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Mammalian cardiomyocytes actively proliferate during embryonic stages, following which cardiomyo-
cytes exit their cell cycle after birth. The irreversible cell cycle exit inhibits cardiac regeneration by the
proliferation of pre-existing cardiomyocytes. Exactly how the cell cycle exit occurs remains largely
unknown. Previously, we showed that cyclin E- and cyclin A-CDK activities are inhibited before the CDKs
levels decrease in postnatal stages. This result suggests that factors such as CDK inhibitors (CKIs) inhibit
CDK activities, and contribute to the cell cycle exit. In the present study, we focused on a Cip/Kip family,
which can inhibit cyclin E- and cyclin A-CDK activities. Expression of p21°P! and p27%"! but not p57%iP?
showed a peak around postnatal day 5, when cyclin E- and cyclin A-CDK activities start to decrease.
p21°P1 and p27XP! bound to cyclin E, cyclin A and CDK2 at postnatal stages. Cell cycle distribution pat-
terns of postnatal cardiomyocytes in p21“?? and p27X%*! knockout mice showed failure in the cell cycle
exit at G1-phase, and endoreplication. These results indicate that p21<®! and p27"" play important roles
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in the cell cycle exit of postnatal cardiomyocytes.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

In mammals, cell proliferation and hypertrophy in cardiomyo-
cytes increase the size of the heart before and after birth, respec-
tively. The regulation of proliferation in cardiomyocytes is
important during development and the adult stage because it is re-
quired for normal morphogenesis, determines the appropriate
heart size, and maintains heart function.

Proliferation levels of mouse cardiomyocytes (CMs) are high
during early embryogenesis and start to decrease around embry-
onic day 10-12 (E10-12) [1,2]. Eighty to ninety percent of CMs be-
come binucleated cells during the first 2 weeks after birth [3,4].
Subsequently, both mono- and binucleated CMs exit their cell cy-
cles. Recent studies have shown that postnatal CMs reenter the cell
cycle in normal mammals [5,6]. However, the percentages are ex-
tremely low (at most, 0.007-0.015% in adult mice) [6]. Therefore,
the cell cycle exit is maintained in almost all CMs. The cell cycle

Abbreviations: CM, cardiomyocyte; CDK, cyclin dependent kinase; CKI, cyclin
dependent kinase inhibitor; KO, knockout.
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exit inhibits cardiac regeneration via the proliferation of pre-exist-
ing cardiomyocytes. It remains largely unknown how the cell cycle
exit is caused and maintained.

Analysis of cell cycle in the heart showed that the mitotic indi-
ces in CMs, and the expression and activation levels of main cyclin-
CDK complexes (cyclin D-CDK4/6, cyclin E-CDK2, cyclin A-CDK1/2
and cyclin B-CDK1) in the hearts are high during early embryonic
stages. These levels decrease from midgestation to birth, and then
show one wave in which the peak is around postnatal day 5 (P5)
[1-4]. The wave mainly produces binucleated cells from mononu-
cleated cells. Then, all expression and activation levels of main cy-
clin-CDK complexes become extremely low or undetectable after
P14, and the levels are maintained for life [4]. Our detailed analysis
of cyclin E-CDK and cyclin A-CDK complexes showed that these
CDK activities decrease significantly after P5, while the CDK levels
decrease significantly after P10 [4]. This result suggests that factors
such as CDK inhibitors (CKIs) inhibit CDK activity, and contribute
to the cell cycle exit.

CKlIs are classified into two groups, the INK4 and Cip/Kip fami-
lies. INK4 family members bind only to CDK4/6 and inhibit their
activities, however, Cip/Kip family members can inhibit the activi-
ties of cyclin E- and A-CDKs [7]. Therefore, we focused on the
Cip/Kip family as potent inhibitors in CMs during postnatal stages.
No apparent abnormalities have been reported in the hearts of
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mice deficient in Cip/Kip genes [8-13]. However, detailed analyses
of the hearts, especially the cell cycle in CMs, have not been
reported.

In the present study, we examined carefully the cell cycle distri-
bution patterns of postnatal CMs in Cip/Kip knockout (KO) mice.
Here, we describe the phenotypes in cell cycle exit, and report that
p21P! and p27%P play important roles in cell cycle exit of postna-
tal CMs.

