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Abstract During early postnatal development, cardiomyocytes, which comprise about 80% of ventricular mass
and volume, become phenotypically developed to facilitate their contractile functions and terminally differentiated to
grow only in size but not in cell number. These changes are due to the expression of contractile proteins as well as the
regulation of intracellular signal transduction proteins. In this study, the expression patterns of several protein kinases
involved in various cardiac functions and cell-cycle control were analyzed by Western blotting of ventricular extracts
from 1-, 10-, 20-, 50-, and 365-day-old rats. The expression level of cAMP-dependent protein kinase was slightly
decreased (20%) over the first year, whereas no change was detected in cGMP-dependent protein kinase I. Calmodulin-
dependent protein kinase II, which is involved in Ca21 uptake into the sarcoplasmic reticulum, was increased as much as
ten-fold. To the contrary, the expressions of protein kinase C-a and i declined 77% with age. Cyclin-dependent protein
kinases (CDKs) such as CDK1, CDK2, CDK4, and CDK5, which are required for cell-cycle progression, abruptly
declined to almost undetectable levels after 10–20 days of age. In contrast, other CDK-related kinases, such as CDK8 or
Kkialre, did not change significantly or increased up to 50% with age, respectively. Protein kinases implicated in CDK
regulation such as CDK7 and Wee1 were either slightly increased in expression or did not change significantly. All of the
proteins that were detected in ventricular extracts were also identified in isolated cardiac myocytes in equivalent
amounts and analyzed for their relative expression in ten other adult rat tissues. J. Cell. Biochem. 69:506–521,
1998. r 1998 Wiley-Liss, Inc.
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During the early postnatal period, the heart
undergoes significant changes in various physi-
cal and biochemical characteristics [Hopkins et
al., 1973; Rumyantsev, 1977; Michalak, 1987].
These changes result from the progressive ex-
pression of contractile-specific genes and the
posttranslational modification and localization

of proteins, which may be regulated by various
hormonal, neuronal, or physical stimuli [Chien
et al., 1991, 1993; Cummins, 1993; Komuro and
Yazaki, 1993; Schott and Morrow, 1993; van-
Bilsen and Chien, 1993]. During this postnatal
period, cardiomyocytes morphologically differ-
entiate to facilitate their contactile functions.
For example, the density, size, and number of
mitochondria increase to provide sufficient en-
ergy. The sarcomere becomes more distinct with
ordered fashion, and T tubes and intercalated
discs develop and re-orientate to cope with in-
creased demand on efficient Ca21 movement
and contractile force [Zak, 1984; Goldstein and
Traeger, 1985]. Biochemically, the upregulation
in expression and activities of sarcoplasmic re-
ticulum (SR) proteins [Michalak, 1987], such as
the Ca21-ATPase of the SR (SERCA2), permit
the increase of SR Ca21 uptake and can accom-
modate rapid Ca21 movement during each con-

Abbreviations: AP, alkaline phosphatase; cAPK, cyclic-
AMP–dependent protein kinase; CaMPK, Ca21/calmodulin-
dependent protein kinase; CDK, cyclin-dependent protein
kinase; cGPK, cyclic-GMP–dependent protein kinase; ECL,
enhanced chemiluminescence; HRP, horseradish peroxi-
dase; KK, Kkialre; PKC, protein kinase C.
Contract grant sponsors: Medical Research Council of
Canada and Heart and Stroke Foundation of British Colum-
bia and the Yukon.
*Correspondence to: Steven L. Pelech, Kinetek Pharmaceu-
ticals, Inc., 1779 W. 75th Avenue, Vancouver, B.C., Canada,
V6P 6P2. E-mail: spelech@kinetekpharm.com
Received 5 November 1997; Accepted 20 January 1998

Journal of Cellular Biochemistry 69:506–521 (1998)

r 1998 Wiley-Liss, Inc.



traction of adult cardiomyocytes. The increased
sensitivity of b-adrenergic signals has also been
linked to the downregulation of the Gi (inhibi-
tory) isoform of the trimeric G protein family;
Gi expression declined as much as six-fold by 30
days of postnatal stage, whereas there was no
change in the levels of Gs (stimulatory) [Hansen
et al., 1995; Bartel et al., 1996]. An increase in
cardiac troponin I expression was also impli-
cated in the higher efficiency of b-adrenergic–
stimulated relaxation of adult ventricles [Raku-
san, 1984].

