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Cyclin Dependent Kinase 2 Signaling Regulates Myocardial
Ischemia/Reperfusion Injury
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Wang2, Cyril Berthet3, Philipp Kaldis3, Peipei Ping1,2, and W. Robb MacLellan1,2

1The Cardiovascular Research Laboratory, Department of Medicine, David Geffen School of Medicine at
UCLA, Los Angeles, California, 90095

2The Cardiovascular Research Laboratory, Department of Physiology, David Geffen School of Medicine at
UCLA, Los Angeles, California, 90095

3Mouse Cancer Genetics Program, Center for Cancer Research, National Cancer Institute, Frederick,
Maryland, 21702

Abstract
Ischemia/reperfusion (I/R) injury to the heart is accompanied by the upregulation and
posttranslational modification of a number of proteins normally involved in regulating cell cycle
progression. Two such proteins, cyclin-dependent kinase-2 (Cdk2) and its downstream target, the
retinoblastoma gene product (Rb), also play a critical role in the control of apoptosis. Myocardial
ischemia activates Cdk2, resulting in the phosphorylation and inactivation of Rb. Blocking Cdk2
activity reduces apoptosis in cultured cardiac myocytes. Genetic or pharmacological inhibition of
Cdk2 activity in vivo during I/R injury led to a 36% reduction in infarct size (IFS), when compared
to control mice, associated with a reduction in apoptotic myocytes. To confirm that Rb was the critical
target in Cdk2-mediated I/R injury, we determined the consequences of I/R injury in cardiac-specific
Rb-deficient mice (CRbL/L). IFS was increased 140% in CRbL/L mice compared to CRb+/+ controls.
TUNEL positive nuclei and caspase-3 activity were augmented by 92% and 36%, respectively,
following injury in the CRbL/L mice demonstrating that loss of Rb in the heart significantly
exacerbates I/R injury. These data suggest that Cdk2 signaling pathways are critical regulators of
cardiac I/R injury in vivo and support a cardioprotective role for Rb.
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1. Introduction
A number of cell cycle proteins are reexpressed in dying cardiac myocytes in the adult heart,
particularly after ischemic injury. Ischemia in vivo (1) or hypoxia in vitro (2;3) results in a
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rapid induction of Cdk2 activity but its relationship to infarct size is unknown. Some
investigators have interpreted this finding as evidence of post-mitotic cardiac myocytes
reentering the cell cycle and undergoing proliferative growth. However, an increasing amount
of data indicates that proteins classically thought to be involved in cell cycle regulation also
play a critical role in the control of cell death, particularly through apoptotic pathways. While
this was originally thought to be an evolutionarily conserved mechanism to link proliferation
and cell death, it is now thought that this effect is independent of cell cycle progression (4).
Numerous stimuli unrelated to cell cycle progression induce Cdk2 activity and subsequently
apoptosis such as irradiation (5), Tumor necrosis factor-α (6), Fas (7), staurosporine (6),
hypoxia (2;8),and ischemia (9). Although Cdk2 activity is elevated during apoptosis, activation
of the mitotic processes does not occur even in cells capable of proliferating (7). Likewise,
interventions that inhibit cell cycle progression, without effecting Cdk2 activity, fail to block
apoptosis (10) supporting the notion that Cdk2 activation is not simply indicative of aberrant
mitosis but, instead, that Cdk2 plays a direct role in cell death.

Increased Cdk2 activity has also been implicated in regulating apoptotic signaling pathways
initiated by hypoxia in cardiac myocytes, at least in vitro (2;8). Increasing Cdk2 activity in
cardiac myocytes by itself does not provoke cell cycle reentry (11) but does appear to provoke
apoptosis (2;8;12). Alternatively, blocking Cdk2 activity in cultured myocytes inhibited
apoptosis in response to hypoxia (2;8). Interestingly, a role for Cdk2 in cardiac preconditioning
has also been reported. Pretreating cultured cardiac myocytes with NO donors attenuated
hypoxia-induced elevations in Cdk2 activity by repressing Cyclin A (CycA) gene expression
and promoting p21 accumulation (3).