2. Materials and methods
2.1. Mice

Mice with C57BL/6 Jcl (Clea Japan) genetic backgrounds were
used. p21°P! KO (a kind gift from Dr. Leder, Harvard University,
USA) and p27¥P! KO mice were used in this study [8,11]. The pres-
ence of a vaginal plug was regarded as embryonic day 0.5 (EO.5).
All mice were genotyped by PCR. All animals were handled and
maintained in accordance with institutional guidelines (Animal
Care and Use Committee, Tottori University) and the Guidelines
for Proper Conduct of Animal Experiments (Science Council of

Japan).

2.2. Enzymatic dissociation of CMs into single cells and measurement
of DNA content on slide glasses

Enzymatic dissociation of CMs of the cardiac ventricles into sin-
gle cells was performed as described previously [4,14]. Dissociated
CMs were fixed with 4% paraformaldehyde at 4 °C for 24 h. The
CMs were washed once with distilled water and then smeared on
slide glasses. CMs were identified by staining with an antibody
to a-sarcomeric actin (Table 1), as described in histological meth-
ods [15]. Cells in the M-phase were stained with an antibody
against phospho-histone H3-Ser10 (pH3-S10. Table 1). DNA was
stained with 1 pig/ml DAPI for 30 min. After staining, fluorescence
images were acquired with microscopes (BZ-9000, Keyence)
equipped with imaging software (Viewer BZ-II, Keyence) at room
temperature. A microscopy camera in BZ-9000 was used. Then
DNA content per nucleus of CMs was measured with a Cell Cycle
Application Module of MetaMorph software (Molecular Devices).
Mono- and binucleated CMs were identified by observation, and
their cell cycle distribution patterns were analyzed independently.
Approximately 340-480 and 70-160 nuclei of bi- and mononucle-
ated CMs, respectively, were analyzed per mouse.

2.3. Western blot analysis and immunoprecipitation

The cardiac ventricles were lysed and then immunoprecipita-
tion, Western blot analysis were performed as described previ-

Table 1

Antibodies used in this study.
Antigens Antibodies Assays
Cyclin E 07-683; Millipore Co. WB
Cyclin A CY-A1; Sigma Chemical Co. WB
Cyclin B1 V152; Cell Signaling Technology WB
CDK2 sc-163; Santa Cruz Biotechnology Inc. WB, IP
CDK1 sc-54; Santa Cruz Biotechnology Inc. WB
p21¢ipt $X118; BD Parmingen WB, IP
p27Kipt G173-524; BD Parmingen WB, IP
p57Kip2 P0357; Sigma Chemical Co. WB
GAPDH sc-32233; Santa Cruz Biotechnology Inc. WB
pH3-S10 06-570; Millipore Co. IF
o-Sarcomeric actin 5C5; Sigma Chemical Co. IF

WB; Western blotting, IP; Immunoprecipitation, IF; Immunofluorescence.

ously [2,4,15,16]. Antibodies used for immunoprecipitation and
Western blot analysis are shown in Table 1.

2.4. Statistical analysis

The experimental data were analyzed using Student’s t test.

3. Results

3.1. Expression patterns and complex formation of Cip/Kip family
proteins

We examined the expression patterns of Cip/Kip family in car-
diac development. Expression of p21°P! and p27%"P! after birth
showed a peak around postnatal day 5 (P5) (Fig. 1A), which coin-
cided with the stage when cyclin E-CDK and cyclin A-CDK activities
start to decrease [4]. p57XP? was expressed strongly in midgesta-
tion (E12.5-14.5). The expression then decreased and could not
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Fig. 1. Expression patterns of Cip/Kip family proteins during cardiac development.
Cardiac ventricles at indicated developmental stages were analyzed by Western
blot analysis. Arrowheads show the positions of positive signals.
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Fig. 2. Complex formation of p21P! and p27%"' with cyclins and CDKs. Complex
formation of p21P! and p27¥iP! with cyclin E, cyclin A and CDK2. CDK2, p21°"P! and
p27XP! were immunoprecipitated with corresponding antibodies from the wild
type cardiac ventricles indicated stages (CDK2-IP, p21-IP and p27-IP). Protein
patterns of the complexes were analyzed by Western blot analysis. Arrowheads
show the positions of positive signals.
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be detected after birth (Fig. 1). Therefore, we focused on p21°P!
and p27XiP! in the subsequent studies.