During development, cardiomyocytes become
terminally differentiated and incapable of un-
dergoing mitosis in response to further mito-
genic stimuli. In the rat heart, the terminal
differentiation occurs about 2 weeks after birth
with arrest at the G0 or G1 phase of the cell cycle
[Capasso et al., 1992]. The rate of DNA synthe-
sis and DNA polymerase activity decline rap-
idly in the same period [Claycomb, 1975]. The
mechanism(s) of terminal differentiation is still
unknown, but it appears to result from the
biochemical inhibition of mitosis and DNA syn-
thesis rather than the permanent loss of ability
to proliferate [McGill and Brooks, 1995; Tam et
al., 1995]. As for a temporal cue for the terminal
differentiation of cardiomyocytes, Claycom
[1975, 1976] has suggested that the develop-
ment of adrenergic nerves and an increase in
the intracellular cyclic AMP concentration dur-
ing the early postnatal period causes the inhibi-
tion of DNA synthesis. The expressions of Gq

and G11, phospholipase C (PLC), and protein
kinase C (PKC), which are closely involved in
cell growth, were also noted to be concurrently
downregulated during development [Puceat et
al., 1994; Rybin and Steinberg, 1994; Hansen et
al., 1995]. In addition, studies with skeletal
myocytes have provided clues for the underly-
ing mechanism of the terminal differentiation
through use of a group of DNA tumor viruses
such as SV40, polyoma, and adenovirus, which
could inhibit and reverse the terminal differen-
tiation [Endo and Nadal-Ginard, 1989]. The
cardiac myocytes of transgenic mice expressing
the SV40 large T-antigen oncoprotein was
shown to undergo hyperplasia while retaining
the characteristics of differentiated phenotypes
[Field, 1988; Katz et al., 1992]. The SV40 T
antigen was found to be complexed with a group
of tumor suppressor proteins such as retinoblas-
toma (Rb), p53, p107, and p130 [Daud et al.,
1993], which are regulated by various cyclin-

dependent kinases (CDKs) [Sherr, 1994]. These
results implicate an important role for CDKs in
the terminal differentiation of cardiac myoctes
[McGill and Brooks, 1995]. In this regard, we
have investigated the expression patterns of
protein kinases that are involved in various car-
diac functions and cell-cycle regulation during
postnatal development of rat ventricles by West-
ern blotting analysis with specific antibodies.

MATERIALS AND METHODS

Affinity-purified rabbit polyclonal or monoclo-
nal antibodies and immunizing peptides used
to raise these antibodies are listed in Table I.
These antibodies were either produced in our
laboratory or purchased commercially. Goat
anti-rabbit IgG conjugated to alkaline phospha-
tase (AP) or horseradish peroxidase (HRP) was
purchased from Calbiochem (San Diego, CA).
Enhanced chemiluminescence (ECL) detection
reagents for immunoblotting were purchased
from Amersham (Buckinghamshire, England).
[g-32P]ATP was obtained from DuPont (Wash-
ington, DC). Other reagents were purchased
from Sigma-Aldrich (St. Louis, MO) unless oth-
erwise stated.

