission91 was verified by backcrossing to FVB/N non-transgenic mice (Figure 

2.1B). One validated founder was identified by AzG and mKO protein expression 

detected exclusively in heart tissue (Figure 2.1C). Validated founder #25 was 

backcrossed for ten generations into the FVBN/J strain to produce a congenic aMHC-

FUCCI line used in experimental procedures. Cardiomyocyte specific expression of AzG 

and mKO was verified by native fluorescence in vitro with neonatal and adult 

cardiomyocyte cultures (Figure 2.1D, 2.1E) and by confocal visualization of 

cardiomyocyte specific mKO and AzG fluorescence in frozen tissue sections from adult 

FUCCI hearts in vivo (Figure 2.1F, 2.1G). Importantly, AzG and mKO expression were 
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absent from smooth muscle, endothelial and fibroblast nuclei, further verifying 

cardiomyocyte specificity in this model (Figure 2.1F, 2.1G). In summary, the creation of 

αMHC-FUCCI allows direct visualization of cardiomyocyte specific cell cycle dynamics 

during development through direct detection of green (AzG+) or red (mKO+) nuclear 

fluorescence restricted to the cardiomyocyte population.  

  

Isolated P2 FUCCI cardiomyocytes in culture allow visualization of cell division 

and binucleation events 

Previously existing CAG-FUCCI attempted to demonstrate cardiomyocyte cell 

cycle activity using whole and thin sliced heart tissue in ex-vivo culture methods to 

observe CM cell cycle activity118. Endothelial, smooth muscle, fibroblast and 

cardiomyocytes within the whole and sliced tissue culture ubiquitously expressed FUCCI 

and thus complicated analysis in-vitro, further requiring immunolabeling to identify 

cardiomyocytes. To determine if aMHC-FUCCI could serve as a proper tool to analyze 

stimulation of cardiomyocyte cell cycle activity in vitro, P2 neonatal cardiomyocytes were 

isolated, cultured and imaged for twelve days. Neonatal cardiomyocytes underwent 

limited normal cell cycle division and endoreduplication events in culture. AzG and mKO 

fluorescence oscillated accordingly for all events. In a dividing cardiomyocyte, AzG 

accumulation in nuclei disappeared and was followed by cleavage furrow formation and 

the creation of two daughter cells, indicative of a full mitotic event (Figure 2.2A-2.2C). 

Binucleation events showed nuclear envelope breakdown (NEB) accompanied with 

endomitosis (acytokinesis, Figure 2.2D-2.2G) in culture. Taken together, FUCCI 

oscillation in these cycling events demonstrate the power of FUCCI for faithful in vitro 
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modeling to assess stimulants and suppressors on neonatal cardiomyocyte cell cycle 

re-entry. 

 

Proliferation markers BrdU and pHH3 identify cycling myocytes in developing 

FUCCI hearts 

Faithful oscillation of FUCCI in neonatal cardiomyocyte culture provoked the 

verification of proliferation markers commonly utilized to identify actively cycling cells 

following neonatal cardiac injury in vivo47, 55, 105, 109.  Thymidine analog BrdU and pHH3 

mitotic marker are commonly utilized to identify DNA synthesis and mitosis in active 

cycling cells and have been utilized to identify de novo cardiomyogenesis after injury in 

both neonatal and adult injury models. Cardiomyocyte specific FUCCI was analyzed in 

postnatal development to assess the ability of fluorescent probes to accurately identify 

actively cycling cells. Active cycling in postnatal development was assessed in P2 to 

P90 FUCCI hearts following intra-peritoneal (IP) administration of BrdU (150mg/kg). In 

an effort to limit thymidine analog incorporation to S phase events, reported to last eight 

hours on average in eukaryotic cells119, BrdU was injected two hours prior to harvest 

(Figure 2.3A). Cardiomyocytes existing in S/G2/M120, 121 of the cell cycle were visualized 

by direct AzG+ fluorescence and labeled with antibodies against cardiac troponin I 

(cTnI), BrdU, and pHH3 phosphorylated at serine10 to corroborate fluorescent 

expression of FUCCI in frozen cardiac tissue sections (Figure 2.3B-2.3F). 

Cardiomyocytes in G1 phase of the cell cycle were identified by direct visualization of 

mKO+ fluorescence and the absence of BrdU and pHH3, respectively. Active cycling 
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was confirmed in FUCCI cardiomyocytes at P2, P7 and P14 by mKO+ (G1, Figure 2.3B, 

2.3C; white arrows) or AzG+ (S/G2/M, Figure 2.3B-2.3D; yellow arrows). AzG+ 

cardiomyocyte nuclei incorporate BrdU at P2 and P7, as shown in Figure 2B and 2C, 

respectively. Interestingly, AzG+/pHH3+ cardiomyocytes representing cardiomyocytes 

undergoing binucleation prior to mitotic exit or a cellular division38, 39 were identified in 

several sections of P14 hearts3, 56 (Figure 2.3D) 93, 122 93, 122 93, 122 6, 52 6, 52 6, 56. Oscillation 

of AzG and mKO resolved by P21 (Figure 2.3E) and was further confirmed by the stark 

decrease of single labeled cardiomyocyte nuclei expressing AzG+ or mKO+ fluorescence 

at this postnatal age. BrdU incorporation decreased significantly with prolonged 

postnatal development, undetectable by P90 (Figure 2.3F), consistent with previous 

observations9, 15, 52.  Prolonged AzG+ fluorescence observed in P21 and P90 hearts did 

not correlate with prior FUCCI studies, fluorescence was expected to decrease as 

cardiomyocytes exit the cell cycle in accordance with a previous results involving 

ubiquitously expressed FUCCI and cardiomyocytes106, 118. Dual fluorescent AzG+/mKO+ 

cardiomyocyte nuclei accumulated in the αMHC-FUCCI system with age (Figure 2.3E, 

2.3F) and prompted immunoblot analysis of whole heart lysates. Continued expression 

of both AzG and mKO fusion proteins in postnatal FUCCI hearts was confirmed by 

immunoblot (Figure 2.3G). AzG and mKO protein expression increased significantly as 

development progressed relative to P2 (Figure 2.3H). Observed AzG and mKO 

expression in whole heart lysates prompted examination of endogenous Geminin and 

Cdt1 in postnatal cardiomyocyte development revealing previously unreported levels in 

whole hearts. Non-transgenic FVB/N WT whole heart lysates were analyzed and 

quantified for endogenous Geminin and Cdt1 at P2, P14 and P30 to substantiate 
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expression of FUCCI markers in the postnatal heart development (Figure 2.4A, 2.4B). 

Endogenous Geminin (Figure 2.4B, left) significantly increased with age as did 

endogenous Cdt1(Figure 2.4B, right) showing a 2.6 and 2.4-fold change respectively by 

P30 relative to P2. Nuclear localization of endogenous Geminin was visualized in ACMs 

isolated from non-transgenic mice at P30 (data not shown) and P90 (Figure 2.4C) as 

revealed by immunofluorescent labeling (Figure 2.4C’, geminin=green, 2.4C’’, 4’6-

diamindino-2-phenylindole (DAPI)=blue, and 2.4C’’’, αSA=red). These results 

demonstrate FUCCI probes faithfully identified actively cycling cells, further 

corroborated by colocalization of BrdU and pHH3.  Cardiomyocyte nuclei remain active 

in the cell cycle through P14, after which cell cycle activity rapidly decreases. Levels of 

AzG and mKO remain elevated past the proliferative window of murine cardiomyocytes 

and is consistent with wild type cardiomyocyte endogenous protein expression. Taken 

together, these results verify the FUCCI probes’ ability to faithfully report cardiomyocyte 

cell cycle dynamics that can be exploited to identify cycling cardiomyocytes.   

