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Proliferation of mammalian cardiomyocytes stops rapidly
after birth and injured hearts do not regenerate adequately.
High cyclin-dependent kinase inhibitor (CKI) levels have been
observed in cardiomyocytes, but their role in maintaining car-
diomyocytes in a post-mitotic state is still unknown. In this
report, it was investigated whether CKI knockdown by RNA
interference induced cardiomyocyte proliferation. We found
that triple transfection with p21¥?f, p27XiPl and p57%ip2
siRNAs induced both neonatal and adult cardiomyocyte to enter S
phase and increased the nuclei/cardiomyocyte ratio; furthermore,
a subpopulation of cardiomyocytes progressed beyond karyokyne-
sis, as assessed by the detection of mid-body structures and by
straight cardiomyocyte counting. Intriguingly, cardiomyocyte pro-
liferation occurred in the absence of overt DNA damage and aber-
rant mitotic figures. Finally, CKI knockdown and DNA synthesis
reactivation correlated with a dramatic change in adult cardiomyo-
cyte morphology that may be a prerequisite for cell division. In
conclusion, CKI expression plays an active role in maintaining car-
diomyocyte withdrawal from the cell cycle.

The adult mammalian heart has very limited regenerative
capacity (1). In fact, cardiomyocytes divide extensively during
development and lose proliferative capacity shortly after birth
in rodents and at ~7 months of age in humans, when they
withdraw from the cell cycle and remain in G, stage of the cell
cycle indefinitely (2-5). Permanently differentiated cardiac
myocytes lose their ability to divide and switch from hyperplas-
tic to hypertrophic growth in response to mitogenic stimuli
(5-8). This transition is characterized by a marked increase in
myofibril density, the appearance of mature intercalated discs,
and the formation of binucleated cardiomyocytes (9).

Cell cycle progression is positively modulated by cyclin-cy-
clin-dependent kinase (CDK)> complexes. Specifically, cyclin
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D-CDK4 - 6 and cyclin E-CDK2 complexes phosphorylate pro-
teins of the retinoblastoma (pRb) family, releasing E2F tran-
scription factors (3, 10, 11). Indeed, pRb phosphorylation is a
prerequisite to initiate a new round of cell cycle activity allow-
ing the cell to enter the S phase of the cell cycle (12). The expres-
sion of cyclin and CDK genes is down-modulated in neonatal
hearts and further decreases in the adult. Other proliferation-
promoting genes, such as E2F1 and Myc family members are
similarly repressed, as demonstrated both in vitro and in vivo
(13, 14). pRb and pRb family proteins also have a critical role in
regulating cardiac cell cycle both in the developing and in the
adult heart. pRb is barely detectable in proliferating fetal car-
diomyocytes, its expression is up-regulated progressively dur-
ing neonatal development, and pRb is the predominant pocket
protein expressed in terminally differentiated adult cardiomyo-
cytes. The accumulation of pRb plays a critical role in regulating
cell cycle arrest associated with terminal cardiac muscle differ-
entiation, as also observed in other in vitro culture systems,
including skeletal muscle, adipocytes, and macrophages, sug-
gesting that this may be a general phenomenon (5, 15, 16).
However, other mechanisms are at play as well, as pRb phos-
phorylation by cyclin D/CDK4 in differentiated cardiomyo-
cytes isolated from neonatal rat induces their hypertrophic
growth but not their proliferation (17). Cyclin-CDK complexes
are regulated by two structurally defined classes of inhibitors
(CKIs): INK4 and CIP/KIP families. The INK4 family, which
includes p15™ B, p16™ A p18MNKIC and p19™K*P, specifi-
cally inhibits CDK4/6, preventing their heterodimerization
with D cyclins. The CIP/KIP family comprises p21<'"* (p21),
p271"1 (p27), p57*'*? (p57). These molecules display lower
specificity, as they can bind and inhibit all cyclin/CDKs (5, 18).
However, CIP/KIP CKI also have a positive role in the modula-
tion of CDK activity, as they facilitate the assembly of cyclin
D-CDK4 complexes (19, 20).

