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ARTICLE INFO ABSTRACT
Keywords: Rationale: Understanding and manipulating the cardiomyocyte cell cycle has been the focus of decades of re-
Cardiomyocyte search, however the ultimate goal of activating mitotic activity in adult mammalian cardiomyocytes remains
Cell-cycle elusive and controversial. The relentless pursuit of controlling cardiomyocyte mitosis has been complicated and
FUCCI

obfuscated by a multitude of indices used as evidence of cardiomyocyte cell cycle activity that lack clear
identification of cardiomyocyte “proliferation” versus cell cycle progression, endoreplication, endomitosis, and
even DNA damage. Unambiguous appreciation of the complexity of cardiomyocyte replication that avoids
oversimplification and misinterpretation is desperately needed.

Objective: Track cardiomyocyte cell cycle activity and authenticate fidelity of proliferation markers as indicators
of de novo cardiomyogenesis in post-mitotic cardiomyocytes.

Methods and results: Cardiomyocytes expressing the FUCCI construct driven by the a-myosin heavy chain pro-
moter were readily and uniformly detected through the myocardium of transgenic mice. Cardiomyocyte cell
cycle activity peaks at postnatal day 2 and rapidly declines thereafter with almost all cardiomyocytes arrested at
the G1/S cell cycle transition. Myocardial infarction injury in adult hearts prompts transient small increases in
myocytes progressing through cell cycle without concurrent mitotic activity, indicating lack of cardiomyogen-
esis. In comparison, cardiomyogenic activity during early postnatal development correlated with coincidence of
FUCCI and cKit* cells that were undetectable in the adult myocardium.

Conclusions: Cardiomyocyte-specific expression of Fluorescence Ubiquitination-based Cell Cycle Indicators
(FUCCI) reveals previously unappreciated aspects of cardiomyocyte cell cycle arrest and biological activity in
postnatal development and in response to pathologic damage. Compared to many other methods and model
systems, the FUCCI transgenic (FUCCI-Tg) mouse represents a valuable tool to unambiguously track cell cycle
and proliferation of the entire cardiomyocyte population in the adult murine heart. FUCCI-Tg provides a des-
perately needed novel approach in the armamentarium of tools to validate cardiomyocyte proliferative activity
that will reveal cell cycle progression, discriminate between cycle progression, DNA replication, and

Regeneration
Myocardial infarct

Abbreviations: aMHC, alpha myosin heavy chain; aSA, alpha sarcomeric actinin; ACM, adult cardiomyocyte; AzG, monomeric Azami Green; BrdU, 5’-bromo-deoxy-
uridine (bromodeoxyuridine); BZ, border zone; cKit, tyrosine-protein kinase Kit or CD117; CM, cardiomyocyte; CPC, cardiac progenitor cell; cTnl, cardiac troponin [;
DAPI, 4/,6-diamidino-2-phenylindole, nuclei stain; dpc, days post coitum; dpi, days post injury; FUCCI, Fluorescent Ubiquitination-based Cell Cycle Indicators; FBS,
fetal bovine serum; FVB/NJ, Friend leukemia virus B Strain; G1, Gap 1 (Gl-phase); G1/S, G1 to S phase transition; G2, Gap 2 (G2-phase); HRP, horse radish
peroxidase; HS, horse serum; Hsp60, Heat shock protein 60; hCdtl, human Cdtl; hGem, human Geminin; ISO, isoproterenol; IZ, infarct zone; M, Mitosis (M-phase);
MI, myocardial infarction; mKO, monomeric Kusabira Orange 2; PCR, polymerase chain reaction; pHH3, phosphorylated Histone H3; P, postnatal day; RZ, remote
zone; S, Synthesis phase (S-phase); SA-X, streptavidin (X = LS490, 700, etc.); Sm22a, smooth muscle 22 alpha; Sytox, Sytox blue, nuclei stain; TPM, Tropomyosin;
Tyr, tyramide; Vim, Vimentin; vWF, von Willebrand Factor
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proliferation, and provide important insight for enhancing cardiomyocyte proliferation in the context of adult

myocardial tissue.

1. Introduction

Cardiomyocyte loss is a major contributory factor to heart failure
from acute pathologic injury or chronic stress, so generating additional
cardiomyocytes to restore structural and functional integrity of the
heart is a worthwhile endeavor. Research dedicated to prompting adult
mammalian cardiomyocytes to re-enter cell cycle and complete mitosis
has been frustratingly difficult to achieve due to inherent biological
properties of the adult mammalian myocardium [1-6]. Regardless of
the approach, the conclusion from collective efforts is that adult
mammalian cardiomyocytes are remarkably refractory to mitotic ac-
tivity, unlike those found in either early postnatal mice or zebrafish.
Moreover, results in the adult mammalian context report widely
varying observations of cardiomyocyte “proliferation” using a plethora
of markers and metrics to assess de novo cardiomyogenesis [7-9]. Lack
of standardization, varied experimental approaches, and under-
appreciation for distinctive cell cycle regulation of cardiomyocytes has
led to claims of translational potential yet to be actualized [10-12].
Unambiguous demarcation of de novo cardiomyocyte formation and the
perceived mitotic exit remains difficult to ascertain using current ap-
proaches. Successfully identifying reentry into the cell cycle and de novo
cardiomyocyte formation requires a clearly identified mitotic exit point
that currently remains ill-defined in cardiomyocytes [4,13,14].

