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Abstract

 

D-type cyclin/cyclin-dependent kinase (CDK) complexes

regulate transit through the restriction point of the cell cy-

cle, and thus are required for the initiation of DNA synthe-

sis. Transgenic mice which overexpress cyclin D1 in the

heart were produced to determine if D-type cyclin deregula-

tion would alter myocardial development. Cyclin D1 over-

expression resulted in a concomitant increase in CDK4 lev-

els in the adult myocardium, as well as modest increases in

proliferating cell nuclear antigen and CDK2 levels. Flow cy-

tometric and morphologic analyses of dispersed cell prepa-

rations indicated that the adult transgenic cardiomyocytes

had abnormal patterns of multinucleation. Histochemical

analyses confirmed a marked increase in number of cardio-

myocyte nuclei in sections prepared from the transgenic

mice as compared with those from control animals. Triti-

ated thymidine incorporation analyses revealed sustained

cardiomyocyte DNA synthesis in adult transgenic hearts.

(

 

J. Clin. Invest.

 

 1997. 99:2644–2654.) Key words: cardiomy-

ocyte terminal differentiation 

 

• 

 

cardiac regeneration

 

Introduction

 

Cardiomyocyte death with an ensuing loss of myocardial func-
tion is observed in many forms of cardiovascular disease. This
pathophysiologic process might be partially abated if the sur-
viving myocardium retained even a limited ability to prolifer-
ate. However, it is clear that the proliferative potential of adult
mammalian cardiomyocytes (as approximated by studies mon-
itoring DNA synthesis) is quite limited. For example, the
cardiomyocyte labeling index in normal adult hearts was
observed to be 

 

,

 

 0.006% when using tritiated thymidine in-
corporation assays with transgenic mice expressing a cardio-
myocyte-restricted 

 

b

 

-galactosidase (

 

b

 

GAL)

 

1

 

 reporter to mark
cardiomyocyte nuclei (1). No changes in cardiomyocyte label-

ing indices were observed after either myocardial infarction
(1) or pharmacologically induced hypertrophy (2), consistent
with the absence of significant myocardial regeneration in the
mouse. Although the absolute frequency of cardiomyocyte
DNA synthesis in other species less amenable to genetic ma-
nipulation is somewhat more controversial (for review see ref-
erence 3), it is generally agreed that the mammalian myocar-
dium lacks a significant capacity for regenerative growth (for
review see reference 4).

Given the therapeutic potential of regenerative myocardial
growth, considerable effort has been invested to develop strat-
egies to induce cardiomyocyte proliferation. Preliminary ef-
forts towards this end monitored the effects of various growth
factors on cultured cardiomyocytes. Although numerous fac-
tors have been shown to augment cardiomyocyte DNA syn-
thesis in vitro (5), no factors examined to date have been able
to induce sustained proliferation of differentiated cardiomyo-
cytes in fetal or adult cultures. With the advent of gene trans-
fer techniques, it has become possible to test the ability of a
specific gene product to augment myocardial proliferation
both in vitro and in vivo. For example, retroviral transfection
of v-

 

myc

 

 resulted in the formation of cardiac rhabdomyosarco-
mas in chick embryos (6), and in sustained proliferation of cul-
tured fetal rat cardiomyocytes (7). In contrast, transgenic mice
which expressed high levels of c-

 

myc

 

 in the heart exhibited
only mild developmental hyperplasia which resulted in an ap-
proximately twofold increase in cardiomyocyte number, but
not in sustained cardiomyocyte proliferation (8, 9). In other
studies, primary cultures of neonatal cardiomyocytes prepared
from transgenic mice expressing an IGF-1B transgene exhib-
ited enhanced BrdU incorporation as compared with their
nontransgenic controls (10). Viral transfection of the E1A on-
coprotein induced cardiomyocyte DNA synthesis (and, in the
absence of E1B cotransfection, apoptosis) in primary cultures
of neonatal rat cardiomyocytes (11). In contrast, overt cardio-
myocyte proliferation in vitro and tumorigenesis in vivo have
been observed in response to targeted SV40 T antigen expres-
sion in primary cardiomyocyte cultures and in transgenic models,
respectively (for reviews see references 12 and 13). Although
these studies clearly have indicated that forced expression of
cellular protooncogenes or transforming oncogenes from DNA
tumor viruses can promote cardiomyocyte DNA synthesis, and
in some instances proliferation, progress on the identification
of genes which might be useful to induce regenerative growth
has been slow.
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Abbreviations used in this paper:

 

 CDK, cyclin-dependent kinase;
cTnT, cardiac troponin-T; 

 

b

 

-Gal, 

 

b

 

-galactosidase; MHC, myosin
heavy chain; PCNA, proliferating cell nuclear antigen; RB, retino-
blastoma gene product; RT-PCR, reverse transcriptase-PCR; X-GAL,
5-bromo-4-chloro-3-indolyl-

 

b

 

-

 

d

 

-galactoside.
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Progression through the mammalian cell cycle is regulated
at several checkpoints. This highly orchestrated cascade en-
sures that all requisite activities (i.e., genome reduplication,
DNA repair, chromosome segregation, etc.) are completed be-
fore initiation of the next step of the cell cycle. Additionally,
the presence of multiple checkpoints can provide a mechanism
for the identification and subsequent elimination of aberrantly
growing (i.e., neoplastic) or genetically compromised cells. Tran-
sition through the various checkpoints is regulated in part by
the activity of a family of protein kinases (the cyclin-depen-
dent kinases or CDKs) and their activating partners (the cy-
clins). In most instances, initiation of DNA synthesis requires
transit through the so-called restriction point, which is at the
G1

 

→

 

S boundary of the cell cycle. Transit through the restric-
tion point is largely regulated by CDK4 and the D-type cyclins
(for reviews see references 14 and 15). The importance of
D-type cyclins in cell cycle regulation is underscored by the ob-
servation that translocations involving the cyclin D1 locus are
associated with tumorigenesis in humans.

Previous transgenic experiments have suggested that the
cellular phenotypes resulting from cyclin D1 deregulation are
largely dependent upon the targeted cell lineage. For example,
expression of an MMTV-LTR-cyclin D1 transgene led to con-
stitutive mammary hyperplasia (16). Multifocal lesions and oc-
casional metastasis were observed in older transgenic mice,
suggesting a requirement for additional genetic events for
overt tumorigenesis to occur. In contrast, no lymphocyte hy-
perplasia was observed in mice carrying an E

 

m

 

-cyclin D1
transgene (17). However, mice carrying both E

 

m

 

-cyclin D1
and E

 

m

 

-myc transgenes exhibited accelerated lymphoma for-
mation as compared with mice with the E

 

m

 

-myc transgene
alone (17, 18), once again indicating that cyclin D1 deregula-
tion can cooperate with other genetic events to promote overt
tumorigenesis.