The mechanism whereby Cdk2 mediates its proapoptotic effect is unclear but inactivation of
Rb is a critical step for the induction of apoptosis in many cell lines, whereas overexpression
of Rb attenuates apoptosis induced by a variety of stimuli (13–15) including hypoxia in cardiac
myocytes (8;14). Germline disruption of Rb in mice leads to embryonic lethality in
midgestation accompanied by apoptosis in a number of tissues including the central nervous
system (CNS) (16–20). This apoptosis required an additional cofactor, which in the case of
CNS apoptosis, was thought to be hypoxia related to defective erythropoiesis (21). Rb can be
inactivated through phosphorylation by kinases such as Cdk2 or cleavage by caspases,
releasing free, transcriptionally active E2F (22;23). In vitro studies have suggested that
hypoxia-induced Cdk2 activation in cardiac myocytes promotes apoptosis through
phosphorylation of Rb and induction of E2F-dependent genes (8). E2F-1 regulates a number
of genes involved in the apoptotic cascade including p53 family member, p73 (24), Apaf-1
(25;26), cytochrome c (27) and caspase-3, -7, -8 and -9 (28).

To clarify the role of Cdk2 and Rb in myocardial I/R injury in vivo, we have utilized a
combination of genetic mouse mutants and pharmacological inhibitors. Our results
demonstrate that Cdk2 activity is upregulated in vivo and attenuation of this activity prevents
I/R injury. This effect is likely mediated through an Rb-dependent apoptotic pathway since
loss of Rb in the heart significantly exacerbates I/R injury. These data suggest that the cell
cycle proteins, Rb and Cdk2, are critical regulators of cardiac I/R injury in vivo and that Rb
antagonizes the proapoptotic signals that accompany this stress.

2. Materials and Methods
2.1 Mouse strains and genotyping

Cdk2 deficient (29) and cardiac-restricted Rb null mice (CRbL/L) (30) have been described.
RbL/+ were mated to the α-MHC-Cre transgenic line (αMHC-Cre+/+) and backcrossed until
homozygous for Cre (CRbL/+). These mice were crossed and Control (CRb+/+) or Rb null mice
(CRbL/L) used for the indicated studies. Mice were maintained on a Sv129 (Cdk2) or FVB
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(CRbL/+) background and littermate controls were used throughout the study. Genotypes of
mice were determined by polymerase chain reaction as described (31). All experimental
protocols conform to The National Institutes of Health Guide for the Care and Use of
Laboratory Animals (Publication No. 86-23).

2.2 Myocardial ischemia/reperfusion surgery and infarct size analysis
Male mice were subjected to myocardial ischemia/reperfusion as previously described (32).
Full details of the ischemia/reperfusion surgery are provided in the Supplemental Data. Infarct
size was measured after 24 hours of coronary artery reperfusion by planimetry with NIH Image
and expressed as a percentage of the area at risk (32). For Cdk inhibitor studies, Roscovitine
(Sigma) was dissolved in dimethyl sulfoxide (DMSO, Sigma) and mice were injected with 2.8
µg/gm intraperitoneally two hours prior to coronary ligation or 20 minutes into the ischemic
period.

2.3 Cell culture
Neonatal rat cardiac myocytes were prepared as previously described (33). Cultured neonatal
were serum-starved for 24 h prior to virus infection. The media used to simulate ischemia
utilizing 2-deoxyglucose, NaCN and pH 6.6 has been described(34). Recombinant
adenoviruses were constructed, propagated and titered as previously described (35).