  

FUCCI oscillation identifies cardiomyocytes in the cell cycle through P14 

Previously unobserved upregulation of both AzG/mKO and endogenous 

Geminin/Cdt1 protein expression in FUCCI and FVB WT mice, along with dual 

fluorescence throughout development in cardiomyocyte specific FUCCI, suggested a 

final resting place of the post-mitotic cardiomyocyte in vivo. Examination of 

cardiomyocyte cell cycle dynamics in postnatal development with αMHC FUCCI 

provided a unique opportunity to reveal the post-mitotic status of cardiomyocytes.    Co-

expression of nuclear AzG and mKO has been defined as the G1/S transition in previous 
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FUCCI reporter systems59, 61, 72, 123, 124. The dual AzG+/mKO+ fluorescence observed in 

mature cardiomyocytes suggested arrival to a G1/S stasis condition upon maturation, 

and not a full mitotic exit as previously reported9, 108, 125-128. AzG+/mKO+ cardiomyocytes 

were observed in tissue sections of aMHC-FUCCI hearts between P0 and P90. Single, 

AzG+ only nuclei labeling peaked at P2 (9.3%) significantly decreasing to 1% by P21 

and maintaining steady thereafter (Figure 2.5A). Single mKO+ nuclei labeling also 

peaked at P2 (6.8%) significantly decreasing to 1.1% by P14 and maintained steady 

through P90. Conversely, the number of cardiomyocytes at the G1/S interface was 

lowest at P2 (76.5%) reaching a peak over 96% in P90 hearts (Figure 2.5B), suggesting 

an arrest at the G1/S interface. 

Fluorescent proteins such as eGFP have been shown to cause hypertrophic 

effects if the levels of protein are dysregulated due to the constant activation of the 

αMHC promoter after birth. Possible dysregulation of the αMHC promoter activity 

prompted testing for functional ubiquitin/proteasome system (UPS) degradation of 

FUCCI in cardiomyocytes. Dual fluorescent FUCCI ACMs at P90 and P240 were treated 

with 10µM MG132, a known UPS inhibitor. FUCCI ACMs exposed to 12hr incubation of 

MG132 resulted in total ubiquitinated protein accumulation by immunoblot analysis and 

represented a 2-fold increase vs. untreated (DMSO Ctrl) FUCCI ACMs (Figure 2.5C, 

2.5D).  Additionally, AzG protein analysis revealed a 3.6-fold change in upregulated 

protein accumulation after MG132 treatment and no change in mKO (Figure 2.5E, 2.5F) 

thus suggesting properly regulated FUCCI within cardiomyocytes.   

To reconstruct the observed G1/S arrest observed in αMHC FUCCI in-vivo, HeLa 

cells were stably transduced with cytomegalovirus (CMV) driven FUCCI probes.  Sorted 
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ubiquitously expressing dual fluorescent HeLa FUCCI cells (HeLa-F) were expanded 

(Figure 2.6A) and arrested in vitro using cell cycle block treatments. HeLa-F arrested in 

G1 exhibited single fluorescence of nuclear mKO after 24 hours of treatment with 

Lovastatin129-131 (Figure 2.6B), consistent with FUCCI readout for G159, 72, 112. HeLa-F 

arrested in G2/M exhibited AzG+ fluorescence accumulation as early as 24 hours after 

Teniposide VM-26132, 133 treatment (Figure 2.6C). Cell cycle arrest at the G1/S interface 

was primed with three established G1/S cell cycle blockers; thymidine, Aphidicolin and 

L-mimosine132, 134. AzG fluorescence increased in nuclei treated with 10μM Aphidicolin 

treatment (Figure 2.6F) by 3.5-fold (Figure 2.6H) suggesting an S-phase block just past 

the G1/S interface134. Arrest of HeLa-F at the G1/S checkpoint was also absent following 

a single thymidine block (Figure 2.6E, 2.6K). L-Mimosine70, 71 treatment  resulted in a 

6.1-fold increase in double positive nuclei, confirming arrest in G1/S after 72 hours 

(Online Figure 3K)134, 135 resulting in the AzG+/mKO+ co-expression pattern of double 

positive nuclei similar to aMHC-FUCCI ACM in vivo. Taken together, these results 

demonstrate for the first time that mature cardiomyocytes remain poised at the G1/S 

interface of the cell cycle and do not undergo a full mitotic exit to G0/G1.      

 

Border zone cardiomyocytes exhibit signs of cell cycle re-entry but fail to show 

new cardiomyocyte formation 

Faithful and functional FUCCI expression in a cardiac specific manner allowed a 

distinctive ability to validate commonly used proliferation markers as indicators for de 

novo cardiomyogenesis following injury, specifically BrdU and pHH3. Recent studies 
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suggest existing cardiomyocyte reactivation of the cell cycle and de novo cardiomyocyte 

formation following myocardial infarction (MI)54, 55. G1/S arrest in ACMs could indicate a 

degree of cell cycle plasticity allowing cell cycle re-entry more readily than G0 re-entry 

after acute injury. Adult aMHC-FUCCI mice subjected to left anterior descending artery 

(LAD) ligation were pulsed daily with BrdU (50mg/kg) until the day of harvest (Figure 

2.7A). BrdU incorporation along the border/infarct zone (BZ/IZ) was assessed in cardiac 

tissue at 3, 7, 10, 14, and 21dpi. BrdU was not observed in sham operated mice (Figure 

2.7B, 2.7D). Bright AzG+ cardiomyocyte nuclei along the BZ was observed at 14 days 

post-MI (dpi) (Figure 2.7C, 2.7C’; yellow arrowhead) corroborating possible 

cardiomyocyte cell cycle re-entry, however, BrdU incorporation was limited to the 

interstitial population. BrdU incorporation in surviving cardiomyocytes within the BZ/IZ 

was not detected through 14dpi but incorporated in cycling cardiomyocytes at 21dpi 

(Figure 2.7E, 2.7E’; yellow and black arrowheads). BrdU+/G0 (n=3), BrdU+/G1(n=12) 

and BrdU+/G1/S (n=71) cardiomyocyte nuclei were found sporadically throughout at 

21dpi over 149 quantified sections containing 6705 nuclei (N=4 hearts) showing 

extremely low levels of BrdU incorporation as late as 21dpi (Figure 2.8). Interestingly, 

BrdU+ nuclei found within the BZ/IZ as early as 3 days post-MI were restricted to 

infiltrating or interstitial cells, a possible indication of an immune response after MI 

(Figure 2.9). pHH3 immunolabeling was undetectable at all tested time points (data not 

shown) within the cardiomyocyte population.  

FUCCI fluorescence in cardiac tissue sections was utilized to identify cell cycle 

activity in cardiomyocyte nuclei following acute MI and quantified to query injury-induced 

ACM cell cycle re-entry. Identification of actively cycling cells by AzG and mKO 
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fluorescence was assessed in the BZ and remote zone (RZ) nuclei of infarcted mice. 