The expression of all CKIs is detectable during embryonic
development. At later stages, the progressive withdrawal of
maturing cardiac myocytes from the cell cycle coincides with
increased levels of both p21 and p27, whereas p16™ **, and
p18™*< Jevels are low or undetectable (9, 16, 21). Specifically,
p27 seems to be critical for controlling the exit from the cell
cycle, whereas p21 may maintain cell cycle arrest and prevent
re-entry into cell cycle (22). In fact, p21 null mice do not show
developmental defects or elevate tumor incidence. Conversely,
p27 null mice are predisposed to pituitary tumors and display
generalized hyperplasia with a 20% increase in heart weight
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(23-25). However, the lack of p21 and p27 function does not
lead to gross developmental defects, suggesting the existence of
compensatory mechanisms during the development. Of all the
CKIs, only p57 has been shown to be essential for embryonic
development. In keeping with this finding, p57 levels peak dur-
ing late embryonal life and then disappear during early fetal
period such that p57 protein is not detectable at all other stages
(26). Ablation of p57 causes very severe developmental abnor-
malities. In fact, p57 null mice die in utero or soon after birth,
displaying multiple developmental defect (27, 28). Deletion of
both p57 and p27 accelerates the lethality, demonstrating that
p27 and p57 cooperate in the control of cell cycle exit and dif-
ferentiation (29).

The CKI expression pattern observed in humans is very sim-
ilar to that found in rodents (30); p21 is detectable during fetal
development and its level increases in post-natal life; p27
expression increases by 25 weeks of fetal life and remains con-
stant thereafter; p57 expression decreases during development
and only low levels of p57 protein are present in the adult
human heart. However, in both acute and chronic heart failure,
p57 increases, whereas p21 and p27 expression decreases (30,
31). Cardiomyocyte terminal differentiation may also involve
other factors that can create a barrier to proliferation beyond
the immediate perinatal period (31), such as telomerase reverse
transcriptase (TERT) down-regulation and the resulting loss of
telomerase activity (32—-35). Indeed, in contrast to high activity
observed at the fetal stage, adult rodent heart displays no
detectable telomerase activity (36, 37). Furthermore, it has been
shown that constitutive TERT expression delayed cardiomyo-
cyte exit from the cell cycle, induced cardiac hypertrophy, and
promoted the cytoprotective function of telomerase (38). Car-
diac regeneration during human lifespan and upon injury
largely relies on a specialized population of stem cells. However,
myocardial regeneration after massive tissue loss following
injuries such as myocardial infarction is very limited. Indeed,
the main function of cardiac stem cell seems to be the mainte-
nance of heart homeostasis, and their regenerative capacity
may be limited to the repair of day by day wear and tear (1, 39).
Thus, understanding the molecular mechanisms limiting car-
diomyocyte proliferation is of paramount importance not only
for cell biology but also for regenerative medicine of heart dis-
ease. In this report, we investigated the role of CKI in maintain-
ing cardiomyocytes in a post-mitotic state and whether their
down-modulation through RNAi can induce cell cycle re-entry.

EXPERIMENTAL PROCEDURES

Cardiomyocyte Isolation, Culture, and Characterization—
All experimental procedures complied with the Guidelines of
the Italian National Institutes of Health and with the Guide for
the Care and Use of Laboratory Animals published by the U. S.
National Institutes of Health (NIH publication no. 85-23, 1996)
and were approved by the Institutional Animal Care and Use
Committee.

Neonatal cardiomyocytes were isolated from 1-2-day-old
SWISS CD1 mice as described previously (40) and specified in
the supplemental “Experimental Procedures.” To minimize the
number of residual proliferating cardiomyocytes and of con-
taminating fibroblasts, cell cultures were cultured in minimal
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essential medium containing 10% FBS in the presence 20 um
cytosine f3-p-arabinofuranoside (AraC, C1768 Sigma) for 48 h.
After a 3-day recovery time in AraC-free medium, neonatal
cardiomyocytes were transfected.

Left ventricular cardiomyocytes from 8 —12-week-old Wistar
rats (250-350 g) were isolated from adult hearts, rapidly
excised, and retrogradely perfused through the aorta as
described before (41, 42) and specified in the supplemental
“Experimental Procedures.” Cells were cultured for 1 day in
standard serum-free medium (DMEM, 25 mm HEPES, 5 mm
taurine, 5 mM creatine, 2 mMm L-carnitine, 20 units/ml insulin
(Sigma), 0.2% BSA, penicillin (100 units/ml), and streptomycin
(100 pg/ml). Then, cardiomyocytes were transfected, and fresh
serum-free medium (without BSA, containing 2 mMm L-gluta-
mine) was added every 3 days. Cardiomyocyte culture quality
and purity was assayed as shown in supplemental Figs. S1 (neo-
natal cardiomyocytes) and S2 (adult cardiomyocytes).

RNA Interference and Cardiomyocyte Transfection—Both
neonatal and adult cardiomyocytes were transfected with
HiPerfect transfection reagent (Qiagen) complexed with 5 nm
siRNAs (Dharmacon) as described previously (43) and specified
in the supplemental “Experimental Procedures.”