This study represents an initial pragmatic effort to test candi-
date genes which may participate in the regulation of cardio-
myocyte DNA synthesis. Transgenic mice which constitutively
overexpressed cyclin D1 in the myocardium were produced in
order to test the impact of selected D-type cyclin deregulation
on cardiomyocyte terminal differentiation. Cyclin D1 overex-
pression resulted in a concomitant increase in CDK4 levels in
the adult myocardium. Flow cytometric and morphometric anal-
yses revealed abnormal patterns of cardiomyocyte multinucle-
ation in the transgenic mice. Thymidine incorporation assays
indicated that cyclin D1 overexpression was able to program
sustained cardiomyocyte DNA synthesis in adult transgenic
hearts. The potential implications of these results on therapeu-
tic myocardial regeneration are discussed.

 

Methods

 

Generation of the MHC-CYCD1 fusion gene.

 

The MHC-CYCD1 trans-
gene was constructed using the transcriptional regulatory sequences
of the mouse 

 

a

 

-cardiac myosin heavy chain (MHC) gene and se-
quences encoding the mouse cyclin D1 (CYCD1) protein (see Fig. 2).
The MHC promoter consisted of 4.5 kb of 5

 

9

 

 flanking sequence and
1 kb of the gene encompassing exons 1–3 up to but not including the
initiation codon (19). The CYCD1 sequences were generated by re-
verse transcriptase-polymerase chain reaction (RT-PCR) amplifica-
tion of mouse heart RNA as described (20). The sense primer was lo-
cated at nucleotide residues 158–187 of the mouse cyclin D1 cDNA
(21); the sequence of the primer was 5

 

9

 

-GGCGGCCGCCAGACC-
ACAGCCCTCCCCAGACGGCCGCGCC-3

 

9

 

. The antisense primer

was located at nucleotide residues 1046–1075 of the mouse cDNA
(21); the sequence of the primer was 5

 

9

 

-GGGTACCCTCAGCT-
GTCCACATCTCGCACGTCGGTGGG-3

 

9

 

. NotI (5

 

9

 

) and KpnI (3

 

9

 

)
restriction sites were incorporated into the amplification primers to
facilitate subsequent subcloning. The resulting 930-bp amplification
product was subcloned with the TA vector cloning system (Invitro-
gen, San Diego, CA) according to the manufacturer’s protocols. The
integrity of the cyclin D1 cDNA was confirmed by sequence analysis;
the cyclin D1 nucleic acid sequence and deduced amino acid se-
quence were identical to those reported previously for the mouse
(21). The SV40 early region transcription terminator/polyadenylation
site (nucleotide residues 2586–2452, reference 22) was inserted down-
stream from the CYCD1 cDNA insert.

 

Generation of MHC-CYCD1 transgenic mice and myocardial pa-

thology models.

 

The MHC-CYCD1 plasmid was digested with XhoII
and HinDIII and the insert purified from an agarose gel using
Geneclean glass beads (Bio 101, Vista, CA). Purified insert DNA was
microinjected into inbred C3HeB/FeJ (The Jackson Laboratory, Bar
Harbor, ME) zygotes using standard methodologies (23). The micro-
injected embryos were cultured in vitro to the two cell stage, and then
reimplanted into pseudopregnant SW/Taconic (Taconic Farms, Ger-
mantown, NY) female mice. For all surgeries, mice were anesthetized
with 2.5% Avertin (0.015 ml/g body weight, intraperitoneally; Fluka
Chemical Corp., Ronkonkoma, NY). All manipulations were per-
formed according to NIH and Institutional Animal Care and Use Guide-
lines. Pups derived from the microinjected embryos were screened
for the presence of the transgene using diagnostic PCR amplification
as described (24). Positive animals were then used to establish lin-
eages of transgenic mice. The lineages were maintained in a DBA/2J
genetic background (The Jackson Laboratory).

Myocardial hypertrophy was induced by isoproterenol infusion
with Alzet minipumps in adult C3Heb/FeJ male mice (7–8 wk old) as
described previously (minipump model 2001; Alza Corp., Palo Alto,
CA; flow rate of 1 

 

m

 

l/h, 0.028 g/ml isoproterenol, reference 25).
Hearts were harvested after 7 d of isoproterenol infusion and pro-
cessed for either RNA or protein isolation (see below). Cardiac hy-
pertrophy was confirmed by image analysis of dispersed cell prepara-
tions from randomly selected hearts (41% increase in cardiomyocyte
cross sectional area) as described (25). For acute myocardial over-
load, the upper third of the abdominal aorta of adult C3Heb/FeJ mice
(males, 7–8 wk old; The Jackson Laboratory) was exposed through a
midline abdominal incision and the vessel was occluded with a pair of
hemostats. The occlusion resulted in a stable increase of pressure
(40.3

 

6

 

3.9 mmHg, 

 

6

 

SE; 

 

n

 

 

 

5

 

 8). Hearts were harvested 60 min after
occlusion and processed for either RNA or protein isolation.

 

Western blot analyses.

 

Hearts were homogenized in NP-40 buffer
(150 mM NaCl, 5 mM EDTA, 50 mM Tris-HCl, pH 8.0, 1 

 

m

 

g/ml apro-
tinin, 1 

 

m

 

g/ml pepstatin, 1 

 

m

 

g/ml leupeptin, 50 

 

m

 

g/ml TLCK, 50 

 

m

 

g/ml
PMSF, 100 

 

m

 

g/ml TPCK, 1% vol/vol NP-40). The homogenate was
cleared by centrifugation at 40,000 

 

g

 

 for 10 min, and the protein con-
tent of the supernatant was quantitated using a commercial assay
(Bio-Rad, Richmond, CA). Samples were separated by size on 12%
polyacrylamide gels under denaturing conditions as described (26),
and electroblotted to nitrocellulose (Hoefer Scientific, San Francisco,
CA) membranes as described (27). The filters were stained with 0.1%
naphthol blue-black in 45% methanol and 10% acetic acid to assess
the efficiency of transfer. For Western analysis, nonspecific binding
was blocked by incubation in block buffer (5% nonfat dry milk, 3%
BSA, 0.1% Tween, 1

 

3

 

 PBS) for 2 h at room temperature. The anti-
bodies used in this study were: anti–cyclin D1 (#sc-450); anti–cyclin
D3 (#sc-182); anti-CDK4 (#sc-260); anti–proliferating cell nuclear an-
tigen (anti-PCNA) (#sc-056), anti-CDK2 (#sc-163); anti-cdc2 (#sc-54;
all from Santa Cruz Biotechnology, Santa Cruz, CA). In all cases, sig-
nal was visualized by the ECL method according to the manufac-
turer’s protocol (Amersham, Arlington Heights, IL).