Interestingly, a small but significant induction of single AzG+ and mKO+ myocyte nuclei 

presents in sham injured hearts that differs from homeostatic adult cardiomyocytes at 

P90 (Figure 2.7G, 2.4% and 2.6% respectively). Similar inductions of cell cycle activity 

are further observed in the injured myocardium of 7dpi and persisted through 21dpi with 

the highest induction of single positive nuclei occurring at 10d post-MI (G1; 3.2%, 

S/G2/M; 3.2%) returning to sham levels by 21dpi. G1/S nuclei inversely correlated with 

elevated levels of single positive nuclei (Figure 2.7H) highlighting the dynamic nature 

of FUCCI. Interestingly, there was no significant difference between sham and injured 

hearts thus suggesting the extraction of the myocardium from the chest cavity alone is 

sufficient to cause a small response in cardiomyocyte cell cycle activity.  BrdU and pHH3 

immunolabeling in remote zone cardiomyocytes additionally failed to show thymidine 

analog incorporation or pHH3 upregulation in cardiomyocytes (Figure 2.10A-2.10E).  

Interestingly, a similar upregulation pattern in cell cycle activity was observed in RZ CMs 

further corroborating myocardial disruption from the chest cavity is sufficient for a small 

response in cell cycle activity (Online Figure 2.10F, 2.10G).  

Diffuse injury models such as adrenergic stress have been reported to stimulate 

cardiac regeneration in mammals99, 136. Stimulation of cardiomyocyte cell cycle re-entry 

and induction of a cardiac progenitor response was attempted with a single high dose 

of isoproterenol (150mg/kg) administered to aMHC-FUCCI mice (Figure 2.11A). c-kit+ 

cells were detected as early as 3-7d post injury (dpi) as previously reported137, 138, 

however, BrdU incorporation and pHH3 immunolabeling were not detected in CMs at 

any time-point observed (Figure 2.11B, 2.11C).  Similar to myocardial infarction, a small 
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induction of cell cycle activity was observed at 3dpi that was all but absent by 7dpi 

(Figure 2.11D), suggesting cardiomyocyte proliferation may not be responsible for 

regeneration observed in prior studies99. These data highlight the existence of a small 

population of cardiomyocytes capable of re-entering the cell cycle shown by a marked 

increase in S/G2/M and G1 single fluorescence present in the adult myocardium as 

result of myocardial disruption. Additionally, BrdU and pHH3 immunolabeling did not 

coincide with observed FUCCI cell cycle activity in both injury models suggesting a 

disconnect between cell cycle activity and incorporation of the thymidine analog that 

may instead be a response to DNA damage58, 139 (BrdU+/G1/S) or a missed mitotic event 

(BrdU+/G1). Together these findings further indicate that trauma alone is enough to elicit 

cell cycle activity however, lack of BrdU and pHH3 immunolabeling suggest surviving 

cardiomyocytes are limited in their ability to progress through the cell cycle and may be 

compromised in de novo cardiomyocyte formation in response to pathologic 

challenge140.  

 

Amplifying cardiac progenitors express aMHC-FUCCI AzGr in vivo. 

The presence of cKit+ interstitial cells in the isoproterenol study stimulated the 

thought that cardiac stem/progenitor cells have been shown to contribute to cardiac 

formation during development and participate in the cardiac regenerative response to 

injury96-99, 141, 142. In an effort to identify early amplifying cardiomyocytes, postnatal 

FUCCI hearts were probed for expression of cardiac stem cell marker c-Kit and 

observed for fluorescence. A rare amplifying cardiomyocyte progenitor (N=3 mice, n=1) 
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was detected within a cluster of c-Kit+ cells at P2, c-Kit+/BrdU+/pHH3+ immune labeled 

with AzG+ nucleus denoted mitotic activity in a very primitive cardiomyocyte (Figure 

2.12A, yellow arrowhead). Additionally, a c-Kit+ cluster negative for AzG (Figure 2.12B) 

and an immature cardiomyocyte (N =4 mice, n=2) characterized by AzG+ fluorescence 

and cTnI expression (Figure 2.12C, yellow arrowhead) was detected in P7 myocardium. 

These findings support the concept that a pool of amplifying cardiomyocyte progenitors 

exist and act as a source for de novo cardiomyocyte formation in the myocardium 

participating in cardiac growth and proliferation in early development. 
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DISCUSSION 
 

The regenerative response of the post-mitotic mammalian heart is limited at best. 

Debate over which cell types contribute to de novo cardiomyocyte formation following 

injury falls into two main camps: one advocating for progenitor cell mediated repair, and 

the other asserting that only pre-existing cardiomyocytes produce new myocardium. The 

truth probably lies somewhere in between, but regardless, neither cell type effects 

substantial endogenous repair.  Evidence for cell cycle re-entry and cell division in post-

proliferative mammalian cardiomyocytes currently relies on assays employing 

biochemical cell cycle markers that also appear in non-proliferating cardiomyocytes 

under cellular stress conditions. A clear understanding of the exact stage of 

cardiomyocyte cell cycle exit also remains elusive, hindering efforts to induce 

proliferation. The introduction of FUCCI technology has allowed insight into the most 

intimate workings of cell cycle oscillations without disrupting normal function 

revolutionizing assessment of cell cycle activity within biological entities59, 112. aMHC-

FUCCI is a novel mouse model that successfully tracks cardiomyocytes as they oscillate 

through the cell cycle from G1 to M phase (Figure 2.1). Direct visualization of 

cardiomyocyte mitosis and endomitosis in vitro is now possible in FUCCI 

cardiomyocytes (Figure 2.2, Figure 2.13). Furthermore, visualization of CM specific cell 

cycle dynamics spanning G1 through M phase in this reporter model circumvents the 

need for complex breeding schemes utilized in prior studies53, 91. Robust and accurate 

oscillation of AzG+ and mKO+ fluorescence allows visualization between the various 



 

 44 

phases of the cell cycle in vivo during development and after myocardial injury (Figure 

2.3, Figure 2.7, Figure 2.8 and Figure 2.10). 

During postnatal development, AzG+ nuclei indicative of S/G2/M phase 

incorporate BrdU and show pHH3 through P149, 93, 106 (Figure 2.3)as previously 

reported. BrdU incorporation decreases to undetectable levels by P90 as postnatal 

cardiomyocytes continue to grow in size without dividing. These combined observations 

correlate with the lack of cell cycle progression observed in models studying 

cardiomyocyte activity; a switch from proliferation to hypertrophy between one and two 

weeks after birth9, 43, 51, 126, 127, 143-145. A small population of cardiomyocytes showed 

progression into the cell cycle in response to cardiac trauma (Figure 2.7, Figure 2.8, 2.9) 

in both border and remote zones of the injured myocardium and perhaps a response to 

inflammation.  Similarly, a likely inflammatory response was observed in diffuse injury 

model using isoproterenol as an adrenergic stress (Figure 2.10). The lack of a profound 

upregulation of cell cycle reentry and failure to induce progression through the cell cycle 

to produce de novo cardiomyocytes has been shown in studies involving LAD ligation48, 

56. Additionally, a lack of pHH3 immunolabeling and the extremely low identification of 

post-MI BZ/IZ BrdU+ cardiomyocytes (Figure 2.7) at 21dpi further question the validity 

of these currently utilized markers of proliferation to unequivocally distinguish de novo 

cardiomyogenesis in a post injury model and may instead represent cells undergoing 

DNA repair or binucleation in response to injury15. 