Adenovirus Vectors and Cardiomyocyte Infection—Replica-
tion-deficient recombinant adenoviral vectors were prepared,
stored, and administered as described before (44, 45). Both neo-
natal and adult cardiomyocytes were infected at 50 multiplicity
of infection for 2 h, followed by transfection 12 h later.

Western Blotting and mRNA Quantification by Reverse Tran-
scriptase Real-Time PCR (gRT-PCR)—Western blotting was
performed as described previously (46) and detailed in the sup-
plemental “Experimental Procedures.” Briefly, cells were lysed
in 2X Laemmli buffer and boiled for 5 min. Equal amounts of
proteins were separated by SDS-PAGE and transferred to nitro-
cellulose by standard procedures. Proteins of interest were
detected using specific antibodies.

mRNA was quantified by reverse transcriptase real-time
PCR (qRT-PCR). Total RNA was extracted using TRIzol (Invit-
rogen) and then used as template to synthesize cDNA using
reverse transcriptase (Invitrogen) according to the manufactur-
er’s instructions. The SYBR-GREEN qRT-PCR method was
used to analyze mRNA levels, and relative expression was cal-
culated using the comparative Ct method (2724<Y) (47).
GAPDH was amplified on the same plate for each sample for
normalization purposes. Primer sequences are available upon
request.

Indirect Immunofluorescence Staining and BrdU Assay—Im-
munofluorescence stainings were performed as described
previously (48). Briefly, cardiomyocytes were fixed with 4%
paraformaldehyde, and immunofluorescences were performed
using following antibodies: anti-Aurora B (AIM-1; BD Trans-
duction Laboratories), anti-phospho-histone H3 (Ser'®) (RR002;
Upstate), anti-BrdU (ab1893; Abcam), anti-yH2AX antibody
(clone JBW301; Upstate Biotechnology, Lake Placid, NY),
monoclonal anti-troponin T-C (CT3) (catalog no. sc 20025;
Santa Cruz Biotechnology), and anti-a-actinin (sarcomeric)
(EA-53, Sigma). Cells were counter-stained with Hoechst
33342 (Sigma-Aldrich). The same number of optical fields was
counted for each sample, totaling 70 —200 neonatal cardiomyo-
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cytes/sample and 50-100 adult cardiomyocytes/sample. To
compare the results of different experiments, data were
expressed as % of control. Images were acquired by a fluores-
cence microscope (Axioplan2; Carl Zeiss). Images were ana-
lyzed by IAS software (Delta Sistemi), processed, and overlaid
using Adobe Photoshop CS2 (Adobe). Cells were counted by
two blinded readers obtaining similar results.

Apoptosis Assay—Apoptosis was assessed by measuring the
amount of cytoplasmic nucleosomes generated during the
apoptotic fragmentation of cellular DNA by Cell Death
Detection ELISA (Roche Applied Science), according to the
manufacturer’s instructions.

Statistical Analysis—Variables were analyzed by Student’s ¢
test and one-way analysis of variance. A value of p = 0.05 was
deemed statistically significant. Results are reported as mean
values * S.E.

RESULTS

p21 and p27 Knockdown Induces Neonatal Cardiomyocyte
Progression into S Phase—To investigate the functional role of
CKIs in cardiomyocyte withdrawal from the cell cycle, neonatal
mouse cardiomyocytes were transfected with siRNA targeting
p21, p27, or both, as well as with a control sequence. To mini-
mize the number of residual proliferating cardiomyocytes and
of contaminating fibroblasts, cell cultures were treated with
AraC, which kills proliferating cells selectively (49). AraC was
added to cultures for 2 days, followed by a 3-day recovery time
before transfection. Western blotting analysis of the trans-
fected cells confirmed a p21 and p27 knockdown efficiency of
>70% 2 days after transfection (Fig. 1A4). To assay the cells that
entered S phase upon CKI RNAi, BrdU was added at the time of
transfection, and its incorporation was assayed 2 days later. Fig.
1, B and C, show that both single and double CKI knockdown
significantly increased DNA replication. Interestingly, double
p21 and p27 silencing was the most effective and almost half of
the cardiomyocytes entered S phase. Thus, double CKI silenc-
ing was adopted for the following experiments.

p21 and p27 Knockdown Induces Neonatal Cardiomyocyte
Proliferation—The increase in S phase induced by CKI knock-
down was associated with a 2.7- = 0.5-fold increase of bi-nu-
cleated cardiomyocytes (CKI RNAi, 17.3 % 3.2; control, 6.4% =
1.7; p < 0.006, n = 4), which could account for the observed
increase in DNA synthesis only in part. Hence, these data sug-
gested that some cardiomyocytes had undergone successful
cytodieresis. Thus, we assayed whether p21 and p27 knock-
down stimulated not only S phase entrance but also the pro-
gression through the following phases of the cell cycle. To this
aim, histone H3 phosphorylation at Ser'® (H3P), a mitotic
marker, was assayed by immunofluorescence staining. Down-
modulation of CKI expression more than tripled H3P-positive
cardiomyocytes, which reached >30% 2 days after transfection
(Fig. 2, A and B). In keeping with these findings, mitotic figures
were observed in p21 and p27 knockdown cardiomyocytes (Fig.
2C) but not in controls (data not shown).