 

Northern blot and RT-PCR analyses.

 

Tissue samples were ho-
mogenized with a polytron in 4.0 M guanidinium thiocyanate, 1% 

 

b

 

-mer-
captoethanol, and total RNA purified by centrifugation through 5.7 M
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CsCl as described (28). RNA samples were quantitated by spectro-
photometry at 260 nm. For Northern analysis, total RNA (10 

 

m

 

g) was
denatured with glyoxal, separated by size on 1.2% agarose gels, and
transferred to Genescreen (DuPont-Merck Pharmaceutical Co.,
Wilmington, DE) as previously described (25). Probes were radio-
labeled by nick translation or with polynucleotide kinase using stan-
dard protocols (28). Hybridizations were for 20 h at 65

 

8

 

C for cDNA
probes or at 55

 

8

 

C for oligonucleotide probes in 4

 

3

 

 SSC, 2

 

3

 

 Den-
hardt’s, 0.1% SDS, and 1 mg/ml salmon sperm DNA. Blots were
washed at 65

 

8

 

C in 2

 

3

 

 SSC, 0.1% SDS, and signal visualized by auto-
radiography at 

 

2

 

70

 

8

 

C with an intensifying screen. 20

 

3

 

 SSC is 3 M
NaCl, 0.3 M sodium citrate, pH 7.0; 20

 

3

 

 Denhardt’s is 0.4% (wt/vol)
polyvinylpyrolidone, 0.4% (wt/vol) serum albumin, 0.4% (wt/vol) Fi-
coll. The probes used were as follows: CYCD1 cDNA (nucleotide
residues 158–1075, reference 21); CYCD2 cDNA (nucleotide resi-
dues 267–1152, reference 29); CYCD3 cDNA (nucleotide residues
163–1047, reference 30); 

 

a

 

-cardiac MHC oligonucleotide (5

 

9

 

-CGA-
ACGTTTATGTTTATTGTGGATTGGCCACAGCGAGGGTCTG-
CTGGAGAGG-3

 

9

 

, reference 31); 

 

b

 

-cardiac MHC oligonucleotide
(5

 

9

 

- GCTTTATTCTGCTTCCACCTAAAGGGCTGTTGCAAAGG-
CTCCAGGTCTGAGGGCTTC-3

 

9

 

, reference 31); ANF cDNA (nu-
cleotide residues 1–691, reference 32). In all experiments, the integ-
rity of the RNA samples was established by staining the Northern
blots with methylene blue as described (28) and/or by Northern anal-
ysis with a mouse 18S rRNA probe (5

 

9

 

-TCCATTATTCCTAGT-
GCGGTATCCAGGAGGATCGGGCCTGCTTT-3

 

9

 

, reference 33).
For assessment of cardiac troponin-T (cTnT) isoform expression,

first strand cDNA synthesis was performed with 70 ng of total RNA
and 100 pmol of random primers in a total volume of 10 

 

m

 

l of 1

 

3

 

PCR (50 mM KCl, 10 mM Tris-HCl, pH 7.5, 1.5 mM MgCl

 

2

 

), 1 mM
each dNTP, 10 U RNAsin (Promega, Madison, WI), and 10 U AMV
reverse transcriptase (Boehringer Mannheim Biochemicals, India-
napolis, IN) at 42

 

8

 

C for 60 min. The volume was then adjusted to 50 

 

m

 

l
with 1

 

3

 

 PCR containing 0.3 

 

m

 

g of the sense and antisense oligonucle-
otide primers, and 

 

Taq

 

 polymerase (1 U, 

 

Amplitaq

 

, Perkin-Elmer
Corp., Norwalk, CT). The mixture was overlaid with oil and amplified
at 94

 

8

 

C (1 min) to 66

 

8

 

C (2 min) to 72

 

8

 

C (3 min) over 35 cycles. The
primers used (sense primer 5

 

9

 

-GTGGTGGAGGAGGAACAG-3

 

9

 

; anti-
sense primer 5

 

9

 

-TGGACCATCTTCAGCATCTCTGGC-3

 

9

 

) spanned
a region of the cTnT gene which is alternatively spliced in embry-
onic (amplification product of 198 bp) and adult (amplification prod-
uct of 168 bp) hearts (34). After amplification, the products were ana-
lyzed by Southern blotting using a radiolabeled probe corresponding
to internal cTnT sequences (5

 

9

 

-GGACCAACCTCTTCTGCC-
TTGTC-3

 

9

 

).

 

Immune precipitations.

 

Hearts were homogenized in NP-40 buf-
fer and processed as described above. For immune precipitation, ho-
mogenate (1 mg) was preadsorbed with protein A–Sepharose beads
(50 

 

m

 

l of a 90 mg/ml suspension, Pharmacia Biotech., Piscataway, NJ)
for 30 min at 4

 

8

 

C. The beads were removed by centrifugation, and the
preadsorbed homogenate was reacted with 1 

 

m

 

g of antibody in a final
adjusted volume of 1 ml (with NP-40 buffer). The mixture was incu-
bated with rocking for 1 h at 4

 

8

 

C. 50 

 

m

 

l of protein A beads was added
and the incubation was continued for an additional 30 min. Immune
complexes were collected by centrifugation (3,000 

 

g

 

, 3 min, 4

 

8

 

C),
washed three times with PBS buffer, and eluted in SDS-PAGE
loading buffer for 10 min at 95

 

8

 

C. Samples were resolved on 12%
SDS-PAGE gels using standard protocols (26). The samples were
electroblotted to nitrocellulose and subjected to Western analyses as
described above.

 

Dispersed cardiomyocyte preparations and flow cytometry analy-

ses.