Preparation of Rat Tissue Extracts

Hearts from 1-, 10-, 20-, 50- and 365-day-old
male Sprague-Dawley rats were rapidly ex-
cised after induction of anesthesia by intraperi-
toneal injection of pentobarbital (60 mg/kg).
The ventricles of the hearts were cut, rinsed
with phosphate buffered saline at 4°C, frozen in
liquid nitrogen, and stored at 270°C until use.
The ventricular tissues were pulverized with
five strokes of a liquid nitrogen-cooled hand
French press and resuspended in 10 volumes of
ice-cold homogenization buffer containing 20
mM MOPS, 15 mM EGTA, 2 mM Na2EDTA, 1
mM Na3VO4, 1 mM dithiothreitol, 75 mM
b-glycerophosphate, 0.1 mM phenylmethanesul-
fonyl fluoride, 1 µg/ml aprotinin, 0.7 µg/ml pep-
statin, 1 µg/ml leupeptin, and 1% Triton X-100.
This was then sonicated with a Branson Probe
Sonicator at 4°C with 3 3 30 s bursts. The
homogenates were ultracentrifuged at 100,000
rpm (240,000g) for 11 min in a Beckman (Fuller-
ton, CA) TLA-100.2 ultracentrifuge at 4°C. The
supernatants were immediately frozen at 270°C
until subsequent analysis. Other rat tissues,
including adipose, brain, intestine, kidney, liver,
lung, spleen, testis, skeletal muscle (hind leg
tibial muscle), and thymus were collected from
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50-day-old rats, and total extracts were pre-
pared as described above.

Isolation and Fractionation of Adult
Ventricular Myocytes

Isolated ventricular myocytes were prepared
from 50-day-old rats as described by Rodrigues
and Severson [1997]. Briefly, the excised heart
was cannulated and retrogradely perfused via
the aorta with oxygenated buffer A (Joklik mini-
mal essential medium, containing 2 mM
NaHCO3, 1.2 mM Mg2SO4, and 1 mM DL-
carnitine) for 5 min, followed by the same buffer
containing 25 µM Ca21 and 75 mU/ml of collage-
nase (Type II; Worthington, Freehold, NJ) for
30 min at 37°C. The softened ventricular tissue
was then removed from the heart and incu-
bated for 10 min in the same collagenase and
Ca21 containing buffer A with occasional agita-
tion. Dissociated ventricular myocytes were
passed through a 200 µm mesh silk screen to
remove tissue debris. The isolated ventricular
myocytes were then sequentially resuspended
in buffer A containing 50 µM, 100 µM, 500 µM,
and 1 mM Ca21. The cells were then pelleted by
centrifugation for 60 s at 300 rpm and homog-

enized as described above, with the exception of
Triton X-100. The homogenates were ultracen-
trifuged for preparation of cytosolic fractions.
The particulate fractions were prepared by
washing the pellets with the homogenization
buffer; the pellets then were recentrifuged, re-
suspended in homogenization buffer containing
1% Triton X-100 (membrane grade), sonicated
as before, and incubated for 15 min on ice
followed by ultracentrifugation. This final su-
pernatant was saved as the detergent-solubi-
lized particulate fraction.

Gel Electrophoresis and Immunoblotting

Extracts were added to sample buffer (2%
SDS, 5% glycerol, 50 mM Tris-HCl, pH 6.8, 0.1
M b-mercaptoethanol, and 0.01% bromophenol
blue) and boiled at 100°C for 3 min. Protein
concentrations were assayed with Bradford re-
agent (BioRad, Richmond, CA), and extracts
were diluted with 1% SDS to yield identical
protein concentrations before addition to the
sample buffer. Electrophoresis was performed
in 11% SDS-PAGE gels using a discontinuous
buffer system as previously described [Sang-
hera et al., 1996]. Proteins were then electropho-

TABLE I. List of Antibodies and Amino Acid Sequences of Synthetic Peptides
Used to Raise Antibodies*

Kinase Immunogen amino acid sequence or residues Origin Source

CaMPK II NT-CTRFTDEYQLFEEL Rat Kinetek
PCT-EETRVWHRRDGKWQNVHFHC Rat Kinetek

cAPK NT-KKGSEQESVKEFLAKC Human Kinetek
CDK1 IX-PLFHDSEIDQLFRIFRALGTP-GGC Mouse Kinetek