Aurora B kinase plays a role in chromosomal condensation
by phosphorylating histone H3. Indeed, Aurora B associates
with centromeric heterocromatin early in mitosis (prometa-
phase and metaphase). Subsequently, Aurora B relocates to the
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FIGURE 1.p21 and p27 knockdown induces neonatal cardiomyocyte DNA
synthesis. Neonatal cardiomyocytes were transfected with p21, p27, or con-
trol (Cnt) siRNAs. A, cell lysates were prepared 2 days after transfection. West-
ern blot analysis demonstrates efficient p21 and p27 single and double
knockdown; B-tubulin shows equal loading in each lane. B and C, neonatal
cardiomyocytes were transfected with p21, p27, or control siRNA. Nontrans-
fected (NT) cells were used as additional control to exclude potential effects of
the control siRNA. Then, BrdU was added. Two days later, BrdU-incorporating
cells were detected by immunofluorescence using a FITC-conjugated specific
antibody, whereas cardiomyocytes were stained using a Texas Red-conju-
gated antibody to a-sarcomeric actinin. Nuclei were detected using Hoechst
33342 (blue). B, bar graph indicating the percentage of BrdU-positive car-
diomyocytes (n = 4; #, p, < 0.003; *, p < 0.00001). C, representative picture of
two cardiomyocytes, one BrdU-positive and one -negative, at 2 days after
transfection with p21 and p27 siRNAs. The left panel shows an «-sarcomeric
actinin/Hoechst 33342 overlay; the right panel shows an a-sarcomeric
actinin/BrdU overlay of the same field. Scale bar, 20 pm.

central spindle during anaphase and then to the contractile ring
and the mid-body during telophase representing a marker of
cytokynesis (50 -52). To determine whether CKI knockdown
promoted cardiomyocyte cell division, we measured Aurora B
by immunofluorescence staining. We found that ~5% of the
p21 and p27 knockdown cardiomyocytes displayed an Aurora
B-positive mid-body (Fig. 2, D and E), whereas these structures
were not present in control transfected cells.

To confirm these results, cardiomyocyte number was deter-
mined at different times after transfection. We found that the
number of a-sarcomeric actinin-positive cells significantly
increased 1.7- = 0.1-fold at day 2 (n = 9; p < 0.0001).
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FIGURE 2. p21 and p27 knockdown regulates cells division and induces neonatal cardiomyocyte proliferation 2 days after transfection. Neonatal
cardiomyocytes were transfected with p21 and p27 or control siRNAs and labeled with BrdU for 48 h. Histone H3 phosphorylation at Ser'® (H3P), mitotic figures,
BrdU incorporation, and Aurora B were detected by immunofluorescence after 2 days. Cardiomyocytes were identified using a Texas Red-conjugated antibody
to a-sarcomeric actinin, and nuclei were detected using Hoechst 33342 (blue). A, a bar graph shows that p21 and p27 down-modulation increased the
percentage of H3P positive cardiomyocytes (n = 3; *, p < 0.007). B, representative immunofluorescences. H3P-positive nuclei were detected using a FITC-
conjugated specific antibody. Left panels show an a-sarcomeric actinin/Hoechst 33342 overlay, whereas right panels show the a-sarcomeric actinin/BrdU
overlay of the samefield. Scale bar, 20 um. C, representative figures of cardiomyocytes undergoing mitosis. DNA synthesis occurred after transfection of siRNAs
as assessed by anti-BrdU staining (green). Chromosome identity was confirmed by Hoechst 33342 staining. a-Sarcomeric actinin/BrdU overlays show repre-
sentative metaphase (top), and anaphase (bottom) figures. Scale bar, 10 um. D, bar graph showing Aurora B-positive cells in different mitosis phases (n = 3; *,
p < 0.04). E, a representative picture displays a dividing neonatal cardiomyocyte. The white arrow points to the Aurora B-positive (green) mid-body structure.

Scale bar, 20 um.