Moreover, aMHC-FUCCI has identified the cardiomyocyte “mitotic” cell cycle exit 

as arrest at the G1/S interface (Figure 2.5, Figure 2.6). Over 95% of CMs express both 

mKO and AzG by P21 in postnatal development indicative of arrest at G1/S. The G1/S 
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interface is the Restriction point in yeast and mammals146 at which mitogenic stimuli no 

longer exert effects on cell cycle progression. Additionally, it has been shown that the 

G1/S interface is the point of maximal ATP production147. The identified arrest at G1/S 

in this study together with previously reported observations further clarifies and 

corroborates why mitogenic stimuli fail to have profound effects in post-mitotic 

cardiomyocytes to induce proliferation. Additionally, the demand of massive ATP 

production in cardiomyocytes as the primary energy source required for the mechanical 

pumping action of the heart may further explain arrest at G1/S.  

The αMHC-FUCCI model assesses the validity of commonly used markers of 

proliferation in measuring de novo cardiomyogenesis.  Cardiomyocyte specific 

expression of the FUCCI probes permits direct visualization of cell cycle dynamics in G1 

and S/G2/M phase cardiomyocytes. Ubiquitous expression of FUCCI reporters in the 

original model59 obscured distinction of cardiomyocytes from other cardiac cell types 

also expressing FUCCI118. Whole and sliced cardiac tissue from CAG-FUCCI in culture 

exhibited increased mKO+ fluorescence over time, indicative of the quiescent (G0) or 

G1 arrested state as previously reported for FUCCI cell lines68, 72.  The αMHC-FUCCI 

mouse model circumvents the problem of nonspecific cardiomyocyte labeling and 

further suggests that cardiomyocytes arrest at the G1/S transition point, not G0 (Figure 

2.5). Another cell cycle reporter model, the CyclinA2-eGFP transgenic mouse107, 

identifies cycling eGFP+ cardiomyocytes.  Detectable eGFP declines in CMs after P15, 

and no actively cycling eGFP+ CMs were found following injury, consistent with the fact 

that Cyclin A2 plays a predominant role in S phase86, 87. The αMHC-FUCCI system 

indicates that cardiomyocytes arrest at G1/S and are incapable of significant 
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progression through the cell cycle following two different myocardial injury stimuli. 

Recent reports have argued for surviving cardiomyocytes as the only contributors to de 

novo cardiomyocyte formation in postnatal development and following injury3, 49, 102. 

BrdU+ cardiomyocytes spanning the BZ/IZ comprised less than 100 cells in all sections 

analyzed suggesting re-entry of cardiomyocytes to the cell cycle is limited at best as a 

source for de novo cardiomyocytes in response to injury. Interestingly, a c-

Kit+/AzG+/pHH3+ young amplifying progenitor cell was identified in P2 hearts (Figure 

2.11), confirming that progenitors can contribute to de novo cardiomyogenesis in 

postnatal development.  

A limitation of the αMHC-FUCCI model is that it does not report the final mitotic 

event, cytokinesis. The loss of AzG+ fluorescence in late Mitosis before the creation of 

the cleavage furrow makes it difficult to unambiguously determine if cardiomyocytes 

undergo this event in vivo. Crossing aMHC FUCCI with aMHC-anillin-eGFP mice to 

observe cytokinesis in ACMs148 may be a potential alternative. Moreover, it is possible 

that the BrdU delivery method used in this study underrepresented the number of cycling 

cardiomyocytes following infarction. The 2 to 4-hour half-life of circulating BrdU could 

result in discontinuous BrdU incorporation between daily injections. More consistent 

delivery of BrdU could be achieved in future experiments using osmotic mini pumps.   

This is the first study to directly correlate cell cycle activity utilizing FUCCI with 

markers of proliferation to assess their validity as identifiers de novo cardiomyogenesis. 

Findings presented here indicate that commonly used markers BrdU and pHH3 do not 

necessarily represent actively cycling cardiomyocytes in response to injury and instead 

may be labeling cells undergoing DNA repair or endoreplication events as a 
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consequence of injury11, 13. Prior studies have suggested markers such as PCNA and 

Ki67 may in fact be re-expressed during cardiomyocyte hypertrophy that does not 

culminate in the formation of new myocytes. Taken together, these results call into 

question the usability of these markers to identify de novo cardiomyogenesis. 

Furthermore, the αMHC-FUCCI model provides the first direct evidence for G1/S arrest 

as the point of cell cycle exit in post-mitotic cardiomyocytes. Failure of ACMs stimulated 

to re-enter the cell cycle may be explained by this observation.  

Belief that cardiomyocytes undergo mitotic exit leads to assumed G0/G1 arrest 

and to some extent, G2, thus studies employing cardiac specific cyclin overexpression 

focus on Cyclin D and to some extent, Cyclin A. DNA synthesis, binucleation and to a 

lesser degree re-activation of the cell cycle23, 103, 128, 149 can be induced by cardiac 

specific Cyclin D overexpression, targeting quiescent cells receptive to cyclin D 

stimulation150, 151. Cyclin A has also been used to activate the cell cycle5, 24, 49, 152. Cyclin 

A is primarily responsible for S phase progression through the cell cycle, although 

induction to synthesis has been reported27. Aberrant chromosome doubling due to the 

lack of proper pre-replication complex assembly and improper synthesis is a potential 

consequence of Cyclin A overexpression27, 153. Recently, activators of G2/M cell cycle 

primarily Cyclin B, Aurora B and Cdk1 have been utilized to force cardiomyocyte cell 

cycle re-entry149. Cell death shortly after mitosis is reported when these genes are 

overexpressed, a likely byproduct of aberrant chromosome segregation during mitosis. 

Instead, results presented here demonstrate that ACMs persist at the G1/S transition 

during postnatal development. Cyclin E is the predominant cyclin of the G1/S transition, 

however because Cyclin E deletion does not produce an embryonic lethal phenotype, 
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its function as a potentiator of cardiomyocyte cell cycle re-entry and progression has 

remained largely uninvestigated 35, 37. Furthermore, Cyclin E plays a role in 

endoreplication events, thus the focus of cyclin E has been restricted to this process in 

somatic cells, trophoblast giant cells (TGC) and megakaryocytes154. Unlike TGCs and 

megakaryocytes, cardiomyocytes arrest in G1/S due to their highly specialized function; 

typical proliferating cell cycle dynamics do not apply. Hence, Cyclin E may be worth 

reexamining in the context of its role within the cardiomyocyte cell cycle. Additionally, it 

is now possible to identify ACMs in G068, 155, G1, S/G2/M and G1/S without 

immunolabeling by identifying mKO+ and AzG+ expression patterns indicative of these 

cell cycle phases within the myocardium. Combining FUCCI with the p27K- cell cycle 

indicator model to identify cells in G0 and in G0/G1101 transition together with αMHC-

FUCCI would allow isolation of ACMs in all phases of the cell cycle.  Sorted cells could 

then be compared to identify novel chromatin remodeling and/or unique RNA signatures 

that potentially hold the key to forcing cardiomyocytes cell cycle reentry and completion. 