CT-CFLSKMLVYDPAKRISGKMALKHPYFDDLDNQIKKM Mouse Kinetek
CDK2 M2 residues 283–298 (C terminus) Human SC
CDK3 Y-20 residues 285–304 (C terminus) Human SC
CDK4 H-22 residues 282–303 (C terminus) Human SC
CDK5 CT-CNPVQRISAEEALQHP Human Kinetek
CDK7 PCT-VATKRKRAEALEQGC Mouse Kinetek
CDK8 NT-MDYDFKVKLSSERERC Human Kinetek
cGPK CT-CDEPPPDDNSGWDIDF Bovine Kinetek
cGPK-1a NT-ELEELFAKILMLKEEL Bovine Kinetek
Kkialre CT-CLDNKKYYSDTKKLNYR Human Kinetek

C13 residues 346–358 (C terminus) SC
PKC-a M7-purified PKC, monoclonal Rabbit UBI
PKC-i Residues 404–587 (C terminus) Human TL
Weel X-LTVVCAAGAEPLPRNGDQWHEIRQGRLP-CGG Human Kinetek

T-NTSSHRYGLRRGDQMMEDWQVNV-GGC S. pombe Kinetek

*For all antibodies, unless purchased commercially, the peptides in PBS and Freund’s incomplete adjuvant were injected into
rabbits, and the serum was obtained, after several boosting injections. The antibodies were purified using peptide affinity
columns and titered by ELISA. The peptide sequences and their source of species are indicated in the origin column. For
commercially purchased antibodies, the peptides are indicated for the corresponding kinase residues with their species
origins and the companies from which the antibody was purchased: SC, Santa Cruz Biotechnology (Santa Cruz, CA); TL,
Transduction Laboratory (Mississauga ON, Canada); UBI, Upstate Biotechnology Inc. (Lake Placid, NY).
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retically transferred onto nitrocellulose mem-
branes. Membranes were then blocked with 3%
skim milk powder in Tris-buffered saline (20
mM Tris/HCl, pH 7.5, 0.5 M NaCl, 0.2 %
Tween-20 [TBST]) and, after a quick rinse of
the membrane with TBST, exposed to a pri-
mary antibody in TBST for 2 h with constant
shaking at room temperature. Membranes were
washed three times for 10 min with TBST and
incubated with HRP- or AP-conjugated second-
ary antibody (goat antirabbit or antimouse IgG)
in TBST for 30 min. After membranes were
washed membranes three times for 10 min with
TBST, Western blots were developed using the
ECL Western blotting detection system (Amer-
sham) or AP color development as described
elsewhere [Sanghera et al., 1996].

Densitometry and Statistical Analysis

For the quantitative analysis of protein ex-
pression, the films obtained from the ECL detec-
tion system or the color-developed membranes
were scanned, and the intensities of the bands
were quantified using the NIH image program.
Data are presented as standard error of
means 6 SEM, and Tukey’s tests were per-
formed with an a , 0.05 level for significance.

RESULTS AND DISCUSSION
Expression of Cyclic-Nucleotide-Dependent

Protein Kinases: cAPK and cGPK

The cAMP-dependent (cAPK) and cGMP-
dependent (cGPK) protein kinases have been
implicated in the regulation of various cardiac
functions. cAPK is a tetrameric holoenzyme
that is activated when two cAMP molecules
bind to each of two regulatory subunits (R sub-
units), resulting in the dissociation of two ac-
tive catalytic subunits (C subunits) and relief
from pseudosubstrate inhibition by the R sub-
units [Beebe and Corbin, 1986; Taylor et al.,
1990]. R subunits are dimers and mainly occur
in two forms, type I and II. C subunits are
monomers with molecular masses of 40–46 kDa,
and mRNA for three isoforms, Ca, Cb, and Cb2