Cell Cycle Progression Induced by CKI Knockdown Does Not
Cause DNA Damage and Apoptosis—CKI knockdown in skel-
etal muscle myotubes is associated with induction of aberrant
mitoses and apoptosis (43). However, most mitotic figures we
observed in dividing cardiomyocytes were morphologically
normal (Fig. 2C), and p21 and p27 double knockdown was not
associated with a significant increase of cell apoptosis as
assessed by TUNEL assay (supplemental Fig. S3A).

To further explore this issue, cell micronucleation was
assayed by Hoechst 33342 staining in cardiomyocytes that were
cultured in the presence of BrdU to monitor the cells that
entered S-phase and replicated their genome over a period of 48
h. Significantly, we found that BrdU-positive cardiomyocytes
displaying overt micronucleation were <2% and that the
micronucleation rate did not increase following CKI knock-
down (supplemental Fig. S3, B and C).

Aberrant mitosis is associated with DNA double-strand
brakes (53). Thus, DNA damage in neonatal cardiomyocytes
was tested measuring the formation of yH2AX foci in cells cul-
tured in the presence of BrdU from the time of transfection. We
found that, albeit virtually all yYH2AX-positive cells were BrdU-
positive as well, CKI interference did not increased the number
of foci-positive nuclei compared with control cells (supplemen-
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tal Fig. S4A4). Moreover, when the percentage of YH2AX-nega-
tive cells was calculated among BrdU™ cardiomyocytes, it
was found that up to 70% of the CKI knockdown cardiomyo-
cytes underwent DNA replication in the absence of overt
DNA damage (supplemental Fig. S4B). These data confirm
that proliferation is compatible with cardiomyocyte differ-
entiation program.

p57 Helps Regulating Neonatal Cardiomyocyte Proliferation—
When we assayed the number of cardiomyocytes following p21
and p27 knockdown, we found that after the initial increase
displayed at day 2, no further increase was observed afterward
(Fig. 3A), despite sustained knockdown of both p21 and p27
(Fig. 3B). To test whether this was due to growth arrest, BrdU
incorporation was assayed after an 8-h labeling pulse. It was
found that, although >20% of the cardiomyocytes were BrdU-
positive 2 days after p21 and p27 knockdown, DNA synthesis
rate declined afterward and was very close to control at 6 days
after transfection (Fig. 3C). These results suggest that p21 and
p27 knockdown efficiently triggered one or few neonatal car-
diomyocyte cell divisions, followed by a second arrest of the cell
cycle.

To determine whether other CKIs may contribute to limit car-
diomyocyte proliferation upon p21 and p27 knockdown, their
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FIGURE 3. Triple p21, p27, and p57 knockdown further increases neonatal cardiomyocyte proliferation. Neonatal cardiomyocytes were transfected with
p21 p27 siRNAs in the presence or absence of p57 siRNA. A, the histogram displays cardiomyocyte number at different time points expressed as fold change
compared with cardiomyocyte number at the time of transfection (T0): p21 and p27 siRNA double transfection increased cardiomyocyte number at 2 days (n =
9; %, p < 0.0001), whereas p57 knockdown alone was ineffective. Differences in cardiomyocytes between double and triple CKl knockdown at 4 and 6 days are
statistically significant (n = 4; #, p < 0.008; §, p < 0.05). B, RNA was extracted 2, 4, or 6 days after transfection. Bar graph shows the specific, efficient, and
persistent down-modulation of p21 and p27 mRNA levels measured by qRT-PCR (n = 3;*, p < 0.001). C, cardiomyocytes were pulse labeled with BrdU for 8 h
2, 4, or 6 days after transfection. The bar graph indicates the percentage of BrdU-positive cardiomyocytes. BrdU incorporation is significantly increased
between double and triple CKI siRNA at both 4 and 6 days (n = 4;*, p < 0.03). D, bar graph showing p57 mRNA levels measured by qRT-PCR.p21 and p27 double
RNAi triggered a progressive increase of p57 mRNA levels and a specific siRNA to p57 prevented this increase (n = 6; #, p < 0.0008; *, p < 0.000001;§, p < 0.015).

level was measured by qRT-PCR. We found that, although the p15,
p16, p18, and p19 were not affected significantly (supplemental
Fig. S5), p57 was induced over time and peaked at 6 days after
transfection when it increased more >7-fold (Fig. 3D).

To investigate the role played by p57, its levels were knocked
down, alone or in combination with p21 and p27. Fig. 3D shows
p57-siRNA targeting efficiency. p21, p27, and p57 triple knock-
down more than doubled the percentage of BrdU-incorporat-
ing cardiomyocytes at 4 and 6 days after transfection compared
with p21 and p27 double interference, whereas p57 knockdown
alone was not effective (Fig. 3C). In keeping with these findings,
p21, p27, and p57 triple siRNA further increased cardiomyo-
cyte number at 4 and 6 days after transfection (Fig. 34).