As such, Cyclin E along with single cell sorting to identify unique signatures within the 

existing cardiomyocyte population will be the focus of future studies in our lab utilizing 

FUCCI. 
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TABLES 
Table 2.1. List of antibodies 

 
Antibody Vendor Catalog Number Dilution 

IHC-Fr 
Dilution 
Immunoblot 

C-Kit (CD117) R&D systems AF1356 1:50  
Histone H3 (S10) Abcam AB5176 1:200  
BrdU Abcam AB6326 1:100  
Cardiac Troponin I Abcam AB47003 1:100  
Tropomyosin Sigma T9283 1:100  
aSarcomeric Actinin Sigma A7811 1:100  
Smooth Muscle 22a Abcam AB14106 1:200  
Von Wilebrand Factor Dako A0082 1:100  
Geminin (FL-209) Santa Cruz SC13015 1:20  
Ubiquitin Abcam AB140601  1:500 
Vinculin Sigma V9131  1:2000 
Geminin (F7) Santa Cruz SC74456  1:200 
Cdt1 Cell Signaling 

Technology 
D10F11  1:1000 

Streptavidin 700 Thermo Fisher S21383 1:100  
Streptavidin LS490 Atto Tech AD490LS-61 1:100  
WGA 680  W32465 1:200  
Donkey anti goat Biotin Jackson 

Immunoresearch 
805-065-180 1:200  

Donkey anti goat 680 Jackson 
Immunoresearch 

705-625-147 1:500  

Donkey anti goat HRP Jackson 
Immunoresearch 

805-035-180 1:100  

Donkey anti goat 633 Abcam A-21082 1:200  
Donkey anti goat 546 Abcam A-11056   
Donkey anti rabbit 405 Jackson 

Immunoresearch 
711-475-152 1:200  

Donkey anti rabbit 680 RD R&D system  1:5000  
Donkey anti rabbit HRP Jackson 

Immunoresearch 
711-035-152 1:5000  

Donkey anti rabbit 555 Abcam A-31572 1:5000  
Donkey anti rabbit 488 Abcam  A21206 1:200  
Donkey anti mouse 633 Abcam A31571 1:200  
Tyramide Biotin Perkin Elmer SAT70000 1:75  
     
     
Donkey anti Mouse 680 LICOR P/N 925-68072  1:5000 
Donkey anti Goat 680 LICOR P/N 925-68074  1:5000 
Donkey anti Rabbit 680 LICOR P/N 925-68073  1:5000 
Donkey anti Mouse 800 LICOR P/N 925-32212  1:5000 
Donkey anti Rabbit 800 LICOR P/N 925-32213  1:5000 
Donkey anti Goat 800 LICOR P/N 925-32214  1:5000 
Donkey anti rat 594 Abcam A21209 1:200  
Donkey anti rat 405 Jackson 

Immunoresearch 
712-475-153 1:200  
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Table 2.2. List of Reagents 

 
Reagent Vendor Catalog 

Number 
Concentration 
Used 

DMSO Sigma D2650 0.1%v/v 
MG132 Sigma 474787 10µM 
Lovastatin Sigma 1370600 10µM 
Thymidine Sigma T9250 2mM 
Aphidicolin Sigma A4487 10µM 
L-Mimosine Sigma M0253 400µM 
Teniposide Sigma SML0609 0.5µg/mL 
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FIGURES 
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Figure 2.1. aMHC FUCCI expression is specific to cardiomyocytes. Schematic of 
transgenic mouse production (A). PCR analysis confirm transgene integration in 
genomic DNA (B). Immunoblot analysis of founder organs; heart, lung, liver, spleen, 
stomach, and bladder demonstrate cardiac specificity of transgenes (C). Isolated P2 
(D) and P90 (E) mouse cardiomyocytes express AzG and mKO in-vitro native 
fluorescence for AzG=green, mKO=red, immunolabeling for a-sarcomeric 
actinin=blue, DAPI=white. AzG and mKO are visualized in cardiac tissue sections 
in-vivo by confocal microscopy and express faithfully cardiomyocytes (F, G) native 
fluorescence of AzG=green, mKO=red and immunolabeling for sm22a/von 
Wilebrand Factor=magenta, Sytox nuclear stain=white, and cardiac 
Tropomyosin=blue, scale bar 20µm. n=250 embryos injected (A), n=28 pups 
screened for transgene integration (B), n=1 founder line (C-G). 
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Figure 2.2. Isolated P2 FUCCI cardiomyocytes in culture allow visualization of cell 
division and binucleation events.  Isolated neonatal cardiomyocytes from FUCCI 
hearts show progression from S/G2/M (green arrow, A) into a cleavage furrow (white 
arrow, B) ending in two distinct daughter cells (red arrows, C). Neonatal 
cardiomyocyte culture allows visualization and progression from G1 (red arrow, D), 
into G1/S (orange arrow, E) and S/G2/M (green arrow, F) before ending in a 
binucleation event (red arrows, G). Native fluorescence shows AzG=green and 
mKO=red in brightfield. scale bar 50µm. 



 

 55 

 
 
 
 
 
 
 
 
 
 
 
  