Next, we examined the interaction between the two CKIs and
CDK2 or the two CKIs and cyclins using immunoprecipitation
(Fig. 2). Immunoprecipitation of CDK2 showed that CDK2 bound
to p21°P! and p27%P! as well as cyclin E and cyclin A at post-
natal stages (Fig. 2, CDK2-IP). On the contrary, p21P! and
p27¥"P1bound to CDK2 as well as cyclin E and cyclin A (Fig. 2,
p21-IP and p27-IP). Because the association of p21°P! and
p27%iP1 with CDKs is greatly enhanced by cyclin binding [17],
these data suggested that p21°P! and p27%"! bind to cyclin E-

CDK2 or
ventricles.

cyclin A-CDK2 complexes in postnatal cardiac

3.2. Functions of p21°P" and p27)%" in cell cycle exit of CMs

We analyzed p21P" and p27%! KO mice to examine whether
p219P! and p27%P! are involved in the cell cycle exit of CMs. The
external morphology and sizes of the hearts of p21“?" and p27¢iP!
KO mice did not show any apparent differences when compared
with those of control mice. In addition, the heart weight did not
show any significant changes, although that of p27*%! KO mice in-
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Fig. 3. Abnormal cell cycle exit in CMs of p21°P" and p27XP! KO mice. (A) Heart weight (mg) of wild type (WT), p21°%* KO, and p27X* KO mice at P14 is presented as the
mean + SE (N = 3). The differences were not statistically significant. (B) Examples of single CMs dissociated from ventricles of wild type, p21?! KO and p27%%! KO mice at P14.
Images stained with DAPI (lower panels) were merged with bright field images (upper panels). DAPI signals are shown in blue. Arrowheads and arrows represent various DNA
contents (2C, 2C-4C, 4C or >4C) in nuclei of mono- and binucleated CMs, which were determined by measurement of DAPI fluorescence intensity. Scale bar, 50 pm. (C)
Representative histograms showing the cell cycle distribution patterns of bi-(upper) and mononucleated (lower) CMs from the ventricles of control, p21°P* KO and p27X*! KO
mice at P14. (D) Percentages of 2C, 4C and >4C nuclei in the cell cycle distribution patterns of bi- and mononucleated CMs at P14. Percentages are presented as the mean + SE

(N=4).*P<0.05; **P<0.01; ***P<0.005 vs. wild type mice (Student’s t test).
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creased slightly (Fig. 3A). The results were consistent to the previ-
ous report [10].

Next, we analyzed the cell cycle distribution patterns of CMs in
these KO mice using microphotometry, which is an established
method [4]. We measured the DNA content per nucleus of a single
CM dissociated from the ventricles on slide glasses, because FACS
analysis can neither measure the DNA content in each nucleus in
binucleated CMs nor distinguish between mono- and binucleated
CMs. Nuclei with 2C, 2C-4C and 4C were regarded as those in
G1, S and G2/M-phase, respectively.

The deficiency of p21“P! or p27¥iP! caused significant abnor-
malities in the cell cycle distribution patterns of CMs at P14, when
the cell cycles of almost all CMs exited in wild type mice [3,4]. The
mean percentages of 2C and 4C nuclei in binucleated CMs in con-
trol mice were 84.4% and 5.9%, respectively (Fig. 3D). These data
are consistent with our previous study showing that almost of all
binucleated CMs exit the cell cycle at the G1-phase after binucle-
ation [4]. In contrast to control mice, the 2C population decreased
slightly, and the 4C population increased in binucleated CMs of
both KO mice (Fig. 3B-D). M-phase marker, pH3-S10 positive
CMs were very rare or not observed in the 4C population (mean
in p21P! KO mice, 0.3%; p27X"! KO mice, 0%), indicating that al-
most all CMs in the population were at G2-phase. These results
suggested that some nuclei of the binucleated CMs (p21P! KO,
84.4-71.2 = 13.2%; p27X! KO, 84.4-78.0 = 6.4%) did not exit the
cell cycles at the G1-phase but rather proceeded to S- and then
G2-phases.

The mean percentages of 2C and 4C in mononucleated CMs of
control were 79.5% and 9.5%, respectively (Fig. 3D). These data
are also consistent with our previous findings [4]. Mononucleated
CMs with 2C decreased significantly in both KO mice. On the other
hand, cells with 4C increased significantly (Fig. 3B-D). Most strik-
ingly, >4C population including 8C, which was very rare in the con-
trol mice (mean, 0.3%), increased markedly in both KO mice
(Fig. 3B-D, p21°P! KO, 6.8%; p27 P! KO, 6.8%). These results sug-
gested that a portion of the mononucleated CMs did not exit the
cell cycle at the G1-phase (at least, p21°P! KO, 79.5-51.8 = 27.7%;
p275P1 X0, 79.5-57.7 = 21.8%) but proceeded to the S- and G2/M
phases. In addition, some of the mononucleated CMs at the G2/
M-phase, including cells which proceeded from the G1-phase, en-
tered endoreplication.