Cardiomyocyte terminal differentiation is associated not
only with CKI induction, but also with cyclin down-modula-
tion and consequent pRb hypophosphorylation (5, 9). Thus,
we measured whether neonatal cardiomyocyte proliferation
induced by CKI knockdown was associated with the reacti-
vation of the cyclin/CDK pathway.

We found that, although the expression of cyclins D (D1, D2,
and D3) was not affected (data not shown), CKI double or triple
knockdown was associated with the induction of cyclin A, E1,
and E2 (Fig. 4, A-C). In keeping with these findings, pRb hyper-
phosphorylation was induced, as assessed by SDS-PAGE mobi-
lity up-shift in Western blotting experiments (Fig. 4D). The
phosphorylation of the crucial threonine 826 residue (54)
increased as well and was more intense and permanent follow-
ing p21, p27, and p57 triple knockdown compared both to p21
and p27 double knockdown and to control siRNA transfection.
Furthermore, global pRb protein levels increased upon CKI
knockdown, in keeping with negative pRB regulation of its own
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expression (55). Finally, we also found that, similarly to double
CKIsilencing, triple CKI knockdown also did not increase DNA
damage, as assessed measuring the number of yH2AX foci
(supplemental Fig. S4).

p21, p27, and p57 Knockdown Promotes Proliferation of
Adult Cardiomyocytes—Previous studies indicate that rat car-
diomyocyte proliferation arrests soon after birth (9). To evalu-
ate the functional consequences of CKI knockdown in adult
cardiomyocytes, ventricular cardiomyocytes were isolated
from 8-12-week-old rats. Cardiomyocytes were transfected
with siRNAs targeting p21, p27, and p57 or control. The effi-
ciency of double and triple CKI knockdown was assayed by
qRT-PCR (Fig. 5A). As observed in neonatal cardiomyocytes,
p21 and p27 double knockdown up-regulated p57 expression.
However, this increase was efficiently prevented when a siRNA
to p57 was co-transfected (Fig. 54). Furthermore, both double
and triple CKI RNAi were accompanied by the induction of
cyclin A (Fig. 5B).

To determine whether double or triple CKI interference pro-
moted DNA synthesis in adult cardiomyocytes even in the
absence of growth factor stimulation, cells were cultured in
serum-free medium (56, 57) for 10 days after transfection and
then assayed for BrdU incorporation after a 24-h pulse. Double
p21 and p27 CKI interference induced BrdU incorporation in
>12% of the adult cardiomyocytes, whereas no BrdU-positive
cells were observed among the controls (Fig. 6, A and B). How-
ever, unlike neonatal cardiomyocytes, no significant increase of
BrdU incorporation was observed when p57 was silenced as
well (Fig. 6A). Intriguingly, mitotic figures (Fig. 6C) and car-
diomyocytes with four nuclei (Fig. 6D) were observed only in
CKI knockdown cultures.
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The increase in S phase induced by CKI knockdown was
associated with a significant increase of cardiomyocytes dis-
playing more than two nuclei (supplemental Table S1). How-
ever, this increase could explain the observed induction in DNA
synthesis only in part. To learn whether adult mammalian car-
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diomyocytes can undergo cytokinesis, cardiomyocytes exhibit-
ing an Aurora B-positive mid-body staining were evaluated
(Fig. 7, A and B). Both double and triple CKI interference
induced an increase in cytokinesis compared with control.

Cardiomyocytes were also counted to measure cell prolifer-
ation. We observed that both double and triple CKI knock-
down induced a small but reproducible cardiomyocyte number
increase (Fig. 7C). Taken together, these results indicate that
CKIs are involved in the control of adult cardiomyocyte cell
cycle withdrawal.

TERT Overexpression Associated with CKI Knockdown Fur-
ther Increases Proliferation in Neonatal but Not in Adult
Cardiomyocytes—Down-regulation of TERT and the resulting
loss of telomerase activity represents one mechanism that can
cooperate together with activators and inhibitors of the CDKs
to create a barrier to cardiomyocytes proliferation beyond the
immediate perinatal period (32, 33). Indeed, it has been shown
that TERT and telomerase activity are down-regulated in adult
mouse myocardium (38).

To assess whether TERT overexpression can increase car-
diomyocyte proliferation in association with CKI triple inter-
ference, neonatal and adult cardiomyocytes were infected with
adenovirus expressing either human TERT (Ad-hTERT) or
LacZ (Ad-LacZ, negative control). Eight hours later, the cells
were transfected with siRNAs to CKls (p21, p27, and p57) or
control. Both neonatal and adult cardiomyocytes were effi-
ciently transduced as assessed by qRT-PCR to hTERT and CKIs
(data not shown).