2.4 Assessment of mitochondrial membrane potential (ΔΨm)
Cardiomyocytes were loaded with 0.5 mM of JC-1 (a lipophilic and cationic dye that exhibits
potential-dependent accumulation in negatively charged mitochondria) in DMEM at 37°C for
15 min and washed twice with DMEM. The cells were visualized under a fluorescent
microscope equipped with red and green filters. Fluorescent images were taken with a CCD
camera (Q Imaging Micropublisher) and analyzed with Image-J software (NIH). At low
concentration (low ΔΨm,) JC-1 exists mainly in a monomeric form, which emits green
fluorescence. JC-1 at high concentration (high ΔΨm) forms aggregates called “J” complexes,
which emit red fluorescence. Thus, a reduction in the ratio of red to green fluorescence indicates
a fall in ΔΨm.

2.5 Western blotting and kinase assays
Western assays and Cdk kinase assays were performed as described (30), immunoprecipitating
the specific kinase from mouse heart extracts. Western blotting was performed using the
identical protein lysates. Antibodies were purchased from Santa Cruz Biotechnology (Santa
Cruz). Protein expression was visualized using horseradish peroxidase–conjugated second
antibodies and enhanced chemiluminescence reagents (Amersham Biosciences). Nonsaturated
autoradiographs were quantitated with SigmaScan and expression levels normalized to internal
control (α-tubulin).

2.6 Histology and caspase assays
Hearts were either freshly frozen or fixed overnight in buffered 4% paraformaldehyde buffered
and routinely processed. Evidence of apoptosis was assessed by detection of nuclear DNA
fragmentation by terminal deoxynucleotidyl transferase–mediated dUTP nick end-labeling
(Trevigen Inc.). At least 3,500 nuclei were examined per animal. Colorimetric caspase-3 assays
were purchased from Promega and used according to the manufacturer’s instructions.

2.7 Statistical analysis
All data are presented as mean ± SEM. Results were compared by unpaired t-tests or analysis
of variance with Fisher’s PLSD tests, using significance at a P value <0.05.
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3. Results
3.1 Cdk2 activity is increased in ischemia-reperfusion injury and induces cardiac myocyte
apoptosis

Cdk2 has been reported to be upregulated in response to a number of stress signals including
hypoxia in cardiac myocytes in vitro. To confirm that Cdk2 activity is upregulated in response
to stress signals we exposed primary cultures of neonatal rat ventricular myocytes (NRVM) to
media designed to simulate ischemia (36). Protein levels of CycE and Cdk2 levels were
increased resulting in a 2.18-fold increase in Cdk2 activity (Fig. 1A; P<0.05). These changes
were also associated with phosphorylation of Cdk2 at threonine 160, an additional marker of
its activation (Fig. 1A). To determine if Cdk2 activity was also upregulated in vivo with
ischemia and/or reperfusion, we subjected adult mice to 30-min of myocardial ischemia via
LAD occlusion with or without reperfusion. As shown in Figure 1B, kinase assays to determine
Cdk activity were performed on ventricular lysates. Cdk2 kinase activity was upregulated in
ischemic ventricles and remained elevated during reperfusion.

To determine whether enhanced Cdk2 activity could induce cardiac myocyte apoptosis, we
infected NRVM with adenoviruses expressing either LacZ or CycE and Cdk2. As shown in
Figure 1C, overexpression of CycA and Cdk2 results in high-levels of Cdk2 kinase activity.
This increased Cdk2 activity induces apoptosis in NRVM as documented by DNA laddering
(Fig. 1D) and a 3.5-fold increase caspase-3 activity in AdCycE/Cdk2 versus AdLacZ infected
NRVMs (P<0.001, Fig. 1E).

3.2 Cdk2 regulates cardiac myocyte apoptosis in vitro
To determine whether pharmacologically inhibiting Cdk2 activity prior to, or even after, an
ischemic insult would attenuate cardiac myocyte apoptosis we treated NRVMs with
Roscovitine, a well-characterized purine analogue that inhibits Cdk2 activity (37). Roscovitine
was a potent inhibitor of Cdk2 activity in ischemic NRVMs (Fig. 2A). Attenuation of Cdk2
activity with Roscovitine prior to exposure to simulated ischemia or immediately afterwards
decreased the number of apoptotic NRVMs by 52.7% and 38.3% respectively compared to
vehicle-treated cells (4.53±0.58% and 5.9±0.1% versus 9.57±0.66%, P<0.001, Fig. 2A). This
correlated with a reduction in DNA laddering in Roscovitine-treated NRVMs (Fig. 2B).
Infection of NRVMs with an adenovirus expressing a dominant-negative Cdk2 (dnCdk2)
likewise reduced TUNEL staining in response to ischemia media (data not shown). This
reduction in apoptosis correlated with the ability of dnCdk2 to prevent the expected
mitochondrial membrane depolarization seen in response to ischemia media (Fig 2C).