 

Dispersed cardiomyocyte preparations were generated by retro-
grade perfusion with collagenase as previously described (2). Briefly,
animals were heparinized (10 ml/kg, intraperitoneally, Sigma Chemi-
cal Co., St. Louis, MO) 

 

z

 

 30 min before being killed by cervical dislo-
cation. Hearts were removed, trimmed under a dissecting micro-
scope, hung by the aorta on 26 gauge cannulae, and perfused with
PBS (0.5 ml/min at 37

 

8

 

C) containing 0.17% collagenase (type I; Wor-

thington Biochemical, Freehold, NJ). Hearts were perfused until flac-
cid (45–60 min), and ventricular cells were obtained by removing the
lower 75% of the heart, mincing the tissue with scissors, and then trit-
urating with a Pasteur pipette. To monitor nuclear morphology, cell
suspensions were fixed in several volumes of 10% neutral buffered
formalin for 1 h and smeared onto positively charged slides (Super-
frost Plus; Fisher Scientific Co., Pittsburgh PA). After drying, the
cells were stained with DAPI (0.28 

 

m

 

M in PBS, 3 min at room tem-
perature; Boehringer Mannheim) and visualized by fluorescent mi-
croscopy.

For flow cytometry analysis, aliquots of 

 

z

 

 200,000 cells in 1 ml of
PBS were incubated with 500 

 

m

 

l of RNAse (12 

 

m

 

g/ml in PBS; Boeh-
ringer Mannheim) and 500 

 

m

 

l propidime iodine (50 

 

m

 

g/ml in PBS,
Sigma Chemical Co.) at room temperature for 30 min. Samples were
then analyzed on a FACScan

 

®

 

 (Becton Dickinson, San Jose, CA).
60,000 cells were counted in a normal DNA acquisition mode. Data
were analyzed on a Macintosh PC using Cell Quest software (Becton
Dickinson). In preliminary experiments aimed at validating the flow
cytometric analyses, dispersed cell suspensions were prepared from
fetal, neonatal, and adult nontransgenic hearts. The samples were
then analyzed simultaneously by flow cytometry and by direct visual-
ization under the microscope as described above for cardiomyocyte
morphometric analyses. Under the conditions used, cardiac fibro-
blasts and cardiomyocytes were readily distinguished based on mor-
phologic differences (2). By correlating the changes in flow cytomet-
ric profiles with those observed for cardiomyocyte multinucleation in
fetal, neonatal, and adult animals, the identity of the cell types con-
tributing to the various peaks in the flow cytometric analyses was
readily established. The observation that the content of mono- versus
binucleated cells as assessed by the flow cytometric analysis (86.2 vs.
13.8%) in control animals agreed well with those values obtained by
visual scoring of similar dispersed cell preparations (85.8 vs. 14.2%,
reference 35) further validated the assay.

 

Assessment of cardiomyocyte DNA synthesis.

 

Cardiomyocyte la-
beling indices were determined using a high throughput thymidine in-
corporation assay (1). MHC-CYCD1 line 21 mice were crossed with
MHC-nLAC mice. The MHC-nLAC mice express a nuclear localized

 

b

 

GAL reporter exclusively in cardiomyocytes (36). Mice from this
cross carrying either the MHC-nLAC transgene alone or both the
MHC-nLAC and MHC-CYCD1 transgenes were identified and se-
questered. To monitor DNA synthesis the control (MHC-nLAC) and
experimental mice (MHC-nLAC/MHC-CYCD1 double transgenic
mice) received a single injection of [

 

3

 

H]thymidine (200 

 

m

 

Ci, intraperi-
toneally, at 28 Ci/mM; Amersham), and were killed 4 h later. The
hearts were removed, cryoprotected in 30% sucrose, and embedded
and sectioned at 10 

 

m

 

m using standard histologic techniques (37). The
sections were postfixed in acetone/methanol (1:1) and overlaid with 1
mg/ml 5-bromo-4-chloro-3-indolyl-

 

b

 

-

 

d

 

-galactoside (X-GAL), 5 mM
potassium ferricyanide, 5 mM potassium ferrocyanide, and 2 mM
magnesium chloride in PBS. The sections were counterstained with
DAPI and washed three times in PBS. After drying, stained slides
were coated with photographic emulsion (Ilford L.4, Polysciences,
Warrington, PA) diluted 1:1 with water, drained, and placed in a
light-tight box for 1 wk at 4

 

8

 

C. Slides were then developed in Kodak
D-19 (Eastman Kodak, Rochester, NY) for 4 min, washed in water,
and fixed in 30% sodium thiosulfate for at least 4 min. Slides were
further processed by washing in H

 

2

 

O and by dehydration through
graded ethanols and xylene, followed by application of a coverslip.
Cardiomyocyte DNA synthesis was scored by the colocalization of

 

b

 

GAL activity (blue staining) and silver grains.

 

Results

 

Given their central role in the initiation of DNA synthesis, the
relative levels of the D-type cyclins were monitored during
myocardial development. In preliminary Northern blot analy-
ses cyclin D1, D2, and D3 mRNAs were readily detected in fe-
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tal hearts (Fig. 1 

 

A

 

). In each case, the levels of D-type cyclin
mRNA were increased in neonatal hearts, and all were mark-
edly decreased in adult hearts (Fig. 1 

 

A

 

). Western blot analyses
were performed to monitor D-type cyclin protein level at the
same stages of development. Interestingly, the levels of both
cyclin D1 and cyclin D3 protein were high in the fetal heart,
somewhat lower in neonatal hearts, and dramatically reduced
in adult hearts (Fig. 1 

 

B

 

). The cardiomyocyte labeling indices
(i.e., the percentage of cells undergoing DNA synthesis) at
these approximate times of development were 26.3

 

6

 

0.75% (em-
bryonic day 15), 2.8

 

6

 

0.85% (neonatal day 1), and 

 

,

 

 0.0005%
(adult, reference 35). No significant increases in cyclin D1 or D3
protein were observed in hearts with isoproterenol-induced
hypertrophy or after 2 h of acute myocardial overload (Fig. 1

 

B

 

). These results underscore the importance of assessing pro-
tein levels, as the amount of cyclin D1 protein in fetal hearts
was discordant with the mRNA levels. Unfortunately, the
commercially available anti–cyclin D2 antibodies failed to
react with homogenate prepared from fetal mouse hearts,
thereby precluding assessment of cyclin D2 protein levels dur-
ing cardiac development.