The challenge of augmenting adult mammalian cardiomyocyte
proliferation can be attributed to myocardial biology approaches taken
to understand and overcome them. Major contributory considerations
include: structural and functional demands of the adult mammalian
heart, distinctly tight control of molecular arrest checkpoints for car-
diomyocyte mitosis, the source of de novo cardiomyogenesis from pre-
existing cardiomyocytes versus cardiac progenitor cells (CPCs), defining
“proliferation” using various markers of mitosis, extrapolation from
studies of early stage development or lower vertebrate models, blurring
of cardiomyogenesis with related processes of DNA replication without
mitosis, and technical approaches to measurement of cardiomyogenesis
[10,15-17]. Given the wide range of sources for potential disconnects,
accumulating discrepant findings seems inevitable. It stands to reason
that cardiomyogenic testing for adult mammalian hearts is best per-
formed in an in vivo adult mammal model to achieve the most de-
pendable and reliable results. A recent consensus statement from the
American Heart Association focused upon endogenous cardiomyogen-
esis concluded: “1) Cardiomyocyte renewal rates may be higher after
injury than under normal conditions, and 2) The experimental de-
termination of cardiomyocyte turnover after cardiac injury can be
challenging owing to inflammation, proliferation of stromal and vas-
cular cells, and scar formation.” [18] After decades of unrelenting in-
vestigation, the consensus is that answers related to cardiomyocyte
turnover in the pathological setting remain unresolved. Clearly, new
approaches and additional knowledge are required.

A primary issue hampering studies of adult mammalian cardio-
myogenesis has been difficulty in determining cardiomyocyte pro-
liferation using markers of cell cycling. The biological responses of
adult cardiomyocytes to mitotic stimuli render typical measures of cell
division inconclusive. Multiple markers of cell cycle have been devel-
oped for investigations of non-myocardial cell biology and co-opted for
documenting evidence of cardiomyocyte proliferation (Fig. 1). Each
marker has served to document evidence of mitosis, yet none alone are
truly definitive indicators of authentic cell division in cardiomyocytes.
Specifically, these markers indicate progression through cell cycle or
events occurring during progression through mitosis. However, in the
context of cardiomyocytes, these markers are present at multiple stages
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of cell cycle and it is impossible to distinguish cells progressing through
mitosis from those arrested at various mitotic checkpoints. Limitations
using these markers have been highlighted in previous publications
[8,19,20], yet the presentation of these labels as definitive evidence of
cardiomyocyte proliferation continues [11,12,17,21,22]. A recent study
confirms these observations and offers a way forward using two novel
proteins as definitive markers of cardiomyocyte division, but also rests
upon confocal analysis of intracellular localization at a critical transient
moment in the penultimate steps of mitosis [23]. Contributing to the
confusion, biological phenomena of endomitosis, endoreplication, and
DNA damage are often unaccounted for in assessments of cardiomyo-
cyte proliferation. Cardiomyocytes can enter mitosis and exit without
generating daughter cells by mere duplication of DNA without new
nucleation or by adding additional nuclei. Inattention to these normal
aspects of cardiomyocyte biology leads to controversial claims of pro-
liferation rates and potentially erroneous claims of regeneration. These
collective concerns highlight the critical unmet need for a straightfor-
ward model enabling in vivo assessment of cardiomyocyte proliferation.

The novel transgenic mouse presented here is based upon well
documented and proven Fluorescence Ubiquitination-based Cell Cycle
Indicator (FUCCI) [24] technology adapted to in vivo cell cycle mon-
itoring via cardiomyocyte-specific transgenesis (FUCCI-Tg). Briefly,
FUCCI system employs two fluorescent probes, monomeric Kusabira
Orange (mKO) and monomeric Azami Green (AzG). mKO is fused to
chromosome licensing factor hCdtl that indicates the G1 phase with
orange fluorescence. AzG is fused to licensing inhibitor hGeminin, that
indicates S/G2/M with green fluorescence. Together, oscillation be-
tween mKO-hCdtl and AzG-hGeminin by ubiquitination during cell
cycle progression provides direct visualization of cell cycle phases from
G1 to the late stage of mitosis [24]. Although the FUCCI system has
previously been studied in the cardiovascular context, prior models did
not use cardiomyocyte-specific expression and none were concerned
with demonstration of enhanced adult cardiomyogenesis [24-27]. The
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Fig. 1. Markers of division and cell-cycle status. FUCCI fluorescence mKO (red)
presents in G1 phase, and AzG (green) presents during S/G2/M phases, where
during the G1/S transition both fluorescence (mKO/AzG) present simulta-
neously and merge into a yellow colour. BrdU or Edu, both thymidine analogs
incorporate into DNA during synthesis (cyan). Phosphorylated Histone 3
(pHH3) is responsible for chromatin condensation and is thus present during G2
through M phase (magenta). Nuclear antigen Ki67 is present from Gl to M
phase (emerald). PCNA is presents between G1 and G2 phase in response to
DNA synthesis (burgundy). Anillin plays a role in creating the cleavage furrow
formation and begin to accumulate in late G2 through late M phase (blue).
Aurora B plays a role in mitosis, present from G2 through M phase (sand).
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FUCCI-Tg is particularly valuable as a novel tool to assess cardiomyo-
cyte proliferation because 1) every cardiomyocyte in the heart is vi-
sualized for cell cycle status, not just “cycling myocytes”, 2) four dis-
tinct stages of cell cycle progression are revealed with inherent
fluorophore expression implications for cardiomyocyte mitosis, 3)
quantitation of cell cycle status for collective myocyte populations is
possible, 4) the system can be used in combination with DNA labeling
to correlate cell cycle progression with DNA synthesis versus DNA da-
mage, and most importantly 5) in vivo labeling is assessed in the adult
mammalian heart — the only place where induction of proliferation
should be tested for authentic preclinically-relevant activity (rather
than in vitro or postnatal environments).