3.3 Inhibition of Cdk2 activity attenuates myocyte death and reduces apoptosis
Although blocking Cdk2 activity in vitro in response to hypoxia attenuates cell death (8);
whether this also protects cardiac myocytes in vivo is unknown. Thus, to test whether inhibition
of Cdk2 activity would attenuate cell death in myocardium during I/R injury, mice were
injected intraperitoneally two hours prior to ischemia (Pre) or 20 minutes into the ischemic
period prior to reperfusion (Post). The control group received vehicle injections (DMSO). To
ensure that Roscovitine was inhibiting the increase in Cdk2 activity we had observed in
ischemic myocardium, we measured Cdk2 kinase activity in extracts prepared from ventricular
tissue (Fig. 3B). Treatment with Roscovitine inhibited the expected increase in Cdk2 activity.
This inhibition of Cdk2 activity led to a 33.5% and 35.4% reduction in infarct size in Pre- or
Post-Roscovitine treated mice when compared to vehicle treated mice (34.2±2.6 or 33.2±1.7
versus 51.4±2.2 IFS% of A@R, P<0.05, Fig 3A & B).

Although these data suggest that Cdk2 is a critical regulator of cardiac myocyte injury in
vivo in response to I/R, Roscovitine has been reported to inhibit the activity of other kinases,
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Cdc2 albeit at significantly lower affinity. Therefore, to confirm that this reduction in infarct
size was specifically related to a decrease in Cdk2 kinase activity, we subjected Cdk2-defient
mice to I/R injury. As shown, Cdk2-null mice did not demonstrate increased Cdk2 activity nor
was the downstream target, Rb, phosphorylated (Fig. 4A). Cdk2-deficient mice had a 36.1%
reduction in infarct size when compared to littermate controls (26.9±2.0 versus 42.1±4.8 IFS
% of A@R, P<0.05, Fig 4B&C). To determine if inhibition of Cdk2 activity attenuates I/R-
induced apoptosis in vivo we determined the number of TUNEL positive nuclei in the infarct
border zone Cdk2+/+ of Cdk2−/− mice. The relative number of TUNEL positive nuclei in the
border zone was 7.8-fold higher in Cdk2+/+ ventricles when compared to Cdk2−/− hearts after
I/R injury (3.08±1.4 versus 0.39±0.14 %TUNEL positive nuclei; P=0.05, Fig 4C & D).

3.4 Rb is cardioprotective in ischemia-reperfusion injury
Rb is one of the primary substrates of Cdk2 kinase activity during cell cycle progression,
although its role as a Cdk2-target in apoptosis signaling pathways is less clear. Our data
demonstrate that Rb is phosphorylated and presumably inactivated in ischemic wildtype
myocardium (Fig. 1A) but not in myocardium deficient for Cdk2 (Fig. 4A). To determine if
Rb is an important target for Cdk2-dependent cell death in the heart, we subjected cardiac-
restricted Rb-deficient mice we had previously created to I/R injury (30). These mice appeared
phenotypically and biochemically normal at baseline (Fig. 5 A & B). I/R injury resulted in a
2.4-fold increase in IFS in CRbL/L mice when compared to CRb+/+ controls (37.2+4.9% versus
15.5+1.1%, P<0.001, Fig. 5C & D), demonstrating significant exacerbation of ischemic injury
in CRbL/L mice. To explore possible mechanisms underlying the enhanced injury seen in
CRbL/L mice after I/R, we determined the number of TUNEL positive nuclei in CRb+/+ versus
CRbL/L ventricles after ischemic injury to determine if apoptosis might be altered. At baseline
there were no significant differences in TUNEL positive nuclei between genotypes. However,
the relative number of TUNEL positive myocyte nuclei in the border zone was increased in
CRbL/L ventricles when compared to CRb+/+ hearts after ischemic injury (1.92±0.46 versus
1.0±0.08-fold; P<0.05). Caspase-3 activity was also augmented in ischemic myocardium from
CRbL/L compared to that from CRb+/+ mice (1.36±0.11 versus 1.0±0.08-fold; P<0.05). Thus,
it is likely that the increased infarct size observed represents, at least in part, an increased
susceptibility to apoptosis.