The temporal pattern of expression observed for cyclin D1
and cyclin D3 protein levels was consistent with a potential
role in cardiomyocyte DNA synthesis. In this study, transgenic
mice which constitutively express cyclin D1 in the heart were
generated in order to directly examine the potential impact on
the cardiomyocyte cell cycle. The transgene (designated MHC-
CYCD1, Fig. 2) consisted of the mouse 

 

a

 

-cardiac myosin
heavy chain promoter and a cDNA encoding the mouse cyclin
D1 gene product. 24 transgenic mice were identified when 72
pups derived from microinjected embryos were screened. No
obvious morbidity was apparent in the MHC-CYCD1 founder
mice. Eight mice randomly selected and placed in breeding
cages ultimately gave rise to six transgenic lineages. Three of

these lineages were selected for detailed analysis. Transgene
expression was initially established by Western blot analyses
(Fig. 3). High levels of cyclin D1 protein were present in the
hearts of adult transgenic mice from MHC-CYCD1 lines 7, 12,
and 21. Western blot analyses failed to detected elevated cy-
clin D1 levels in all other tissues examined, consistent with the
previously described myocardial specificity of the 

 

a

 

-cardiac
myosin heavy chain promoter (Koh, G.Y., unpublished data;
19, 36).

Expression of several other cell cycle regulatory proteins
was monitored in the hearts of adult MHC-CYCD1 transgenic
mice. Cyclin D3 protein levels were not altered by the pres-
ence of the MHC-CYCD1 transgene (Fig. 3). In contrast, ex-
pression of CDK4 was elevated in the MHC-CYCD1 trans-
genic hearts as compared with nontransgenic controls. This

Figure 1. Cardiac D-type cyclin expres-
sion. (A) Northern blot analyses of cyclin 
D1, D2, and D3 in RNA prepared from 
embryonic day 15 (E), neonatal day 1.5 
(N), or adult (A) hearts. The quantity and 
quality of the RNAs were established by 
staining the blots with methylene blue
(Total RNA). (B) Western blot analysis for 
cyclin D1 and cyclin D3 expression in pro-
tein prepared from embryonic day 15 (E), 
neonatal day 1.5 (N), or adult (A) hearts. 
Protein prepared from adult hearts with 
isoproterenol-induced hypertrophy (H)
or acute aortic overload (O) was also ex-
amined.

Figure 2. Structure of the MHC-CYCD1 transgene. The MHC pro-
moter consisted of 4.5 kb of 59 flanking sequence and 1 kb of the gene 
encompassing exons 1–3 up to but not including the initiation codon. 
The cyclin D1 cDNA encompasses nucleotide residues 158–1075. The 
SV40 early region transcription terminator (nucleotide residues 
2586–2452) was inserted downstream from the cyclin D1 cDNA.
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finding was of particular interest as cyclin D1 is an activating
partner of CDK4, which in turn is the principal cyclin-depen-
dent kinase at the G1→S cell cycle checkpoint. In nontrans-
genic animals, CDK4 was expressed at high levels in embry-
onic hearts, at lower levels in neonatal hearts, and at very low
levels in adult hearts (Fig. 3). PCNA is a component of the
DNA replication fork, and is required for both DNA synthesis
and repair. PCNA is also known to bind to the CDK4/cyclin
D1 complex (38). A modest increase in PCNA levels was ob-
served in the hearts of adult MHC-CYCD1 transgenic mice
(Fig. 3). In nontransgenic animals, PCNA was expressed at
high levels in embryonic and neonatal hearts, but only at very
low levels in adult hearts. Expression of CDK2 and cdc2 was
also monitored. CDK2 functions late in the G1→S cell cycle
checkpoint, while cdc2 functions primarily at the G2→M cell
cycle checkpoint. CDK2 protein levels were observed to be
slightly upregulated in the hearts of the transgenic mice, while
cdc2 protein was not detectable.

To determine if cyclin D1 and CDK4 form a stable com-
plex in the myocardium, total protein, anti-p53 immune com-
plex, and anti–cyclin D1 immune complex were prepared from
the hearts of embryonic nontransgenic mice, from the hearts of
MHC-CYCD1 adult transgenic mice, and from the hearts of
adult nontransgenic mice. The samples were displayed on a
polyacrylamide gel, transferred to nitrocellulose, and probed
with an anti-CDK4 antibody. As expected, a strong CDK4 sig-
nal was observed in the total protein and in the anti–cyclin D1
immune complex samples prepared from embryonic nontrans-
genic hearts (Fig. 4). In contrast, no CDK4 signal was observed

in the anti-p53 immune complex sample, which served as a
negative control. Thus, cyclin D1/CDK4 complex is present in
embryonic hearts. Similarly, a strong CDK4 signal was ob-
served in the total protein sample and in the anti–cyclin D1 im-
mune complex sample prepared from the transgenic animals,
indicating the presence of cyclin D1/CDK4 complex in the
adult MHC-CYCD1 hearts (Fig. 4). In contrast, only very low
levels of cyclin D/CDK4 complex were detected in the non-
transgenic adult hearts.

The data presented above indicated that several compo-
nents of the cell cycle regulatory cascade necessary for transit
through the restriction point of the cell cycle (namely cyclin
D1, CDK4, PCNA) were expressed in the hearts of adult
MHC-CYCD1 transgenic mice. Flow cytometry was used to
determine if cyclin D1 deregulation impacted on the DNA
content of adult transgenic cardiomyocytes. The assay used
dispersed cell preparations, and took advantage of the fact that
terminally differentiated cardiomyocytes are multinucleated,
whereas other cells present in the adult heart are mononucle-
ated. Flow cytometric analysis of dispersed cell preparations
from normal adult mouse hearts revealed the presence of two
prominent populations of cells (Fig. 5 A). The first population
of cells exhibited a DNA content equivalent to 2C, and the
second population of cells exhibited a DNA content equiva-
lent to 4C. Comparative analyses of data obtained by flow cy-
tometry to that obtained by direct visualization of dispersed
cell preparations established that the 2C peak was comprised
predominately of mononucleated fibroblasts whereas the 4C
peak was comprised predominately of binucleated cardiomyo-
cytes (see Methods). Smooth muscle cells and mononucleated
cardiomyocytes were presumably also present in the 2C peak
(mononucleated cells comprise 5% of the total cardiomyocyte
population, reference 2). A small population of cells with a
DNA content equivalent to 6C (trinucleated cardiomyocytes)
was also detected by this assay in nontransgenic adult hearts.

Figure 3. Cell cycle regulatory gene expression in MHC-CYCD1 
transgenic mice. Protein or RNA was prepared from the hearts of 
adult mice from MHC-CYCD1 lines 7, 12, and 21. Control samples 
from nontransgenic embryonic, neonatal, and adult mice are included 
for comparison. Western blot analyses for cyclin D1, cyclin D3, 
CDK4, PCNA, CDK2, and cdc2 expression are shown. Note the in-
creased expression of cyclin D1 and CDK4 in the samples from the 
transgenic mice.