A B
| PCR
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Quantitation of cell cycle status of myocyte populations can be used
in combination with DNA labeling to correlate cell cycle progression
with DNA synthesis versus DNA damage, and most importantly in vivo
labeling is assessed in the adult mammalian heart. The findings pre-
sented herein demonstrate not only the straightforward simplicity and
utility of the FUCCI-Tg for investigation of cardiomyocyte cell cycle
activity, but also reveal previously unrecognized aspects of cardio-
myocyte biology in the early postnatal and adult myocardium.

2. Methods

Full methods are available at Supplemental Methods.
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Fig. 2. FUCCI-Tg expression is specific to cardiomyocytes. (A) Schematic of transgenic mouse production, n = 250 embryos injected, n = 28 pups screened for
transgene integration, n = 1 founder line established. (B) PCR analysis confirm transgene integration in genomic DNA. (C) Immunoblot analysis of founder organs
demonstrate cardiac specificity of transgenes. (D-E) Representative images of isolated P2 (D) and P90 (E) mouse cardiomyocytes express FUCCI fluorescence of AzG
(green, D, E’), mKO (red, D”, E”), scale bar 100 um. (F-G) Representative images of nuclear AzG (green) and mKO (red) native fluorescence visualized in a-sarcomeric
actinin (aSA, blue) positive P2 (F) and P90 (G) isolated cardiomyocytes, respectively. Scale bar 20 pm.
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Fig. 3. Postnatal cardiomyocyte cell cycle progression transitions toward arrest at G1/S within days after birth. (A) Schematic of developmental time-point isolation,
single BrdU injection (150 mg/kg) given 2 h prior to harvest. (B—F) Merged representative confocal images showing 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, B’-F"), mKO (red, B”-F”), pHH3 (magenta, B”-F”), BrdU (cyan, B”-F”), Sytox (white, B”-F”) and cardiac Troponin I (blue, B”-F”), Scale bar 10 ym, n = 3-5
hearts per time point. (G) Quantification of percent of BrdU" cardiomyocytes in all cardiomyocytes counted peaks at P2 and decreases thereafter, * P < .05 vs. PO.
(H) Quantification of percent of cardiomyocyte nuclei in different cell cycle phases shows GO(mKO ™~ /AzG~), G1(mKO™") and S/G2/M (AzG™). GO: @P < .05,
@@P < .001, p@P < 0.0001 vs. PO; *P < .05, ***P < .001 vs. P7,8P < 0.05vs. P21. G1: oP < 0.05vs. P7, AP < 0.05vs. PO. ### P < .0001 vs. P2. S/G2/M:
yP < 0.05vs. P7, &P < .001 vs. PO, $$$ P < .0001vs. P2. (I) Quantification of percent of cardiomyocyte nuclei in G1/S transition of the cell cycle, ***P < .0001
vs. P2. (J) Representative immunoblot of whole heart lysates indicate AzG/mKO/Vinculin protein expression from P2 to P90 show increased protein expression with
age. (K) Quantitation of AzG (left) and mKO (right) protein expression relative to loading Vinculin ys P2. *P < .05, **P < .001, ***P < .0001 vs P2. n = 4055 (P0),
1953 (P2), 7536 (P7), 2861 (P14), 4765 (P21), 1873 (P90) CM nuclei from 6 hearts per time point. One-way ANOVA, Tukey's post hoc test.

3. Results
3.1. FUCCI expression is specific to cardiomyocytes

The adult mammalian heart is a post-mitotic organ with highly re-
stricted cardiomyocyte cell cycle activity, yet recent studies point to-
ward pre-existing cardiomyocytes as the primary source of de novo
cardiomyogenesis often utilizing common markers of proliferation
found in neonatal development to identify new cells [13,16,28,29].
Lack of clarity regarding demonstrable mitotic exit of cardiomyocytes
and ambiguous identifiers of de novo cardiomyocyte formation con-
tribute to current disconnects between the universally acknowledged
negligible mitotic activity of adult cardiomyocytes with claims of pro-
liferation of adult mammalian cardiomyocytes. Cardiomyocyte-specific
resolution of cell cycle dynamics was problematic in prior iterations of
FUCCI mouse models because of ubiquitous expression, prompting
creation of a cardiomyocyte-specific FUCCI transgenic mouse reporter
(FUCCI-Tg) driven by a-Myosin Heavy Chain (aMHC) [22,29,30].
aMHC-mKO2-hCdtl-pA (mKO) and aMHC-Azami Green-hGemininl-
PA (AzG) linearized DNA transgenes were co-injected into 0.5dpc FVB/
NJ embryos in 1:1 M ratio (Fig. 2A). Four potential founders positive for
both AzG and mKO resulted from injected embryos transferred into
pseudo-pregnant females. Germline transmission was verified by
backcrossing to FVB/NJ non-transgenic mice (Fig. 2B) with AzG and
mKO protein expression detected exclusively in heart tissue (Fig. 2C)
and backcrossed for ten generations into FVB/NJ strain to produce a
congenic FUCCI-Tg used in experimental procedures. FUCCI fluores-
cence AzG and mKO expression was verified by native fluorescence in
isolated cardiomyocytes, approximately 65.7% of neonatal (P2) and
90.9% adult (P90) cardiomyocytes are FUCCI positive, expressing ei-
ther single or double fluorescence AzG (green) or mKO (orange)
(Fig. 2D-E). Additionally, cardiomyocyte specific expression of AzG and
mKO was verified by co-staining with cardiomyocyte specific marker a-
Sarcomeric Actinin (aSA) in both cultured P2 and P90 cardiomyocytes
(Fig. 2F-G). This data demonstrates that the FUCCI-Tg reporter mouse
faithfully expresses AzG and mKO fluorescence in a cardiomyocytes
specific fashion.