3.5 Bax upregulation is exaggerated in Rb-null myocytes with ischemia
Although dysregulated E2F activity is an obvious downstream target of the Cdk2-Rb pathway,
expression of a number of validated E2F-1 target genes involved in the control of apoptosis
were unchanged in Cdk2-null mice after exposure to I/R injury compared to wildtype mice
(Suppl. Fig. 2). To determine if the susceptibility of Rb-deficient myocytes to apoptosis in
response to I/R injury in vivo was related to altered expression of apoptotic regulatory proteins
we examined Bcl-2, BclXL, Bax and Bad in total ventricular lysates from CRb+/+ or CRbL/L

mice at baseline or after ischemia by quantifying the protein expression levels (Fig. 6A and
Suppl. Table 1). There were no statistically significant differences in expression of any
apoptotic proteins at baseline in CRb+/+ versus CRbL/L hearts. Expression of Bcl-2 and Bad
did not change significantly in CRb+/+ versus CRbL/L hearts after 30 minutes of ischemia.
Levels of BCLXL and Bax increased in both CRb+/+ and CRbL/L hearts after thirty minutes.
However, there was no difference in the induced levels of BCLXL in ischemic CRb+/+ versus
CRbL/L myocardium (1.47+0.05 versus 1.7+0.19; P=NS). In contrast, ischemia-induced levels
of Bax were significantly higher in CRbL/L versus CRb+/+ hearts (1.62+0.24 versus 1.15+0.07;
P<0.05, Fig. 6B).
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4. Discussion
Growing evidence suggests that cell cycle proteins, and Cdk2 activity in particular, are
reexpressed in dying cells and play a central role in the regulation of programmed cell death
(37–39). The data we have presented here establishes a similar role for Cdk2 and its
downstream targets in the regulation of myocardial I/R injury. It has been appreciated for some
time that myocardial ischemia in vivo (1) or hypoxia in vitro (2;3) results in an induction of
Cdk2 activity but this has often been interpreted as evidence of cell cycle reentry in cardiac
myocytes. Although increasing Cdk2 activity is sufficient to promote proliferation in many
cell types, this does not seem to be the case in adult cardiac myocytes, as increasing Cdk2
activity in adult cardiac myocytes was ineffective to provoke S phase entry (12). Although
apoptosis was a prominent feature of forced Cdk2 expression in cultured cardiac myocytes
(2), apoptosis rates were not reported in Cdk2-overexpressing mice although these mice were
more susceptible to left ventricular dysfunction in response to hypertrophic stimuli suggesting
there was at least a susceptibility to cardiac myocyte death (12). This is consistent with studies
demonstrating that enhanced Cdk2 activity could promote apoptotic cell death even when cell
cycle reentry was blocked (10). Thus, given the extensive data implicating the Cdk2-Rb
pathway in regulating apoptosis, it is likely that the effects of the interventions we described
on infarct size represents, at least in part, a modulation of apoptosis in the heart. Whether there
is also increased sensitivity to other forms of cell death is unknown.