Figure 4. Cyclin D1/CDK4 complex is present in the hearts of adult 
MHC-CYCD1 transgenic mice. Total protein, anti-p53 immune com-
plex, and anti–cyclin D1 immune complex from embryonic nontrans-
genic, adult transgenic (line MHC-CYCD1-21), and adult nontrans-
genic hearts were displayed on polyacrylamide gels, transferred to 
nitrocellulose, and probed with an anti-CDK4 antibody. Cyclin D1/
CDK4 complex was present in nontransgenic embryonic hearts and 
in MHC-CYCD1 adult transgenic hearts, but not in nontransgenic 
adult hearts.
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Dispersed cell preparations from MHC-CYCD1 lines 7, 12,
and 21 were analyzed with the flow cytometry assay. Once
again, populations of cells with DNA content equivalents of
2C and 4C (mononucleated cells and binucleated cardiomyo-
cytes, respectively) were present. In addition, a very promi-
nent population of cells with a DNA content equivalent of 8C
was present in each transgenic heart (Fig. 5, B–D). This popu-
lation of cells comprised as much as 60% of the cardiomyo-
cytes present in the hearts of adult MHC-CYCD1 transgenic
mice. Dispersed cell preparations from MHC-CYCD1 line 21
transgenic hearts were stained with DAPI and visualized di-
rectly in order to determine if the elevated DNA content rep-
resented an increase in cardiomyocyte nuclear ploidy, or alter-
natively if there was an increase in the number of nuclei
present in the cardiomyocytes. Microscopic analysis of the dis-
persed cell preparations revealed the presence of essentially
normal appearing binucleated cardiomyocytes (Fig. 6 A), as
well as cardiomyocytes with abnormal nuclear content. For ex-
ample, cardiomyocytes with apparently partially replicated nu-
clei (Fig. 6, B and D, arrows) were readily observed. Other
cells with abnormally long nuclei suggestive of nuclear replica-
tion in the absence of karyokinesis (Fig. 6, D–F, arrowheads)
were also seen. The rather broad 8C peaks observed by flow
cytometry analyses (Fig. 5, B–D) were probably attributable to

the cardiomyocytes with abnormal nuclear content. Numerous
relatively normal appearing tetra- and pentanucleated cardio-
myocytes were also observed in the dispersed cell preparations
from the transgenic hearts (Fig. 6, C and G).

The flow cytometry and isolated cell morphometry analy-
ses indicated that cyclin D1 deregulation can augment cardio-
myocyte DNA content and/or nuclear number. A thymidine
incorporation assay (1) was used to determine if cardiomyo-
cyte DNA synthesis persisted in the adult transgenic animals.
This assay used a second transgenic mouse model (designated
MHC-nLAC) which expresses a nuclear-localized bGAL re-
porter gene exclusively in the myocardium (36). Accurate car-
diomyocyte tritiated thymidine labeling indices can be readily
obtained with these animals simply by screening for colocaliza-
tion of bGAL activity and silver grains in autoradiographs of
X-GAL–stained heart sections (1). To monitor the effect of cy-
clin D1 overexpression on cardiomyocyte DNA synthesis,
MHC-CYCD1 line 21 mice were crossed with MHC-nLAC
mice, and animals carrying either the MHC-nLAC transgene
alone or both the MHC-nLAC and the MHC-CYCD1 trans-
genes were identified and sequestered. When the mice reached
three mo of age, they received a single injection of tritiated
thymidine and were killed 4 h later. The hearts were removed,
sectioned, stained with X-GAL, and processed for autoradiog-

Figure 5. Flow cytometry analysis of dis-
persed cell preparation from the hearts of 
adult nontransgenic or MHC-CYCD1 
transgenic mice. Dispersed cell prepara-
tions were generated by retrograde colla-
genase perfusion of nontransgenic and 
MHC-CYCD1 line 7, 12, and 21 adult 
hearts. The cells were stained with propi-
dime iodine and analyzed on a Becton 
Dickinson FACScan®. 60,000 cells were 
counted for each sample. The relative posi-
tions of 2C, 4C, 6C, and 8C chromosome 
equivalents are indicated. Insets show non-
scaled plots of the flow cytometry profiles.
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raphy. Comparison of low-power views of the control (MHC-
nLAC) and experimental (MHC-nLAC/MHC-CYCD1) mice
clearly revealed an increased number of cardiomyocyte nuclei
in the ventricles of mice overexpressing cyclin D1 (Fig. 6, H
and I), consistent with the results obtained by the flow cytome-
try and dispersed cell assays. This increase in nuclear number
was also apparent in the atrium of the transgenic mice (see Fig.
6, insets).

Ventricular cardiomyocyte DNA synthesis was readily de-
tected in the hearts of adult MHC-CYCD1 transgenic mice, as
evidenced by the presence of silver grains over bGAL positive
nuclei (Fig. 6 J). Ventricular cardiomyocyte labeling indices
approaching 0.05% were observed for the transgenic mice,
while the labeling index in control animals was , 0.0003%
(Table I). It is of interest to note that silver grains were occa-
sionally observed over two closely opposed cardiomyocyte nu-
clei in the MHC-CYCD1 transgenic hearts (Fig. 6 K). More-
over, the relative density of the silver grains over such closely
opposed nuclei was diminished as compared with other syn-
thetic nuclei (compare Fig. 6, J and K). This result is consistent
with karyokinesis of a recently synthetic nucleus, however
pulse–chase experiments are required to directly prove the
point. DNA synthesis was also observed in abnormally long
cardiomyocyte nuclei similar to those identified in the dis-

persed cell assay (compare Fig. 6, E and L). To determine if
cardiomyocyte DNA synthesis persisted in older animals, simi-
lar analyses were performed on 10-mo-old MHC-nLAC/MHC-
CYCD1 transgenic mice. Labeling indices of 0.055% were de-
tected in the old mice (Table I), indicating that the capacity for
cardiomyocyte DNA synthesis was retained in aged animals. It
is also of interest to note that there was an z 40% increase in
the heart weight to body weight ratio in the MHC-CYCD1
transgenic mice as compared with age-matched control ani-
mals (Table I). In preliminary analyses, hemocytometer cell
counts of dispersed cell preparations revealed an approxi-
mately twofold increase in the total number of cardiomyocytes
in 14-d-old transgenic mice as compared with their nontrans-
genic littermates (3.7 3 106 6 1.78 3 105 vs. 1.7 3 106 6 1.22 3
105, n 5 8). The increase in cardiomyocyte number undoubt-
edly contributes to the increased heart weight to body weight
ratio observed in the adult transgenic mice.