We analyzed the cell cycle distribution patterns of p21°P! KO
mice at P28, and almost similar results were obtained. In addition,
the patterns of p21“P! KO mice at PO and P5 did not show apparent
abnormalities (data not shown). These data suggested that failure
in the cell cycle exit at G1-phase occurred mainly between P5
and P14, and the cell cycle of these cells was arrested at the G2/
M-phase (4C) or after endoreplication (>4C).

We also examined the percentages of EdU positive CMs in dis-
sociated cells at P14. The percentages were extremely low in wild
type mice (both bi- and mononucleated CMs, 0.3%), indicating cell
cycle exit. However, these percentages increased markedly in both
bi- and mononucleated CMs of p21 and p27 KO mice (Supplemen-
tarl Fig. 1), showing entry to S-phase, and failed cell cycle exit.

These data showed that p21P! and p27¥iP! are strongly in-
volved in cell cycle exit in both bi- and mononucleated CMs.

4. Discussion

In the present study, we showed the first apparent phenotypes
in the hearts of Cip/Kip KO mice. No apparent abnormalities have
been reported (see Section 1). Our data also suggest that p21°P!
and p27%iP! are critical factors for cell cycle exit of CMs in postnatal
stages.

The cell cycle exit occurs at G1-phase (2C) in almost all bi- and
mononucleated CMs of control mice (Fig. 3) [4]. While, the cell cy-
cle was not arrested, and proceeded to G2-phase (4C) in a popula-
tion of binucleated CMs of p21P* and p27XP* KO mice (Fig. 3). The
cell cycle of a population of mononucleated CMs proceeded to G2-
phase, and then entered endoreplication (>4C) (Fig. 3). In both CMs,
the percentages of EAU positive CMs increased markedly (Supple-
mental Fig. 1), indicating further progression of the cell cycle from
G1-phase. These data showed that the cell cycle exit at G1-phase
was inhibited in a population of CMs of p21P" and p27XP* KO mice,
and that p21“P" and p27%P! are involved in the cell cycle exit at
G1-phase.

However, the cell cycle of these abnormal CMs (the 4C popula-
tion in binucleated CMs, and >4C populations in mononucleated
CMs) was arrested at G2-phase or entered endoreplication
(Fig. 3). These data suggest that entry to M-phase was inhibited,
and that mouse CMs have an inhibitory system, independent of
p21©P! and p27%P!, to maintain cell cycle exit. Interestingly, we
observed similar phenotypes in cyclin D1-induced adult CMs
(unpublished data).

Affected populations of CMs in p21°?! and p27%P! KO mice were
relatively limited. Most likely, p21P! and p27%iP! have overlap-
ping functions with each other. In fact, double KO of both genes en-
hanced their phenotypes in tumorigenesis [18]. Therefore, analysis
of hearts in double KO mice will be helpful to examine the overlap-
ping functions of p21P! and p27%"! in the hearts. In addition, the
analysis will show how factors other than p21°P! and p27X*! con-
tribute to the cell cycle exit of CMs.

Our previous data suggested that unknown factor(s) inhibit the
activities of cyclin E- and A-CDKs and that the inhibition is in-
volved in the cell cycle exit of CMs in postnatal stages [4]. Expres-
sion patterns during postnatal stages and phenotypes of KO mice in
the cell cycle exit suggested that p21°"P! and p27XP! are at least
two of the unknown factors. If this is the case, the activities of cy-
clin E- and A-CDKs might not decrease in affected CMs at P5. How-
ever, their detection would be impossible because the affected
populations are limited in p21P! or p27¥! KO mice. It is therefore
probably more appropriate to consider the issue in double KO
mice.

It is very interesting how transient expression of p21°P! and
p27%iP1 is controlled in postnatal CMs. A recent report shows that
Meis1 acts as a transcriptional repressor of p21°?! in postnatal
CMs [19]. However, detailed molecular mechanisms of Meis1 for
p219°1 and an upstream system for p27%P! in CMs, are still
unknown.

Elucidation of these issues above will provide new insights to
regulation of CMs proliferation and will contribute to regenerative
therapy by the proliferation of pre-existing CMs.
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