Until recently, it was believed that Cdk2 and its activator CycE play essential roles in the
progression of the cell cycle. However, studies using knockout mouse models revealed that
neither Cdk2 (29;40) nor CycE (41;42) are essential in vivo. Loss of Cdk2 had a relatively
minor effect on progression through the mitotic cell cycle, phenotypically manifesting only as
delayed entry into S phase. One interesting interpretation of our data is that although Cdk2
appears to be dispensable for normal cell cycle progression (29), it plays a critical role in I/R-
dependent cell death signaling pathways. Its importance in mediating apoptosis is likely
developmentally and cell-type specific as Cdk2 is not required in vivo to induce apoptosis in
lymphocytes (43). This is the first in vivo evidence for a direct role of Cdk2 in cell death
pathways in the heart. The mechanisms by which re-activation of Cdk2 in postmitotic cardiac
myocytes could propagate an apoptotic signal to the cell death machinery are poorly
understood. The primary phosphorylation target of Cdk2 kinase, at least in cell cycle
progression, is the retinoblastoma protein (Rb). Our data demonstrating Rb is phosphorylated
in ischemic wildtype but not Cdk2-null myocardium suggests that Rb may be one of the main
targets of Cdk2 in I/R as well. Nonetheless, given the intense interest in developing
pharmacological inhibitors of Cdk2 for cancer treatment (37;44), targeting Cdk2 activity in
clinical situations where apoptotic pathways are activated such as myocardial infarction, may
prove beneficial.

A role for Rb in the regulation of apoptosis has been well established although this is the first
study to demonstrate a susceptibility to myocardial I/R injury in vivo. Widespread programmed
cell death was seen with germline deletion of Rb (19), but this was related to its role in
extraembryonic lineages since neurogenesis and erythropoiesis was normal and apoptosis
restricted with a wildtype placenta (20). CNS-specific excision of Rb in vivo did not provoke
significant apoptosis (21;45;46) and apoptosis Rb-null mice required concomitant hypoxia
(21). Overexpression of Rb can also attenuate hypoxia-induced apoptosis in cardiac myocytes
(8). Therefore, Rb’s normal physiological role in the heart might be to prevent apoptosis in
response to environmental stressors. While Rb is postulated to inhibit apoptosis in many cell
culture systems, this is the first evidence directly implicating Rb in cell survival in adult post-
mitotic myocardium. The present study demonstrates that cardiac-specific Rb-deficient mice
are more susceptible to myocardial I/R injury in vivo.
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We observed that Rb is phosphorylated on a known Cdk2 site, Ser-795, during myocardial
ischemia (Fig. 4A). This site was also phosphorylated during neuronal ischemia; however, the
authors concluded that this elevated Rb phosphorylation was dependent upon Cdk4 activity
(47). They demonstrated that inhibition of Cdk4, and its activator, cyclin D1, attenuates
neuronal cell death in an animal model of brain ischemic (47). Our data does not rule out either
an independent or potentially cooperative role for Cdk4 in mediating I/R injury in the heart.
In some settings CycD/Cdk4 complexes were critical for inducing Cdk2 activity and
proliferation; however, they were dispensable for apoptosis (48;49). We are currently
examining CycD/Cdk4 complexes in ischemic myocardium. Our studies exclude the
possibility that caspase-dependent inactivation of Rb plays a major role in the setting of I/R
injury, since mice with a mutated Rb gene preventing it from being cleaved by caspases showed
similar IFS as compared to wildtype mice (Suppl. Fig 1). This contrasts with the increased
susceptibility of Rb-MI mice to endotoxin-induced apoptosis (13). Although, even in this
model, the protective effects of Rb-MI were tissue specific suggesting that the mechanism of
inactivation of Rb with apoptotic inducers may be both signal- and cell type-dependent.