Previous studies have shown that forced expression of cy-
clin D1 can block skeletal myoblast differentiation in vitro, in
part by blocking the ability of myoD to transactivate skeletal
muscle promoters (39, 40). Therefore, we examined several
myocardial markers in adult MHC-CYCD1 mice to determine
if cyclin D1 deregulation had a similar effect on myocardial
differentiation. Northern blot analyses of RNA prepared from
MHC-CYCD1 transgenic hearts revealed essentially normal
levels of a-cardiac MHC and atrial natriuretic factor mRNA, and
a slight induction of b-cardiac MHC mRNA (Fig. 7). RT-PCR
analyses indicated that the MHC-CYCD1 transgenic animals
expressed the adult cardiac troponin T isoform. Thus, consti-
tutive cyclin D1 expression does not negatively impact on the
expression of muscle-specific markers in the adult heart.

Discussion

D-type cyclin/CDK protein kinase activity is required for tran-
sit through the restriction point. Once past this G1→S check-
point, the cell commits to a new round of DNA synthesis (for
reviews see references 14 and 15). The direct correlation ob-
served between myocardial cyclin D1 and D3 protein levels
and the relative levels of DNA synthesis during cardiac devel-
opment suggested that these proteins may participate in car-
diomyocyte cell cycle regulation. This notion was partially

Figure 6. Assessment of dispersed cell morphology and DNA synthesis in cardiomyocytes from adult MHC-CYCD1 transgenic mice. (A–G) 
Dispersed cell preparations from adult MHC-CYCD1 transgenic mice stained with DAPI and photographed under fluorescent illumination. 
Magnification for each panel is the same; the bar in A is 1 mm. (A) Binucleated transgenic cardiomyocyte with normal nuclear morphology. Ar-
row indicates the presence of a cardiac fibroblast. (B) Transgenic cardiomyocyte with two normal and one abnormal (arrow) nucleus. (C) Tetra-
nucleated transgenic cardiomyocyte. (D) Trinucleated transgenic cardiomyocyte. Note the abnormally large (arrowhead) and apparently par-
tially replicated (arrow) nuclei. (E) Transgenic cardiomyocyte with abnormally elongated nucleus (arrow). (F) Transgenic cardiomyocyte with 
heterogeneously staining chromatin (arrow). (G) Transgenic cardiomyocyte with five nuclei of variable size. (H–L) Assessment of DNA synthe-
sis in adult MHC-CYCD1 transgenic mice. MHC-CYCD1 mice were crossed with MHC-nLAC mice, and mice carrying the MHC-nLAC trans-
gene alone or both the MHC-nLAC and the MHC-CYCD1 transgenes were identified and sequestered for assessment of DNA synthesis. (H) 
Survey photomicrograph of the interventricular septum of an adult MHC-nLAC transgenic mouse stained with X-GAL. Note relative density of 
the cardiomyocyte nuclei (blue staining). Inset shows a section of the atrial appendage from the same heart, stained with X-GAL. (I) Survey mi-
crograph of the interventricular septum of an adult mouse carrying both the MHC-nLAC and the MHC-CYCD1 transgenes, stained with
X-GAL. Note the marked increase in nuclear density as compared with the control littermate shown in H. Inset shows a section of the atrial ap-
pendage from the same heart; once again the increased cardiomyocyte nuclear density is apparent in the double transgenic animals. (J–L) Auto-
radiographs of sections prepared from transgenic mice carrying both the MHC-nLAC and the MHC-CYCD1 transgenes. The mice received a 
single injection of tritiated thymidine and were killed 4 h later. The hearts were sectioned, stained with XGAL, and processed for autoradiogra-
phy. Bar indicates 1 mm. (J) Cardiomyocyte DNA synthesis is readily observed in the hearts of the adult transgenic mice; note the presence of sil-
ver grains over the blue nuclei. (K) Two putative daughter cardiomyocyte nuclei. Note that the silver grain intensity is approximately half of that 
observed for synthetic nucleus depicted in J. (L) Synthetic transgenic cardiomyocyte with markedly abnormal nuclear morphology.

Table I. Cardiac Attributes of MHC-CYCD1 Transgenic Mice

Nontransgenic MHC-CYCD1

% Change
relative to

nontransgenic P*

Heart weight (mg) 15767.1 202617.7 128 , 0.05

Body weight (g) 24.460.81 22.661.49 93 NS

Heart/Body (mg/g) 6.360.19 8.960.28 141 , 0.02

n 4 mice 4 mice

Ventricular cardiomyocyte DNA synthesis

(No. tritiated thymidine positive nuclei total nuclei screened):

3-month-old mice 1/270000 112/270000‡ 16768 , 0.001

10-month-old mice ND 66/120000‡ ND ND

*Determined by Student’s t test. ‡Not statistically different via Fisher’s

exact test.
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supported by the sustained cardiomyocyte DNA synthesis ob-
served in adult transgenic mice with deregulated cyclin D1 ex-
pression. Morphologic and histochemical analyses revealed an
increase in cardiomyocyte multinucleation in the transgenic
animals. Moreover, tritiated thymidine incorporation analyses
demonstrated the capacity for sustained cardiomyocyte DNA
synthesis in the hearts of adult transgenic animals. Despite this
obvious effect on cardiomyocyte terminal differentiation, the
transgenic animals continued to express contractile protein
isoforms typical for normal adult mouse hearts.

Numerous cell culture studies have indicated that cyclin D1
overexpression accelerates G1 phase (41–43). In this regard it
is of interest to note that cardiomyocyte DNA synthesis does
occur in normal adult mouse hearts, albeit at an exceedingly
low frequency (labeling indices of , 0.0005%, reference 1 and
Table I). However, it is unlikely that the increased cardiomyo-
cyte DNA synthesis observed in the MHC-CYCD1 transgenic
mice results only from shortening of the G1 phase of adult car-
diomyocytes, as the transgenic labeling indices were . 150-
fold greater than those observed in control hearts (Table I). It
is also unlikely that the observed DNA synthesis results from
titration of cyclin/CDK inhibitors, given that no overt myocar-
dial phenotype was detected in mice lacking p21 (44), nor in
mice lacking both p16 and p19 (45). However, we cannot rule
out the possibility that a combinatorial effect resulting from
cyclin D1 binding to multiple cyclin/CDK inhibitors might con-
tribute to the phenotype observed in the MHC-CYCD1 mice.