Figure 2.3. Proliferation markers BrdU and pHH3 identify cycling myocytes in 
developing FUCCI hearts.  Schematic of developmental time-point isolation, single 
BrdU injection (150mg/g) given 2 hours prior to harvest (A). Representative AzG and 
mKO expression in cardiomyocytes during postnatal development visualized by 
immunostaining and confocal microscopy in cardiac tissue sections at P2 (B), P7 
(C), P14 (D), P21 (E), and P90 (F); AzG=green, mKO=red, pHH3=magenta, 
BrdU=cyan, Sytox=white and cardiac Troponin I=blue, Scale bar 10µm. 
Representative immunoblot of whole heart lysates indicate AzG/mKO/Vinculin 
protein expression from P2 to P90 show increased protein expression with age (G). 
Quantitation of AzG (H, left) and mKO (H, right) protein expression from G whole 
heart lysates relative own loading vs P2, N=3-5 mice per time point (B-F), N= 6 mice 
(biological replicates) per time point in (G) analyzed in triplicate.  *P<0.05 vs P2, 
**P<0.001 vs P2, ***P<0.0001 vs P2 in (H). Statistical analysis was performed using 
1way ANOVA utilizing Tukey’s post hoc test and represented as mean±SEM. 
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Figure 2.4.  FVB non-transgenic hearts show increasing levels of endogenous 
Geminin and Cdt1.  Immunoblot of P2-P30 FVB/N whole heart lysates (A). 
Quantitated levels of endogenous geminin (B, left) and Cdt1 (B, right) protein 
expression from A. Isolated P90 FVB/N cardiomyocytes immuno labeled for 
endogenous Geminin=green, DAPI=blue, and aSA=red, scale bar 20µm. N=3 hearts 
analyzed in triplicate per time point, *P<0.05, **P<0.001, ***P<0.0001 vs P2 (A, B). 
Statistical analysis was performed using 1way ANOVA utilizing Dunnett’s post hoc 
test and represented as mean±SEM. 
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Figure 2.5. FUCCI identifies cardiomyocytes in the cell cycle through P14.  Percent 
of cardiomyocyte nuclei immunolabeled tissue sections in different cell cycle phases 
show G0(mKO-/AzG -), G1(mKO+) and S/G2/M (AzG+), G0 quantitation; jP<0.05 P0 
vs P21, jjP<0.001 P0 vs P90, jjjP<0.0001 P0 vs P7, P14,* P<0.05 P7 vs P14, 
*** P<0.001 P7 vs P21, dP<0.05 P21 vs P90; G1 quantitation; DP<0.05 P0 vs P90, 
### P<0.0001 P2 vs P0, P7, P14, P21, P90, sP<0.05 P7 vs P21, P90; S/G2/M 
quantification; && P<0.001 P0 vs P21, P90, $$$ P<0.0001 P2 vs P0, P7, P14, P21, 
P90, yP<0.05 P7 vs P21, P90 in (A). Percent of cardiomyocyte nuclei 
immunolabeled tissue sections in G1/S transition of the cell cycle, G1/S quantitation; 
*** P<0.0001 P2 vs P0, P7, P14, P21, P90 in (B). Representative immunoblot shows 
increased accumulation of ubiquitinated protein in adult FUCCI ACMs after MG132 
treatment (10µM) in (C) and quantified in (D); ***P<=0.0001 vs DMSO Ctrl.  
Representative immunoblot of AzG-Gem and mKO-Cdt1 accumulation after MG132 
proteasome block as in (C).  Quantitation of AzG; ***P<0.0001 (F, left) and mKO; 
NS (F, right) vs DMSO treated samples. N= 3-5 mice per time point analyzed, 
n=4055, 1953, 7536, 2861, 4765, 3351 nuclei for P0, P2, P7, P14, P21, P90 (A, B). 
N=5-6 individual CM isolations (biological replicates) analyzed in triplicate (C, E). 
Statistical analysis was performed using 1way ANOVA utilizing Tukey’s post hoc test 
and represented as mean±SEM (A, B), and unpaired t-test and represented as 
mean±SEM (D, F). 
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Figure 2.6. L-Mimosine increases G1/S block of HeLa FUCCI cells.  Representative 
images of lentiviral transduced HeLa FUCCI Cells showing stable expression (A). 
Lovastatin G1 block of HeLa-F (B) and teniposide VM-26 G2 block in HeLa-F (C) 
show proper function of HeLa-F. HeLa cell cycle (CC) block at the G1/S interface 
using previously published G1/S blockers;  DMSO control (D), Thymidine, 2mM (E), 
Aphidicolin, 10µM (F),  and L-mimosine, 400µM (G) showing native fluorescent 
AzG=green, mKO2=red, and bright field, scale bar 50µm. Quantitation showing fold 
change of S/G2/M (H), G1 (I), G0 (J), and G1/S (K) vs. DMSO control. Aphidicolin 
shows largest block of S/G2/M cells (H) while L-mimosine shows the largest G1/S 
block (K) vs DMSO. *P<0.05, **P<0.001, ***P<0.0001 vs. DMSO controls.  N= 3 
independent culture treatments (biological replicates), n=5 sections (technical 
replicates) per treatment, n= 461, 132, 574, and 313 total cells for NT, Aphid, Thym 
and L-Mim respectively. Statistical analysis was performed using 1way ANOVA 
utilizing Dunnett’s post hoc test and represented as mean±SEM.  
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Figure 2.7. Border zone cardiomyocytes exhibit signs of cell cycle re-entry but fail 
to show new cardiomyocyte formation.  Schematic timeline showing cardiac 
infarction and daily BrdU pulse (50mg/kg) in (A). Representative sham tissue 
sections showing native AzG and mKO fluorescence and immunolabeled at 10 days 
post MI injury (dpi) and 21 dpi in (B) and (D). Border zone (BZ) cardiomyocytes at 
14 dpi show AzG expression (n=4 total cells over 27 sections analyzed), yellow 
arrowhead; BrdU incorporation is restricted to interstitial population (C). BZ 
cardiomyocytes at 21 dpi show mKO+/AzG+/BrdU+, yellow arrowhead and 
mKO+/BrdU+ black arrowhead (E); Native fluorescence for AzG=green, mKO=red, 
and immunolabeled for cardiac Troponin I=blue, BrdU=magenta, and Sytox=white 
in (B-E) scale bar 20µm.  (F) Average BrdU+ myocyte nuclei per mm2 of tissue in 
G0, G1, S/G2/M and G1/S phase of the cell cycle. Percent CM nuclei at G0, G1, 
S/G2/M phase in tissue sections at 7, 10, 14 and 21dpi; quantitation of G0; ns, G1; 
##P<0.001 P90 vs 7dpi, ###P<0.0001 P90 vs Sham, 10dpi and S/G2/M; *P<0.05 
P90 vs Sham, **P<0.001 vs 10dpi (G). Percent CM nuclei at G1/S interface; *P<0.05 
P90 vs 14dpi, **P<0.001 P90 vs Sham, 7dpi and ***P<0.0001 P90 vs 10dpi 
quantitated in (H). N=4 hearts (biological replicates), n = 149 sections and over 6700 
nuclei analyzed for F. N=3-5 hearts per time point (biological replicates) (G, H) 
n=3351, 2116, 987, 936, 1299, 1235 nuclei for P90, sham, 7, 10, 14, 21dpi and 9 
sections along IZ/BZ for each heart. Statistical analysis was performed using 1way 
ANOVA utilizing Tukey’s post hoc test and represented as mean±SEM. 
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Figure 2.8. Border zone cardiomyocytes exhibit limited BrdU integration at 21dpi.  
Representative images of sporadic IZ/BZ CMs showing BrdU incorporation 
BrdU+/G1/S (A), BrdU+/G1 (B). BrdU+ FUCCI cardiomyocytes per unit area(mm2) in 
S/G2/M, G1, G1/S and G0.  Native fluorescence shows AzG=green, mKO=red, 
immunostaining shows BrdU=cyan, sytox=white, and cTnI=blue. Scale bar 20µm. 
N=4 hearts (biological replicates), n=149 tissue sections, and n=6705 individual 
nuclei. Statistical analysis was performed using 1way ANOVA utilizing Tukey post 
hoc test and represented as mean±SEM. 
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Figure 2.9. Border zone cardiomyocytes fail to incorporate BrdU through 10 dpi.  
Representative images of IZ/BZ showing BrdU incorporation in interstitial population, 
not cardiomyocytes at 3 (A), 7 (B) and 10dpi (C) respectively. Native fluorescence 
shows AzG=green, mKO=red, immunostaining shows BrdU=magenta, sytox=white, 
and cTnI=blue.  Scale bar 50µm. N= 3-4 hearts per time point. 
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Figure 2.10. Remote Zone FUCCI cardiomyocytes fail to incorporate BrdU through 
21 days post MI.  Representative images of remote zone cardiomyocytes from 3 (A), 
7 (B), 10 (C), 14 (D) and 21 dpi (E) tissue sections show lack of BrdU incorporation 
in cardiomyocytes. Native fluorescence for AzG=green, mKO=red 
immunofluorescence for BrdU=magenta, sytox=white and cTnI=blue.  Percent 
cardiomyocyte nuclei at G0; ns, G1; ###P<0.0001 P90 vs sham, p14dpi, S/G2/M, 
**P<0.001 P90 vs 10dpi, ***P<0.0001 P90 vs sham, 14dpi (F) and G1/S interface; 
**P<0.001 P90 vs 10dpi, ***P<0.0001 P90 vs sham, 14, 21dpi (G). Scale bar 50µm, 
N= 3-4 (biological replicates) hearts per time point. Statistical analysis was 
performed using 1way ANOVA utilizing Tukey’s post hoc test and represented as 
mean±SEM. 
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Figure 2.11. Isoproterenol induced cardiotoxic injury fails to force cardiomyocyte cell 
cycle re-entry through 28 days post injury. Schematic of Isoproterenol (single dose, 
150mg/kg) injury and daily BrdU (50mg/kg) pulse (A). Representative confocal 
images of isoproterenol induced cardiotoxic injury at 3 and 7 days post injury (dpi, 
B, C). Native fluorescence for AzG=green, mKO=red and immunolabeling of 
BrdU=magenta, ckit=cyan, sytox=white, and cTnI=blue.  Percent cardiomyocyte 
nuclei at G0; *P<0.05 P90 vs 7dpi, G1; #P<0.05 P90 vs 3dpi, and S/G2/M; $P<0.05 
P90 vs 3dpi in (D) and G1/S; ns (E). N =3-4 (biological replicates) hearts per time 
point, n= 3351, 1707, 1344, 1027, 839, 937 nuclei counted utilizing 9 sections per 
time point at P90, 3, 7, 14, 21, and 28dpi. Statistical analysis was performed using 
1way ANOVA utilizing Tukey’s post hoc test and represented as mean±SEM. 
 