Several reports have suggested loss of Rb leads to apoptosis through E2F-dependent
mechanisms (17). E2F-1 deficient mice showed reduced brain injury after ischemic insult
(50) suggesting that E2F may also play a pivotal role in inducing cell death by apoptosis even
in post-mitotic tissue. E2F activity was also critical for hypoxia-induced apoptosis in cardiac
myocytes in vitro and Rb mutants that are unable to bind and inactivate E2F did not demonstrate
any protective effect (8). However, when we analyzed the expression of a number of candidate
E2F-1 target genes in Cdk2-null mice after exposure to I/R injury only the upregulation of
Cyclin E seemed to be significantly affected (Suppl. Fig. 2). Recently, it has been reported that
E2F-1’s proapoptotic effect in cardiac myocytes was mediated through the upregulation of
Bnip3 (51). However, similar to previous studies in adult myocytes (52), Bnip3 mRNA levels
were only induced 2.2-fold in wildtype ventricles after I/R, which was not significantly
different from Cdk2-deficient mice (Suppl. Fig. 2). The major difference we observed between
ischemic wildtype and Rb-deficient hearts was Bax levels. This finding is consistent with
reports on neuronal death in Rb-deficient mice where apoptosis in peripheral nervous system
was less dependent upon the E2Fs and also independent of p53 but dependent on Bax (53).
Although the mechanisms that link Rb and Bax are unclear, Bax plays a central role in
mediating cell death after myocardial I/R injury (54). Our data do not rule out a role for E2F-
dependent pathways in I/R injury in vivo but it does suggest that the downstream effectors
likely differ from those identified from in vitro models. We are presently exploring the exact
role of E2F in myocardial I/R injury in vivo and potential gene targets.