To examine if FUCCI expression is exclusive to cardiomyocyte
lineage in vivo, frozen tissue sections were co-stained with cardiomyo-
cyte marker Tropomyosin (TPM), smooth muscle cell marker Smooth
Muscle 22-a (Sm22a), endothelial cell marker von Willebrand Factor
(VWEF), and fibroblast marker Vimentin (Vim). AzG and mKO expression
were only detected in cardiomyocytes and absent from smooth muscle,
endothelial and fibroblast nuclei (Fig. SIA—C). Cardiac progenitor cells
(CPCs), a resident cardiac cell type that was previously reported to
express low aMHC activity [31], showed very low level of Geminin
expression but undetectable level of aMHC driven AzG or mKO fluor-
escence (Fig. S1D). Furthermore, exclusive expression of AzG and mKO
in cardiomyocytes was confirmed by immunoblot analysis, where fused
AzG-Geminin and mKO-Cdtl are only detectable in FUCCI-Tg whole
heart lysates but in absent in non-myocytes and CPCs (Fig. S1E). Col-
lectively, FUCCI-Tg allows direct visualization of in vivo cardiomyocyte-
specific cell cycle dynamics through direct detection of AzG™* (green) or
mKO™ (red) nuclear fluorescence exclusive to the cardiomyocyte

population, and not in any other cell lineages in the heart.

3.2. Isolated P2 FUCCI cardiomyocytes in culture allow visualization of cell
division and binucleation events

FUCCI-Tg allows for readily resolvable assessment of fixed myo-
cardial tissue sections as well as freshly isolated cells for cardiomyocyte
cell cycle activity. As an initial demonstration, P2 neonatal cardio-
myocytes were isolated, cultured, and subjected to time-lapse imaging.
Neonatal cardiomyocytes underwent limited normal cell cycle division
and endoreplication events showed that AzG accumulation in nuclei
disappeared, followed by cleavage furrow formation and generation of
two separated daughter cells, indicative of completed cardiomyocyte
division (Movie S1, Fig. S2A-C). Binucleation events showed nuclear
envelope breakdown (NEB) accompanied with endomitosis (acytokin-
esis, Movie S2, Fig. S2D-G) in culture. Taken together, FUCCI oscillation
in cell cycle progression demonstrates the power of FUCCI for faithful in
vitro modeling to assess stimulants and suppressors on cardiomyocyte
cell cycle re-entry.

3.3. Postnatal cardiomyocyte cell cycle progression transitions toward
arrest at G1/S within days after birth

Validation of neonatal cardiomyocyte cell cycle demonstrated by
FUCCI (Fig. 2, Fig. S1) set the stage for subsequent assessments of cell
cycle markers commonly utilized to identify actively cycling cells fol-
lowing neonatal cardiac injury in vivo [15,21,29,30]. Thymidine analog
BrdU and phosphorylated histone 3 (pHH3) are typically employed to
identify DNA synthesis and mitosis in active cycling cells as well as
identification of de novo cardiomyogenesis after injury in both neonatal
and adult injury models. Cardiomyocyte cell cycle status in postnatal
development from P2 to P90 FUCCI hearts was assessed in combination
with BrdU incorporation (150 mg/kg). Limiting BrdU incorporation to S
phase events was achieved by heart harvesting at two hours after BrdU
injection (Fig. 3A). Cardiomyocytes in S/G2/M phase of cell cycle were
visualized by direct AzG™ fluorescence and labeled with antibodies to
detect cardiac troponin I (cTnlI), BrdU, and pHH3 in conjunction with
native FUCCI fluorescence in frozen cardiac tissue sections from neo-
natal P2 to adult P90 (Fig. 3B-F) [24]. Cardiomyocytes in G1 phase of
the cell cycle were identified by direct visualization of mKO™ fluores-
cence together with absence of both BrdU, and pHH3. Active cycling
was confirmed in FUCCI cardiomyocytes at P2, P7 and P14 by mKO™*
only (G1, Fig. 3B-C; white arrowheads) or AzG™ only (S/G2/M, Fig. 3B-
D; yellow arrowheads). At P14, multiple AzG* /pHH3 " cardiomyocytes
were identified in several sections, representing cardiomyocytes pos-
sibly undergoing binucleation prior to mitotic exit or a cellular division
[17,32] (Fig. 3D, yellow arrowhead). At P21-90, Cardiomyocyte cy-
cling activity subsided as confirmed by stark decrease of either AzG™
only or mKO™ only cardiomyocytes, whereas majority of cardiomyo-
cytes express double fluorescence AzG*/mKO™ at this time point
(Fig. 3E-F). BrdU incorporation peaked at P2 and rapidly declined with
ongoing postnatal maturation by P90 (Fig. 3G), consistent with pre-
vious observations [33-35].