 

 69 

 
 

 



 

 70 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.12. Amplifying progenitors express AzG in vivo.  Representative images of 
early postnatal development tissue sections P2 (A) and P7 (B, C) respectively, 
showing native fluorescence of AzG=green, mKO=red, and immunolabeling for 
ckit=cyan, pHH3=magenta, sytox=white and tropomyosin=blue, scale bar 25µm. 
Yellow arrow shows c-kit+/AzG+/pHH3+ amplifying cardiac progenitor in P2 cardiac 
sections (A), and  AzG+/cTnI+ immature cardiomyocyte in P7 section (C).  
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Figure 2.13. aMHC FUCCI myocyte cell cycle observations. A) Normal mitosis B) 
Endomitosis, C) Endoreduplication as observed in Figure 2.2. 



 

 73 

Chapter 2, in full, is prepared for submission. I would like to thank all the co-

authors who contributed to this work; Bingyan J. Wang, Natalie Gude, Fareheh Firouzi, 

David Ebeid, and Mark Sussman. Thank you all for your participation. The dissertation 

author was the primary author and investigator of this manuscript.    

  



 

 74 

CHAPTER 3 

CONCLUSION OF THE DISSERTATION 
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The heart has long been considered a post mitotic organ incapable of 

regeneration after injury143. As such, methods to stimulate proliferation in post-mitotic 

cardiomyocytes have looked for ways to increase de novo cardiomyocyte formation. 

Resident cardiac progenitor cells and existing cardiomyocyte reentry into the cell cycle 

to generate de novo cardiomyocytes after acute myocardial injury is still a hotly 

contested matter of investigation97. During the 1990s a plethora of studies concentrated 

their efforts to forcing reactivation of the postnatal cardiomyocyte cell cycle with little 

success8, 22, 33, 103. By the early 2000s cardiac regeneration and repair in the form of 

resident cardiac progenitor cells peaked as a potential source of new myocyte 

formation7, 117, 156. However, cardiac progenitors as a viable source of de novo 

cardiomyogenesis has recently come under severe scrutiny due to the limited 

regenerative effects obtained using these cells101, 120. Recent reports have reopened 

investigation into cardiomyocyte driven regeneration arising from existing myocytes47, 54, 

55, 97. Interestingly, the use of neonatal injury models showing cardiomyocyte 

proliferation are utilized as proof of concept47, 51, 55, 157, 158 for adult cardiomyocyte 

regenerative potential. These studies circle back to the underlying issue: how do you 

get cardiomyocytes to proliferate? Buried deep within this question is a lack of 

understanding of the postnatal cardiomyocyte cell cycle. As such, the focus of this 

dissertation is to elucidate the validity of commonly used markers for proliferation to 

adequately identify de novo cardiomyogenesis after injury and to provide insight into the 

cardiomyocyte cell cycle using a cardiomyocyte specific FUCCI reporter model. 

Improved knowledge of the perceived terminal differentiation state allows future studies 

to focus on methods necessary to push past the current cell cycle block experienced by 
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the majority of cardiomyocytes and provide insight necessary to close the existing 

knowledge gap preventing cardiomyocyte division necessary to regenerate the 

damaged myocardium. 

Cardiomyocytes proliferative potential is high in embryonic development but is 

lost shortly before birth. Embryonic cardiomyocyte cell cycle activity is highest between 

E10.5 to E12.514. A limited number of cardiomyocytes retain the ability to actively 

progress through the cell cycle shortly after birth reaching levels as high as 19% which 

diminish to less than 4% by P21 (Figure 2.3, 2.5).  This finding is in concert with reports 

citing mononucleated myocytes as a potential source of proliferating myocytes after 

birth50 which show inherent variability dependent on strain. This dissertation along with 

prior studies107, 140, show that adult cardiomyocytes predominantly fail to progress 

through the perceived cell cycle block, defined as the G1/S interface, after induced injury 

(Figure 2.7, 2.11). Thus, re-activating proliferation in cardiomyocytes to replace the lost 

myocardium is an ongoing research strategy to preserve cardiac function and prevent 

remodeling following pathologic challenge.   

In an effort to re-activate proliferation, mitogenic genes have been utilized to 

induce cardiomyocyte growth and proliferation following injury, targeting overexpression 

in a cardiac specific manner. Pro-survival genes such as Myc, AKT, Pim1, IGF-1, TERT, 

and YAP1 have all been shown to induce DNA synthesis when overexpressed in cardiac 

specific models22, 159-161. Unfortunately, the effects perceived as existing cardiomyocyte 

proliferation fail to unequivocally show de novo cardiomyocyte formation, relying heavily 

on markers of DNA synthesis (BrdU, PCNA, Ki67) and/or mitotic markers (pHH3 and 

Aurora Kinase B). However, these markers have also been utilized to show DNA 
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damage response after injury and cells in G2 phase120, 162 and could account for the 

presence of these markers after injury. The lack of de novo cardiomyocyte formation is 

further corroborated by the modest effects observed in the level of myocardial 

regeneration; insufficient to ameliorate conditions long term. Interestingly, these pro-

survival genes share one commonality targeting specific aspects of the cell cycle 

machinery, primarily G1 phase genes Cyclin D and Cdk4/6163-165. Stimulating postnatal 

cardiomyocyte cell cycle reentry using cell cycle machinery genes, specifically Cyclin D 

isoforms and kinase Cdk4/6, has also been attempted. 

Cardiomyocyte specific overexpression of Cyclin D isoforms23, 103, 166 have been 

shown to increase the rate of DNA synthesis under normal conditions. After injury, Cyclin 

D overexpression in cardiomyocytes show an increase in DNA synthesis and increased 

mitotic events, evidenced by increased immunolabeling of BrdU and/or pHH323, 166. De 

novo cardiomyocyte formation is not discernable in these models, but the regressed 

remodeling observed makes this a plausible speculation. The reported increases in DNA 

synthesis may be attributed to a shortened G1 phase regulated in part by Cyclin D23, 30, 

103, 166.  

Additionally, targeting the G1 phase of the cell cycle by Cyclin D overexpression 

allows for the activation of cells in G0 (quiescent)150. Elevated levels of Cyclin D-Cdk4/6 

complex phosphorylates Rb, freeing E2F transcription factor for progressive cell cycle 

signaling. A small cohort of mononucleated cardiomyocytes resident to the postnatal 

myocardium have been reported10, 50. This subset of cardiomyocytes is shown to be 

smaller, exhibit an immature phenotype and presumed responsible for de novo 

cardiomyocyte formation10, 94. It is conceivable that targeting the G1 phase of the cell 
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cycle in turn activates this small population of mononucleated myocytes. In fact, recent 

studies show Cyclin D1/Cdk4 overexpression results in a 20% increase of 

cardiomyocyte proliferation149; the same number of mononucleated cells postulated to 

reside within the mouse myocyardium10, 149. However, the majority of postnatal 

cardiomyocytes are poised at the G1/S interface (Figure 2.3, 2.5) and Cyclin D 

overexpression may be insufficient to achieve the robust de novo cardiomyocyte 

formation necessary for regeneration after injury.  