The observation that the cyclin D/CDK4 complexes can
phosphorylate the retinoblastoma gene product (RB) and
thereby disrupt RB-E2F binding (46, 47) led to the suggestion
that the D-type cyclins are likely to be key regulatory factors
for transit through the restriction point. However, previous
studies from this laboratory have shown that RB is present
only at exceedingly low levels in the mouse heart (25). More-
over, no correlations between RB phosphorylation status and
cardiomyocyte DNA synthesis were detected in Western blots
of total heart protein prepared from various stages of myocar-
dial development (35). Preliminary analyses indicated that the

low levels of RB present in hearts of both neonatal and adult
MHC-CYCD1 transgenic mice is in the hypophosphorylated
form (Soonpaa, M.H., manuscript in preparation). This finding
suggests that RB is not present in the cardiomyocytes, or alter-
natively that it is somehow sequestered in a way which pre-
vents phosphorylation by cyclin D1/CDK4. It has previously
been suggested that p107 may play a more relevant role during
myocardial development. This suggestion was based largely on
the concordance observed between cardiomyocyte DNA syn-
thesis and p107 transcript levels (25, 35), and on the presence
of SV40 T antigen/p107 complex (but not T antigen/RB com-
plex) in cultures of transformed cardiomyocytes (25, 48). In
this regard it is important to note that cyclin D1/CDK4 com-
plex can phosphorylate p107 in vivo with a concomitant re-
lease of active E2F (49). The in vitro specificity of the cyclin
D1–associated kinase activity present in the transgenic hearts
is currently under investigation.

The cardiomyocyte labeling index for adult MHC-CYCD1
mice was calculated to be z 0.05% (Table I). Assuming that
this DNA synthesis culminated with karyokinesis, and that
karyokinesis was completed in 24 h, over the course of 2 yr
(the average life span of a mouse) only 36.5% (365 3 2 3 0.05)
of the cardiomyocytes would have undergone karyokinesis.
However, the flow cytometry analyses indicated that as many
as 60% of the cardiomyocytes in 3-mo-old transgenic mice had
a DNA content in excess of 4C (the typical DNA content for a
binucleated adult mouse cardiomyocyte). This finding suggests
that a large proportion of the cardiomyocyte nuclear anoma-
lies observed in the MHC-CYCD1 mice arises before adult
life, rather than as a cumulative effect resulting from the sus-
tained, albeit low, levels of DNA synthesis observed in the
adult mice. In support of this, abnormal multinucleation pro-
files similar to those seen in adult MHC-CYCD1 transgenic
mice were also observed in preliminary flow cytometry analy-
ses of 14-d-old transgenic animals (Soonpaa, M.H., and M.T.
Franklin, unpublished observation). It should be reiterated
that the ultimate fate of the adult cardiomyocytes undergoing
DNA synthesis in the adult MHC-CYCD1 transgenic mice is

Figure 7. Expression of cardiomyocyte contractile proteins in MHC-CYCD1 transgenic mice. Total RNA prepared from adult nontransgenic 
(2) and MHC-CYCD1 transgenic (1) hearts was hybridized with probes for cyclin D1, a-cardiac MHC, b-cardiac MHC, or 18s rRNA. For anal-
ysis of cTnT expression, RNA prepared from nontransgenic embryonic (2E) and adult (2A) heart, as well as adult transgenic hearts (1A) was 
subjected to RT-PCR analysis. The primers were selected so as to permit differentiation between the amplification products generated from the 
embryonic (198 bp) and adult (168 bp) cTnT isoforms. The amplification products were visualized by Southern blot analyses using an oligonucle-
otide probe corresponding to a common internal sequence in the embryonic and adult isoforms.
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presently unknown. Comprehensive pulse–chase experiments
will be required to address this issue.

The differential response of skeletal and cardiac muscle to
cyclin D1 overexpression deserves comment. Cyclin D1 is ex-
pressed at high levels in replicating skeletal myoblasts, but is
rapidly downregulated upon myogenic differentiation (39).
Forced expression of cyclin D1 in skeletal myoblasts blocked
myogenic differentiation (50), blocked transactivation of skel-
etal muscle specific promoters, and resulted in hyperphosphor-
ylation of myoD (40). In contrast, forced expression of cyclin
D1 in the heart did not block the expression of muscle-specific
genes (Fig. 6). Importantly, the adult transgenic hearts ex-
pressed a-cardiac MHC and adult cTnT. Expression of these
genes, along with the absence of markedly abnormal atrial
natriuretic factor and b-cardiac MHC expression, indicates that
the normal program of contractile protein isoform switching
which accompanies cardiomyocyte terminal differentiation is
retained in the transgenic mice, despite the sustained DNA syn-
thesis and increased myocardial mass. Although these data sug-
gest a fundamental difference in the response of cardiac and
skeletal myocytes to cyclin D1 overexpression, several potential
caveats should be considered. For example, in the skeletal model
cyclin D1 expression was targeted to myoblasts, whereas ex-
pression in the transgenic hearts occurred after cardiogenic in-
duction. As such, the timing of cyclin D1 overexpression rela-
tive to myogenic induction differed in the two models. Although
cyclin D1 overexpression was targeted uniformly across the
myocardium, it is important to reiterate that only a small per-
centage of the cardiomyocytes was observed actively synthe-
sizing DNA. This suggests that expression of other factors re-
quired for the initiation of DNA may be limited to a subset of
the cardiomyocytes present in the adult heart. Similarly, if the
effect of cyclin D1 overexpression on contractile protein pro-
moter activity was limited to those cells exhibiting DNA syn-
thesis, it is unlikely that shifts in contractile protein expression
would have been detected by Northern analyses, given the
small number of cells involved. These issues notwithstanding,
it is clear that cyclin D1 overexpression per se does not signifi-
cantly impact on contractile protein expression in adult hearts.

The ability to induce regenerative cardiomyocyte growth
could potentially impact on the pathophysiological sequelae of
a variety of cardiovascular diseases. It is clear from the results
presented here that cyclin D1 deregulation can program cardio-
myocyte DNA synthesis in adult hearts. Intriguingly, the ex-
pression of other cell cycle regulatory proteins known to act in
concert with cyclin D1 (i.e., CDK4 and PCNA) was induced in
the transgenic hearts. However, it should be reiterated that the
cardiomyocyte labeling indices in the adult transgenic animals
were quite low, despite the presence of high levels of cyclin
D1/CDK4 complex. Although the bulk (. 60%) of the adult
cardiomyocytes exhibited an 8C DNA content and a multinu-
cleated phenotype, it presently is not clear if they retained the
ability to undergo karyokinesis. In this regard it will be infor-
mative to test additional cell cycle regulatory proteins known
to act at other stages of the cell cycle (i.e., G2→M and/or cy-
tokinesis) to determine if combinatorial approaches can be
used to induce overt cardiomyocyte cell division in the adult
heart.
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