Interestingly, persistence of AzG fluorescence observed in P21 and
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Fig. 4. Border zone cardiomyocytes exhibit signs of cell cycle re-entry but fail to show new cardiomyocyte formation. (A) Schematic timeline showing MI and daily
BrdU pulse (50 mg/kg). (B, D) Representative confocal images of sham tissue sections at 14 and 21 days post operation. (C) Border zone (BZ) cardiomyocytes at 14dpi
show AzG expression (yellow arrowhead); BrdU incorporation is restricted to interstitial population. (E) BZ cardiomyocytes at 21dpi show mKO " /AzG* /BrdU ™"
(yellow arrowhead) and mKO*/BrdU™* (open arrowhead). Native fluorescence AzG (green, C’, E’), mKO (red, C’, E’), and immunolabeled for cardiac Troponin I
(blue, C”, E”), BrdU (magenta, C’, E"), and Sytox (white, C”, E”) in (B-E) scale bar 20 um. (F) Quantification of percent BrdU" cardiomyocytes in all cardiomyocytes
counted, n = 4 BrdU" CM in 1802 CM at 14dpi, n = 85 BrdU " CM in 6705 CM at 21dpi. (G) Percent CM nuclei at GO, G1, S/G2/M phase in tissue sections at 7, 10, 14
and 21dpi. GO: ##P < .001, ###P < .0001 vs. P90. S/G2/M: *P < .05, **P < .001 ys. P90. (H) Percent CM nuclei at G1/S interface; *P < .05, **P < .001,
**%P < .0001 vs. P90. n = 3351 (P90), 2116 (sham), 987 (7dpi), 936 (10dpi), 1299 (14dpi), 1235 (21dpi) CM nuclei counted from 9 sections along IZ/BZ for each
heart. One-way ANOVA, Tukey's post hoc test.
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P90 hearts did not correlate with prior FUCCI studies, in which AzG nuclei accumulated in FUCCI-Tg mice, indicating cardiomyocytes arrest
expression was reported to decrease in cardiomyocytes shortly after in G1/8S transition phase during postnatal adolescent aging (Fig. 3H-I).
birth [26,27]. Instead, dual positive AzG*/mKO™ cardiomyocyte Co-expression of nuclear AzG and mKO has been defined as the G1/S
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Fig. 5. Amplifying progenitors express AzG in vivo. Representative confocal images of early postnatal development tissue sections P2 (A) and P7 (B, C) respectively,
showing native fluorescence of AzG (green, A”, B”), mKO (red, A”-C”), and immunolabeling for cKit (cyan, A”, B”, C”), pHH3 (magenta, A”-C”), sytox (white, A”-
C™) and tropomyosin (blue, A”-C"), scale bar 50 pm in A, B, C; 10 um in A’-C". Yellow arrow shows cKit* /AzG " /pHH3* amplifying cardiac progenitor in P2 cardiac
sections (A), and AzG" /cTnI* immature cardiomyocyte in P7 section (C).
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transition in previous FUCCI reporter systems [24,25]. Indeed, dual
AzG*/mKO™ labeling was evident from PO to P90 in myocardial sec-
tions. Cardiomyocyte cell cycle dynamics in postnatal development
observed with the FUCCI-Tg demonstrate peak AzG*/mKO~ labeling
at P2 (9.3%) indicative of cardiomyocytes in S/G2/M phase, thereafter
decreasing significantly to level off at 1% by P21 (Fig. 3H, green). Si-
milarly, AzG~/mKO™ labeling also peaked at P2 (6.8%) indicative of
cardiomyocytes in G1 phase significantly decreased by P14 and also
leveled off at 1.1% through P90 (Fig. 3H, red). In contrast, dual labeling
of AzG"/mKO™ cardiomyocytes was lowest at P2 (76.5%) but climbs
from 94% at P14 to 96% in P90 hearts (Fig. 3I) indicative of cell cycle
arrest at the G1/S transition, well known as the restriction point (R-
point) of cell cycle withdrawal [36,37]. Dual AzG*/mKO™" fluores-
cence in postmitotic cardiomyocytes is consistent with R-point arrest at
G1/S rather than mitotic exit at GO/G1 or arresting at G2 as previously
reported [4,32,33,38-40] R-point cell cycle arrest consistent with dual
AzG"/mKO™ fluorescence was validated in vitro using FUCCI-Tg iso-
lated adult cardiomyocytes to demonstrate normal degradation activity
of the ubiquitin/proteasome system (UPS), ruling out FUCCI labeling
artefacts consequential to impaired protein turnover (Fig. S3).