Interestingly, cardiomyocyte specific Cyclin A overexpression has also been 

attempted24, 49 resulting in comparable outcomes as cardiomyocyte specific Cyclin D 

overexpression. Indeed, studies involved in cyclin A overexpression have demonstrated 

elevated levels of DNA synthesis and mitotic events, evidenced by increased 

proliferating cell nuclear antigen (PCNA) and pHH3 positive nuclei within the 

myocardium5, 24, 49, 152. Targeting the cell cycle S phase via Cyclin A stimulates reentry 

into S/G2 in cardiomyocytes27. However, pre-mature expression of CyclinA-Cdk2 

complex may result in anomalous DNA synthesis due to a premature start26, 27. Altered 

downstream cell cycle activity may result in arrested cells in G2/M prior to karyokinesis 

and cytokinesis, still showing BrdU and pHH3 staining167. Cyclin A overexpression may 

induce cell cycle progression but fail to result in de novo cardiomyocyte formation in part 

due to the G1/S arrest of over 95% of adult cardiomyocytes by P21 (Figure 2.5). These 

two approaches, targeting the G1 and S phase of the cardiomyocyte cell cycle, fall short 

in re-activating the level of cardiomyocyte proliferation necessary to produce significant 

benefits.  
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Targeting other phases of the cell cycle, primarily G2/M phase has led to Cyclin 

B, Aurora kinase B and Cdk1 overexpression in a cardiomyocyte specific fashion in the 

postnatal heart149, 168. Postnatal cardiomyocyte cultures induced to express these genes 

resulted in mitotic catastrophe shortly after division as a result of dysregulated 

chromosome alignment149. Forced overexpression of G2/M phase cell cycle genes in 

cardiomyocyte specific fashion may result in premature alignment of chromosomes to 

the mitotic spindle and aberrant chromatin redistribution. Without DNA synthesis 

necessary to provide an exact copy of genes to the resulting daughter cells, aneuploidy 

is probable; increasing the chance of mitotic catastrophe168, 169. Thus, genes targeting 

G2/M phase of the cardiomyocyte cell cycle also fail to induce de novo cardiomyocyte 

formation. 

The central dogma establishes cardiomyocytes as terminally differentiated cells 

that undergo a full mitotic “exit” shortly after birth.  A “full mitotic exit” would presume 

cells exit and arrest in G0/G1 immediately following mitosis; this terminology may 

account for the number of studies that focus on mitotic stimulation of postnatal 

cardiomyocytes in an attempt to induce proliferation and ultimately, de novo 

cardiomyogenesis. Studies to stimulate cardiomyocyte cell cycle re-entry have focused 

their efforts in de novo cardiomyocyte formation by G1 and to a lesser extent, S/G2/M 

phase cyclin stimulation. Unfortunately, there has been a lack of focus on Cyclin E, the 

fourth major cyclin of the cell cycle machinery.  

Cyclin E is activated in late G1, in part by Cyclin D-Cdk4/6 phosphorylation of 

Rb25, 26, 30, 103. It has been suggested that the primary role of Cyclin D is to activate Cyclin 

E170. So why has Cyclin E been overlooked? The answer may lie in prior experimental 
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observations regarding global Cyclin E ablation. Ablation of Cyclin E in the mouse model 

failed to produce embryonic lethal phenotypes35. As a result of these observations, this 

cyclin has been overlooked in its role during cell cycle progression. Nonetheless Cyclin 

E, together with Cdk2, is responsible for transitioning a cell from growth to synthesis, G1 

to S phase.  

This dissertation shows the majority of cardiomyocytes arrest at the G1/S 

transition59, 112; shown by the accumulation of mKO (orange) and AzGr (green) 

fluorescence (Figure 2.3). Double fluorescent nuclei in cardiomyocytes strengthen this 

observation and make a case against terminal differentiation or cell cycle exit at G0 or 

G1. Successful progression from G1 to S phase requires the activation of E2F 

transcription factor. E2F is necessary to activate Cyclin E in late G1 phase. E2F 

overexpression in cardiomyocytes has been shown to induce proliferation of arrested 

cells33, 171, primarily by activating Cyclin E, forcing progression of cardiomyocytes 

through the G1/S transition. Furthermore, Cyclin E targets the Cdk2 suppressor p27.  

Cdk2 is necessary for progression through S phase. Taken together, these observations 

and the findings within this dissertation elucidate the understanding of the existing 

cardiomyocyte cell cycle fate, G1/S and place a focus on Cyclin E (Figure 3.1). Given 

this new information, prior studies regarding G1 and S phase stimulation now fall into 

place; lack of amelioration and unequivocal de novo myocyte formation comes into 

focus.  

The FUCCI probes specific to cardiomyocytes express as intended, making this 

model ideal for the study of cell cycle dynamics in postnatal cardiomyocytes. To our 

knowledge, this is the first model that allows for the visualization of postnatal cardiac 
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myocytes in different phases of the cell cycle, particularly, G1 and S/G2/M after birth. 

The use of FUCCI to visualize the cell cycle in cardiomyocytes now allows us to identify 

the terminal differentiation state of cardiomyocytes. We now know cells arrest at the 

G1/S interface, unable to progress further. Manipulation of the G1/S interface will 

become the focus of future studies to induce cardiomyocyte proliferation in vivo. 

Additionally, we can utilize isolated cardiomyocytes in vitro to study effects on 

cardiomyocyte cell cycle progression induced by different stimuli (Figure 2.2). 

Furthermore, FUCCI allows the identification of cells in G068 and can now be 

unequivocally corroborated with mono-nucleated cells to test the postulate of 

mononuclear cardiomyocyte division. Moreover, single cell sequencing technology is 

gaining steam and affordability. This technology can be utilized to study the various 

cardiomyocyte populations within the myocardium to determine transcriptional 

differences between G0, G1/S and S/G2/M myocytes to further elucidate de novo 

cardiomyocyte formation in an effort to regenerate the heart after injury. 

In conclusion, the creation of the FUCCI model described in this dissertation 

allows further insight into the cardiomyocyte cell cycle machinery. Future experiments 

will focus on forcing the transition from the G1/S interface through a full mitotic event, 

resulting in two functional daughter cells. However, it is plausible that even with new 

knowledge regarding the cell cycle arrest of postnatal cardiomyocytes, de novo 

cardiomyocyte formation to the extent necessary to ameliorate damage after cardiac 

injury may be an unattainable endeavor. This may require devising additional strategies 

involving all cyclins within the cell cycle machinery. Tactics to regulate forced cyclin 
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expression in a spatiotemporal fashion in all phases of the cell cycle may be a way to 

overcome the many checkpoints inherent in the cell cycle.  
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Figure 3.1. The Mammalian Cell Cycle; FUCCI and Cyclins. Gap1 (G1: mKO+): 
Growth phase of a new cell. Cyclin D-Cdk4/6.  G1-S (mKO+/AzGr+): Transition from 
Growth (G1) to Synthesis (S). Cyclin E-Cdk2. Synthesis (S: AzGr+): DNA content is 
duplicated 2nà4n. Cyclin A-Cdk2. Gap 2 (G2: AzGr+): DNA integrity check. Cyclin 
A-Cdk1. Mitosis (M: AzGr+): Distribution of DNA and cytoplasmic contents to two 
daughter cells (mKO-/AzGr-) 4nà 2n + 2n. CyclinB-Cdk1 
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