While our data suggest that Rb is a critical protective molecule in the heart and that Cdk2, most
likely through phosphorylation of Rb, is a key regulator of myocardial I/R injury several
potential limitations exist. Given the complexity of the transgenic lines described in the
manuscript it was not practical to backcross the different lines into a single strain. However,
although myocardial IFS is well known to be strain-dependent; comparison of groups within
a strain is valid (55). Further, although these data support a model where the Cdk2-Rb signaling
module plays an important role in regulating myocardial I/R injury through apoptotic pathways
we have not shown direct data implicating Rb as the critical and only relevant downstream
substrate of Cdk2. It is possible that additional Cdk2-dependent targets exist and we are
currently attempting to identify these factors. Nonetheless, these models should prove useful
to identify the mechanism(s) underlying Rb’s anti-apoptotic effect and the role of E2F activity
in this process. Apoptosis is known to play a pivotal role in a number of cardiovascular diseases
(56) and it will be critical in the future to determine the role that cell cycle regulators play in
this process.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Activation of Cdk2 kinase activity with ischemic injury
A. Western blots and Cdk2-associated kinase activity from protein lysates prepared from
NRVMs exposed to control or ischemia media (IM) for 45 minutes. Cdk2-associated kinase
activity was analyzed by immune complex kinase assays from 300µg of total protein lysates
from each of the indicated treatment groups. 32P-labeling of histones H1 was measured using
a standard Cdk2 kinase assay. Cdk2 activity in ischemia media treated NRVMs was increased
in comparison with standard media control (*P<0.05, n=3 reps). B. Cdk2-associated kinase
activity and Western blots were performed on protein lysates extracted from ventricular tissue
harvested at the indicated time points. C. Neonatal cardiac myocytes were isolated and infected
with the indicated virus and cultured in serum free media for 48 hours. Protein lysates were
prepared, and Western or Cdk assays performed. D. DNA was isolated from NRVMs infected
with the indicated virus and separated on a 1.2% agarose gel. E. Caspase-3 activity was
determined using a colorimetric assay on lysates prepared from infected NRVMs. Caspase-3
activity in AdCycE/Cdk2 infected NRVMs was increased when compared to uninfected control
or AdLacZ infected NRVMs (*P<0.001, n=3 reps).
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Figure 2. Inhibition of Cdk2 activity attenuates apoptosis and mitochondrial membrane
permeability transition in cardiac myocytes
A & B. Primary cultures of NRVMs were exposed to ischemia media (IM) for 45 minutes and
then returned to standard serum free media for the indicated reperfusion times. Roscovitine
(10 µM) was added 15 minutes before (Pre) or immediately after (Post) exposure to ischemia
medium. Cells were cultured an additional 2 hrs in serum-free media and then protein lysates
were prepared. Results of Cdk2 kinase assays are shown (A). TUNEL positive nuclei (A) and
DNA laddering (B) was reduced in NRVMs treated with Roscovitine (*P<0.001, n=3 reps).
C. NRVMs were isolated and infected with the indicated virus and cultured in serum free media
for 48 hours. NRVMs were labeled with mitochondrial dye, JC-1, and exposed to ischemia
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media (IM) for 45 minutes. Dncdk2 rescued ΔΨm in myocytes subjected to IM when compared
to control virus infected myocytes (*P<0.05, n=3 reps).
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Figure 3. Inhibition of Cdk2 activity with Roscovitine attenuates infarct size in vivo
C57/BL6 mice were subjected to 30-min coronary occlusion followed by 24h of reperfusion.
Mice were injected intraperitoneally two hours prior to ischemia (Pre) or 20 minutes after
coronary ligation (Post) with 2.8 µg/gm of Roscovitine or DMSO carrier. A. Representative
TTC-stained hearts from vehicle or pretreated hearts after I/R injury are shown. B. Cdk2 kinase
assays demonstrate reduced 32P-labeling of purified histones consistent with decreased Cdk2
activity in Roscovitine-treated hearts after I/R when compared to vehicle-treated hearts. IFS
in Pre- or Post-Roscovitine-treated mice were reduced compared to control vehicle-treated
mice (*P<0.001; n=6 per group).
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Figure 4. Cdk2-null mice demonstrate reduced infarct size in vivo and apoptosis
A. Western blots were performed on protein lysates extracted from ventricular tissue from
wildtype or Cdk2-null mice subjected to I/R injury. B. Wildtype or Cdk2-null mice were
subjected to I/R injury. Mean IFS sizes after 24 hours of reperfusion are shown. (*P<0.05 for
Cdk2+/+ versus Cdk2−/− IFS; n=5 per group). C. Immunofluorescent staining for TUNEL
(green) and cardiac-specific marker MF20 (red) was performed on myocardial sections from
wildtype or Cdk2-null mice subjected to I/R. D. The percentage of TUNEL positive nuclei was
quantified on myocardial sections from the indicated genotypes and treatments. The results
from examination of at least 3,500 nuclei per animal are shown. (*P<0.05 Cdk2+/+ after I/R
versus Cdk2+/+ or Cdk2−/− at baseline and P= 0.05 for Cdk2+/+ versus Cdk2−/− after I/R; n=4
per group).
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Figure 5. Ischemic injury is enhanced in Rb-null myocardium
A. Ventricular lysates from control (CRb+/+) or cardiac-restricted Rb-deficient (CRbL/L) mice
were probed for the indicated proteins. B. Representative TTC-stained hearts from CRb+/+ or
CRbL/L mice after I/R injury are shown. C. CRb+/+ or CRbL/L mice were subjected to ischemia
reperfusion injury. Mean IFS sizes after 24 hours of reperfusion are shown. (*P<0.001 for
CRbL/L versus CRb+/+ IFS; n=8 per group). D. The frequency of TUNEL positive myocyte
nuclei for each animal was determined by examining at least 7,500 myocardial nuclei. Caspase
3 activity was determined on ventricular lysates from ischemic CRb+/+ or CRbL/L mice and
the results shown. (*P<0.05 for CRbL/L versus CRb+/+, n=4 per group).
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Figure 6. Altered expression of apoptotic regulatory proteins in ischemic Rb-deficient hearts
A. Representative Westerns performed on ventricular lysates from the indicated mice. B.
Hearts from each genotype and condition were probed and the results were quantified using
enhanced chemiluminescence (*P<0.05 for ischemic CRb+/+ versus nonischemic CRb+/+

ventricles, **P<0.05 for ischemic CRbL/L versus nonischemic CRbL/L or ischemic CRb+/+

ventricles; n=4 per group).
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