Immunoblot analysis of whole heart lysates confirmed that both
AzG and mKO protein expression increased significantly as develop-
ment progressed relative to P2 (Fig. 3J-K). Accumulation of AzG and
mKO expression in whole heart lysates prompted examination of en-
dogenous Geminin and Cdtl levels in postnatal cardiomyocyte devel-
opment further substantiating expression of FUCCI-Tg probes in post-
natal heart development (Fig. S4A). Endogenous Geminin (Fig. S4B,
left) significantly increased with age as did endogenous Cdt1(Fig. S4B,
right) showing a 2.6 and 2.4-fold change respectively by P30 relative to
P2. Endogenous Geminin was further visualized in ACMs isolated from
non-transgenic mice at P30 (data not shown) as well as P90 that ex-
hibited nuclear localization (Fig. S4C-E). These results demonstrate
FUCCI-Tg probes faithfully identified postnatal cycling cardiomyocytes,
corroborated by colocalization of BrdU and pHH3. Nevertheless, AzG
and mKO expression persist after the proliferative window of postnatal
development consistent with endogenous cognate expression of Ge-
minin and Cdtl, serving as further validation of FUCCI-Tg labeling to
accurately represent cardiomyocyte cell cycle dynamics. Collectively,
these results validate dual AzG*"/mKO™ FUCCI labeling resulting from
G1/S boundary arrest as observed in mature cardiomyocytes.

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.

3.4. Cell cycle progression but not cardiomyogenesis in border zone
cardiomyocytes following infarction damage

Reactivation of the cardiomyocyte cycle and de novo cardiomyocyte
formation has been proposed following myocardial infarction (MI)
[28,29]. Adult cardiomyocyte cell cycle re-entry consequential to MI
injury as an inductive stimulus was tested in FUCCI-Tg subjected to left
anterior descending artery (LAD) ligation in conjunction with daily
BrdU injection (50mg/kg) to detect DNA synthesis until harvest
(Fig. 4A). However, despite increased FUCCI labeling consistent with
cardiomyocyte cell cycle re-entry, BrdU™ labeling indicative of DNA
synthesis was restricted solely to infiltrating or interstitial cells as early
as 3-10 days post injury (dpi) (Fig. SSA—C), and pHH3 immunolabeling
was absent at all tested time points within the cardiomyocyte popula-
tion (data not shown). Cardiomyocyte cell cycle re-entry consistent
with appearance of AzG* expression within the border zone (BZ) at
14dpi (Fig. 4B-C, arrowhead) rarely correlate with BrdU incorporation,
which instead was prevalent throughout the interstitial population. At
21dpi, BrdU incorporation was detected at very low level in cardio-
myocytes (Fig. 4D-F), with either dual fluorescence AzG*/mKO™ (ar-
rowhead) or single fluorescence mKO™* (open arrowhead). BrdU™"/
AzG~/mKO~ (GO; 0.042%), BrdU*/AzG~/mKO™" (G1; 0.179%), and
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BrdU* /AzG* /mKO* (G1/S; 1.112%) cardiomyocytes were found
sporadically throughout 149 quantified sections of a total 6705 nuclei
at 21dpi (N = 4 hearts; Fig. S6A—C). Similar observations were made in
the remote zone (RZ) distant from damage in MI hearts (Fig. S7).

Quantification of FUCCI labeling for cardiomyocytes in the injured
myocardium at 7 through 21dpi showed highest induction of single
positive AzG*/mKO™ or AzG~/mKO™ myocytes occurring at 10dpi
(G1; 3.2%, S/G2/M; 3.2%) returning to sham levels by 21dpi. Double
positive AzG*/mKO"* myocyte levels were inversely correlated to
changes in single positive AzG"/mKO~ or AzG~/mKO™ myocytes
(Fig. 4G-H) suggesting that R-point arrested myocytes had been
prompted to re-enter cell cycle. Notably, a small but significant eleva-
tion of single positive AzG*/mKO~ or AzG~/mKO™ myocytes occurs
in sham operated hearts throughout the myocardium relative to basal
FUCCI labeling in unoperated P90 hearts (Fig. 4G, 2.4% and 2.6% re-
spectively). Thus, relatively modest surgical ex vivo manipulation of the
heart prompts low level cardiomyocyte cell cycle re-entry without BrdU
incorporation or pHH3 immunolabeling indicative of mitotic chromatin
that could be interpreted as cardiomyogenesis (Fig. 4G). Collectively,
these findings are consistent with concluding that cardiomyocytes are
prompted to re-enter cell cycle following MI injury, however this in-
duction does not lead to significant cardiomyogenesis.

Adrenergic stress has been reported to stimulate cardiac regenera-
tion in experimental mouse models, but these findings remain con-
troversial [41-44]. The FUCCI-Tg was used to interrogate the impact of
acute adrenergic stress upon cardiomyocyte cell cycle re-entry and in-
duction of a cardiac progenitor response with a single high dose of
isoproterenol (50 mg/kg; Fig. S8A). BrdU incorporation and pHH3
immunolabeling were not detected in CMs at any time-point screened,
whereas cKit™ cardiac progenitor cells were detected as early as 3-7dpi
as previously reported [45,46] (Fig. S8B—C). FUCCI labeling indicative
of cell cycle re-entry at 3dpi is modest and lost by 7dpi (Fig. S8D-E).
These findings argue against cardiomyocyte proliferation as a con-
tributory factor to myocardial repair.