We observed that hTERT expression further increased both
neonatal cardiomyocyte S phase entry and proliferation
induced by CKI knockdown (supplemental Fig. S3, A and B).
However, this additional induction exerted by hTERT was very
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modest and was not found in adult cardiomyocytes (supple-
mental Fig. S6, C and D).

Moreover, it has been shown that Notch1 overexpression can
induce the proliferation of neonatal cardiomyocytes (58 —60).
However, we found no additional increase of adult cardiomyo-
cytes proliferation when CKI knockdown was associated with
Notch pathway stimulation obtained by overexpressing Notch1
intracellular domain (data not shown).

CKI Knockdown Induces Neonatal Gene Expression—We
observed that CKI knockdown induced a drastic change of
adult cardiomyocyte morphology. Fig. 6B shows that, although
control transfected cells retained principally the characteristic
rod shape, CKI siRNA-transfected cardiomyocytes assumed a
stellate morphology resembling that of neonatal cardiomyo-
cytes. Also myofibrils organization was disarrayed, assuming a
configuration reminiscent of neonatal cardiomyocytes.

Thus, the expression of a subset of genes that are differen-
tially expressed in fetal, neonatal, and adult cardiomyocytes was

8650 JOURNAL OF BIOLOGICAL CHEMISTRY

measured. We found that CKI knockdown sharply decreased
the levels of adult genes mRNA Glut4 (glucose transport 4) and
myoglobin (61, 62) and induced the expression of neonatal
genes, tubulin B85, matrix metalloproteinase 2 (MMP2), p100
co-activator, ZnT4, and IGF-1 (Insuline-like Growth Factor-1)
receptor (62). Conversely, the expression of fetal/hypertrophic
markers glucose transport 1 (Glutl) (61, 63), nkx2.5, and mef2C
(myocyte enhancer factor 2C) was unaffected, whereas GAT A4
and atrial and B-type natriuretic factors ANP and BNP dis-
played only minor increases (Fig. 8).

DISCUSSION

Cardiomyocyte terminal differentiation makes the heart a
particularly vulnerable organ, especially toward ischemic, toxic,
and inflammatory events. Thus, following massive injury, the
adult heart is unable to replace necrotic or damaged tissue.
Indeed, cardiac regeneration granted by endogenous cardiac
stem cells and other regenerative mechanisms is limited and, in
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most circumstances, is insufficient to replace a large myocardial
tissue loss (64, 65). Therefore, reinduction of cell cycle progres-
sion in terminally differentiated cardiomyocytes may represent
an attractive approach to treat heart disease (4).

Although cardiomyocyte terminal differentiation has long
been regarded as a condition of irreversible proliferation arrest
or postmitotic state (66), the molecular bases of such a condi-
tion has remained unclear. High CKI expression levels have
been observed in cardiomyocytes (9, 67), and although it has
been speculated that the CKIs are at least partially responsible
for the maintenance of the cardiomyocyte postmitotic state,
data have mostly been correlative. On the other side, convinc-
ing evidence indicates that adult cardiomyocytes still hold sig-
naling pathways capable of efficiently resuming their prolifera-
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tive potential (57, 68-70). In this study, we found that
cardiomyocyte postmitotic state depends on the constant
expression of CKIs, demonstrating that permanent prolifera-
tion arrest cannot be maintained in their absence. These results
are in keeping with a previous study of our group, demonstrat-
ing a critical requirement of CKI in sustaining skeletal muscle
myofibers terminal differentiation (43). Thus, cardiomyocyte
growth arrest should not be regarded simply as the conse-
quence of the absence of proliferation-promoting regulators
(cyclin/CDKs). On the contrary, it is an active state that
requires continuous CKI expression to be maintained.

A clear efficiency difference in the proliferation rate was
observed between neonatal and adult cardiomyocytes following
CKI knockdown. Indeed, >20% of the neonatal cardiomyocytes
and >10% of the adults displayed DNA synthesis upon CKI
knockdown. This massive effect is unlikely due to the potential
presence of small stem-like populations in the culture. Thus,
CKIs seem to play an active role in maintaining the permanent
withdrawal from the cell cycle in both neonatal and adult car-
diomyocytes, paving the way to the investigation of further
anti-proliferative mechanisms acquired during development.
Indeed, we found that pRB phosphorylation decreased over
time, despite sustained CKI knockdown, suggesting the pres-
ence of additional CDK regulatory mechanisms.