In summary for the injury model experiments, a very small popu-
lation of cardiomyocytes re-enter cell cycle as revealed by FUCCI la-
beling in the adult myocardium as result of myocardial injury.
However, cardiomyocyte cell cycle re-entry is disconnected from mi-
totic activity. Instead, the evidence points toward an alternative con-
clusion of DNA damage response [47,48] (BrdU* /G1/S). In the context
of these injury models, unlike the postnatal myocardium, adult cardi-
omyocytes are severely limited in their ability to progress through the
cell cycle and their contribution to cardiomyogenesis is insignificant
[8,49,50].

3.5. Amplifying cardiac progenitors express aMHC-FUCCI AzG in vivo

Unlike the context of adult myocardium, cardiomyocytes and/or
cardiac progenitor cells participate in cardiomyogenesis during devel-
opment and neonatal response to injury [18,41,51-54]. The FUCCI-Tg
provides an opportunity to assess cardiomyocyte cycling in postnatal
development and upregulation of aMHC promoter activity indicative of
cardiomyogenic commitment. Indeed, a cluster of cKit™ cells within the
myocardium at was detected at P2, in which only one unique rare
amplifying cardiomyocyte progenitor labeled as AzG* /cKit*/BrdU*/
pHH3* was identified among 1953 cardiomyocytes screened (Fig. 5A,
arrowhead). Additionally, a primarily cKit*/AzG™ cluster that may
have committed to early cardiogenic potential (cTnl*) was detected in
P7 myocardium (Fig. 5B, arrowheads). One unique primitive ampli-
fying AzG™" /cTnl™ cardiomyocyte lacking mKO expression and BrdU/
pHH3 labeling was observed at P7 in 7536 cardiomyocyte nuclei ana-
lyzed at this time point (Fig. 5C, arrowhead). These extremely rare
amplifying cardiomyogenic precursor cells were never detected in adult
myocardium, indicating they are lost during early postnatal growth.
Nevertheless, amplifying cardiomyocyte progenitors may be an im-
portant source for de novo cardiomyocyte formation participating in
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cardiac growth and proliferation in early myocardial development.
4. Discussion

Cardiomyocyte proliferation induction in adult mammalian myo-
cardium remains one of the most sought-after yet least successful en-
deavors of cardiovascular research. Application of rigorous and con-
sistent measures to determine induction of cardiomyocyte proliferation
in the adult mammalian myocardium is essential to validate and com-
pare the ever-expanding series of methods and practices developed
throughout the world. Inconsistent measures, inappropriately applied
measures, and overinterpretation of findings have been and continue to
be problematic for achieving resolution in advancing mechanistic un-
derstanding of cardiomyocyte cell cycle regulation. Paradoxically,
while substantial information has been gathered on unique character-
istics of the cardiomyocyte cell cycle relative to other cell types, pro-
liferative measures often fail to fully and faithfully encompass the
spectrum of possible outcomes with high rigor and reproducibility.

A primary issue hampering studies of adult mammalian cardio-
myogenesis has been difficulty of determining cardiomyocyte pro-
liferation using markers of cell

cycling. While such demonstrations are readily reproduced in neo-
natal mice or zebrafish, the biological responses of adult cardiomyo-
cytes to mitotic stimuli render typical measures of cell division irrele-
vant. For example, multiple markers of cell cycle have

been developed for investigations of non-myocardial cell biology
and co-opted for documenting evidence of cardiomyocyte proliferation
(Fig. 1). Each of these markers has served to document evidence of
mitosis, yet none of them alone are truly

definitive indicators of authentic cell division when working with
cardiomyocytes. Specifically, these markers indicate progression
through cell cycle or events occurring during progression through mi-
tosis. However, in the context of cardiomyocytes, many of these mar-
kers are present at multiple stages of cell cycle and it is impossible to
distinguish cells that are progressing through mitosis from those that
are arrested at various mitotic checkpoints. Indeed, prior studies sug-
gest proliferation markers PCNA and Ki67 are re-expressed during hy-
pertrophic events that do not end in the formation of new myocytes
[7,55-57]1 Limitations of using these markers to document cardiomyo-
cyte proliferation have been highlighted in previous publications [8,19]
but despite these admonitions the presentation of these labels as evi-
dence of cardiomyocyte proliferation continues. This serious problem
for the field is indicative of disconnects in recognizing the atypical
mitotic resistance of cardiomyocytes relative to other cell types where
such labels could be accurate and appropriate. A recent study pointed
out these limitations and offered a way forward using two novel pro-
teins (RhoA and IQGAP3) as definitive markers of cardiomyocyte di-
vision, but unfortunately use of these two markers also rests upon a
tour-de-force confocal analysis of intracellular localization at a critical
transient moment in the penultimate steps of mitosis [23]. Demon-
stration of cardiomyocyte mitosis using RhoA and IQGAP3 will require
further development of tools to monitor these proteins in real-time to
follow intracellular localization that is beyond capabilities of current
typical investigations of cardiomyocyte proliferation. Inability to vi-
sualize the final mitotic event, cytokinesis, remains a challenge with
almost all markers of cell cycle including the FUCCI-Tg. Loss of AzG™
fluorescence in late mitosis before cleavage furrow formation makes it
difficult to unambiguously determine if cardiomyocytes undergo this
event in vivo. Crossing FUCCI-Tg with potential RhoA and IQGAP3 re-
porter models [23] to observe cytokinesis in ACMs may help document
cell cycle resolution.

The FUCCI-Tg model assesses validity of commonly used markers of
proliferation in measuring de novo cardiomyogenesis by allowing direct
visualization of cell cycle dynamics in G1 and S/G2/M phase cardio-
myocytes. Ubiquitous expression of FUCCI reporters in the original
model obscured distinction of cardiomyocytes from other cardiac cell
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types also expressing FUCCI [24,26,27]. Previous attempts to demon-
strate cardiomyocyte cell cycle activity using CMV chicken beta-actin
beta-globin synthetic promoter-driven-FUCCI (CAG-FUCCI) used whole
and thin sliced heart tissue ex-vivo culture methods [26]. Whole and
sliced cardiac tissue from CAG-FUCCI in culture exhibited increased
mKO™ levels over time indicating quiescent (GO) or a G1 arrested state
[26,27]. Endothelial, smooth muscle, fibroblast and cardiomyocytes
within the whole and sliced tissue culture ubiquitously expressed FUCCI
that, together with uncontrollable consequences of tissue culture, ob-
fuscate analyses. The FUCCI-Tg mouse model circumvents the problem
of nonspecific cardiomyocyte labeling and allows unambiguous visua-
lization of cardiomyocyte specific cell cycle activity. FUCCI-Tg further
highlights the nominal progression of cardiomyocytes through the cell
cycle following two different myocardial injury stimuli. Recent reports
postulate surviving cardiomyocytes as the only contributors to de novo
cardiomyogenesis in postnatal development and following injury
[10,58,59]. However, BrdU™" cardiomyocytes spanning the border zone
comprised < 100 cells in all sections analyzed, suggesting that cardio-
myocytes re-entering the cell cycle are a limited source of cardiomyo-
genesis in response to injury.

The FUCCI-Tg has identified cardiomyocyte “mitotic” cell cycle
arrest at the G1/S restriction point (Fig. 3). Over 95% of CMs express
mKO and AzG by postnatal day 21 indicative of seized cycling. The G1/
S interface Restriction point (R-point) in yeast and mammals has been
documented as the stage at which mitogenic stimuli no longer exert
effects on cell cycle progression and is also the point of maximal ATP
production [37,60]. Given the role of cardiomyocytes and the energy
requirements necessary to execute these mechanical demands, arrest at
R-point seems logical. Together with previously reported observations
of mitochondrial organization in adult CMs and the biological demand
for energy production, arrest at R-point is intuitively appealing for
optimal cardiomyocyte function.

Lack of cell cycle progression observed in previous models reporting
a switch from cardiomyocyte proliferation to hypertrophy between one
and two weeks after birth [6,22,32,39,61,62] correlate with results
obtained with the FUCCI-Tg. AzG™ nuclei indicative of S/G2/M phase
incorporate BrdU and show pHH3 through P14 (Fig. 3) as previously
reported in postnatal development, decreasing to undetectable levels by
P90 [17,25,35]. Proliferation markers BrdU and pHH3 do not appear to
identify actively cycling FUCCI-Tg cardiomyocytes in response to injury
and instead may be representative of myocytes undergoing DNA repair
or endoreplication events as a consequence of injury [7,8]. Cardiac
trauma in both border and remote zones of the injured myocardium
induced a small population of cardiomyocyte to re-enter cell cycle
(Fig. 4, Fig. S5-7), similar to a diffuse injury model using adrenergic
stress (Fig. S8) without evidence of de novo cardiomyogenesis. Simi-
larly, lack of profound cell cycle reentry and failure to progress through
cell cycle has been shown in studies involving LAD ligation [50,63].
Additionally, absence of pHH3 immunolabeling coupled with extremely
low identification of post-MI border zone BrdU* cardiomyocytes (Fig.
S6) at 21dpi contrasts with observations claiming proliferation [34] and
may instead represent cells undergoing DNA repair or binucleation in
response to injury. Interestingly, a cKit*/AzG" /pHH3" young ampli-
fying progenitor cell was identified in P2 hearts (Fig. 5), suggesting that
progenitors can contribute to de novo cardiomyogenesis in postnatal
development. While a comparable progenitor cell was not observed in
the adult myocardium, but such a cell could perhaps be coaxed out of
the adult myocardium by highly selective in vitro amplification as ar-
gued in prior publications [64,65].

This report establishes the utility and functionality of the FUCCI-Tg
in response to postnatal development and infarction injury. Developing
a shared platform of the FUCCI-Tg with the research community will
help dispel misinterpretations of cardiomyocyte cell cycle status and
cardiomyogenesis in the context of adult mammalian myocardium by
providing a single, unified, straightforward technical approach and
model readily interpreted and disseminated to the research community.
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Finally, it is now possible to identify ACMs in GO, G1, S/G2/M and G1/
S without immunolabeling by identifying mKO™ and AzG™ expression
patterns indicative of distinct cell cycle phases within the myocardium.
Isolated ACMs can be sorted and compared to each other to identify
novel chromatin remodeling and/or unique RNA signatures that po-
tentially hold the key to forcing cardiomyocyte cell cycle reentry and
completion. Availability of the FUCCI-Tg represents a novel and valu-
able tool to perform assessments of preclinical testing for interventional
strategies intended to boost de novo cardiomyogenesis in adult myo-
cardial tissue in vivo.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.yjmcc.2018.12.007.
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