We found CKI down-modulation increased both cyclin E
and A levels, whereas cyclin D levels were not affected.
Although this result may seem surprising, it should be consid-
ered that D cyclins are not strictly required for the proliferation
of most cell types. In fact, mice lacking D cyclins or CDK4/6
display relatively mild phenotypes. Triple D cyclin mice KO die
in utero at embryonic day 17.5. Heart development is aberrant,
but myocytes are clearly present, indicating that cyclins E and A
may be sufficient to allow cardiomyocyte proliferation (71, 72).

One possible mechanism restraining cardiomyocyte prolif-
eration was represented by TERT down-modulation and the
resulting loss of telomerase activity after the immediate perina-
tal period (31). To test this idea, we associated CKI knockdown
to TERT overexpression. Although a small increase in cell cycle
induction was observed in neonatal cardiomyocytes, no differ-
ence was observed in adults, possibly owing to the absence of
other telomere-associated factors in adult cardiomyocytes (73).

Cardiomyocytes are polyploid and polynucleated cells.
Although ploidy was not measured, we found that most neona-
tal cardiomyocytes were mononucleated, and the majority of
the adult cardiomyocytes were bi-nucleated, as observed previ-
ously in rodents (74). As expected for a proliferation promoting
intervention, CKI knockdown increased the nuclei/cardiomyo-
cyte ratio in both neonatal and adult cells. However, at least a
sub-population of the cardiomyocytes further progressed after
karyokynesis, as assessed by the detection of mid-body struc-
tures and by straight cardiomyocyte counting.

Intriguingly, neonatal cardiomyocyte proliferation induced
by CKI knockdown was not associated with massive increase of
DNA damage, micronucleation, and apoptosis, in sheer con-
trast with the skeletal muscle, where CKI knockdown induces
DNA replication followed by mitotic catastrophe (43).
Although the molecular mechanism underpinning this dif-
ference is not clear, it is worth noting that CKI knockdown
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and DNA synthesis reactivation correlated with a change in
adult cardiomyocyte morphology that may be a prerequisite
for division. CKI knockdown in serum-free medium induced
a neonatal-like morphology and the re-expression of neona-
tal genes in adult cardiomyocytes, suggesting the involve-
ment of CKIs in cardiomyocyte maturation. Intriguingly,
well established hypertrophy markers such as ANP and BNP
were induced only marginally, and no overt reactivation of
fetal gene program was observed.

Intriguingly, it has been shown that serum stimulation of
adult cardiomyocyte promotes cell spreading and loss of sarco-
meric structure, resembling a spontaneous dedifferentiation to
a neonatal-like state (75-77). One may speculate that, in the
serum-free culture conditions we adopted, CKI knockdown
may, at least in part, be a substitute for growth factor stimula-
tion. Further studies are needed to better assess the conse-
quence of cell cycle reactivation on genome integrity in both
neonatal and adult cardiomyocytes.

Our findings are in keeping with other studies showing that
cell cycle molecular machinery of the cardiomyocytes can be
successfully reprogrammed, such that partial cell cycle reac-
tivation and, less frequently, full cell cycle reactivation is
observed (78). In some instances, for example upon overexpres-
sion of E2F1 or E2F3, reactivation of the cell cycle was observed,
but it was followed by apoptosis (14). Overexpression of c-Myc,
E2F2, or D-type cyclins promotes cell cycle reactivation in neo-
natal cardiomocytes and hypertrophic growth in adult car-
diomyocytes (13, 14, 79, 80). Moreover, reinitiation of the cell
cycle in cardiomyocytes promoted by hCDC5, jumonji (JMJ), or
p38 activity, require expression of additional proteins, such as
E1A/E1B, E2F, or growth factor stimulation (5, 57, 81, 82). Con-
versely, cyclin A2 overexpression seems to be sufficient to
induce cardiomyocyte proliferation and induces cardiac regen-
eration after myocardial infarction (83, 84). Among several
possible mechanisms of action, one may envision that CKI
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knockdown leads to a derepression of cyclin A2 activity. In a
reciprocal perspective, it is also possible that cyclin A2 overex-
pression induced p21 family CKI titration, yielding an intracel-
lular mileu similar to that induced by CKI knockdown.

The therapeutic potential of the cell cycle machinery manip-
ulation still needs to be assessed. However, it is worth noting
that RNAi therapeutics of cardiac diseases has gained consid-
erable momentum, being burdened by lower safety concerns
compared with other gene therapy approaches (85). Further-
more, one may consider that an attractive in vivo cell target is
represented by cardiac stem cells or newly formed cardiomyo-
cytes derived from the stem cells, whose amplification may be
increased by CKI knock down.
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