(but not Cg) has been detected in heart based on
Northern blot analysis and on cDNA analysis
using PCR [Showers and Maurer, 1986; Wie-
mann et al., 1991]; only the Ca isoform has been
detected at the protein level [Shoji et al., 1983].
Affinity-purified polyclonal antibody raised
against the N terminus (NT) of the Ca subunit
was used to probe ventricular extracts, and the

immunoreactivity was quantified by densitom-
etry. As shown in Figure 1A,B, a 42 kDa protein
was readily detected, and it was slightly down-
regulated by 21% by 50 days of age. The basal
level of cAMP concentration in the heart has
also been reported to be decreased with age
[Novak et al., 1996], and the specific activity of
cAPK, which peaked at the seventh day after
birth (7 nmol/min/mg protein), also declined in
adult rat heart (2.5 nmol/min/mg protein) [Kuo,
1975; Haddox et al., 1979]. This indicates that
cAPK is downregulated in both expression and
activity during postnatal development of the
heart. cAPK was detected in all of the tissues
tested, but its level of expression varied among
tissues (Fig. 1C). High amounts of cAPK were
found in liver, kidney, and heart (Fig. 1C). The
role of cAPK in cell proliferation and DNA syn-
thesis is still controversial, as contradictory
observations have been reported in different
tissues, but it appears to inhibit DNA synthesis
and to be involved in cell terminal differentia-
tion during early development of the heart
[Claycomb, 1976]. cAPK can also phosphorylate
various proteins, including cardiac troponin C,
cardiac troponin I (cTNI), cardiac L-type Ca21

channel, and phospholamban, and it has been
implicated in the positive inotropic and chrono-
tropic effects of heart [Robertson et al., 1982;
Hofmann and Lange, 1994; Yabana et al., 1995].
During postnatal development, the expression
of troponin I (TNI) isoforms switches from
cAMP-independent, slow skeletal muscle TNI
to cAMP-dependent cardiac TNI. Age-specific
phosphorylation of TNI and isometric tension
generation is mediated by cAPK [Bartel et al.,
1994]. Therefore, despite the slight downregula-
tion of cAPK, it plays key roles in the regulation
of cardiac contractility of the adult heart.

Cyclic GMP–dependent protein kinase
(cGPK) is a ubiquitous homodimeric protein
with a molecular mass of approximately 78–80
kDa and occurs as Ia, Ib and II isoforms [Hof-
mann et al., 1992]. The presence of this kinase
in heart was investigated previously, and the
major isoform was proposed to be Ia [Lincoln
and Keely, 1981; Mery et al., 1991; Keilbach et
al., 1992]. Protein expression of cGPK during
the development of heart has also been previ-
ously examined [Sandberg et al., 1989]. Our
study using antibodies raised against the car-
boxy terminus (CT) of cGPK-Ia showed strong
immunoreaction with two distinct proteins at
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78 kDa and 70 kDa (Fig. 1D). When Western
blotting was performed using antibody raised
against the N terminus of cGPK-Ia, only the 78
kDa protein was detected (Fig. 1E). Therefore,
it appears that the 78 kDa protein was indeed
cGPK-Ia. The 78 kDa protein also coeluted with
cGPK activity in MonoQ fractionated ventricu-
lar extracts (data not shown). The expression of
cGPK-Ia did not change significantly during
development (Fig. 1F), which concurs with the
study by Sandberg et al. [1989]. The identity of

the 70 kDa protein was not clear, but it may
correspond to another isoform of cGPK which is
present in noncardiac myocytes, since it was
not detected in the isolated cardiomyocytes (Fig.
2). When different rat tissues were immunoblot-
ted with the cGPK-CT antibody, both of the 70
and 78 kDa proteins were detected in heart and
lung (Fig. 1G). Only the 78 kDa protein was
found in brain, whereas the 70 kDa species was
readily evident in kidney and thymus (Fig. 1G).
When the presence of cGPK I-b and II in heart
was examined with specific antibodies, the iso-
forms could not be detected (Fig. 1H). cGPK, in
contrast to cAPK, was proposed to be involved
in cell proliferation and DNA synthesis in some
tissues [Millis et al., 1974; Oey et al., 1974]. In
heart, the role of cGPK is not clearly under-
stood, but the concentration of cGMP and the
activity of cGPK were shown to be decreased at
the early neonatal stage of heart, which were
reciprocally related to those changes in cAMP
and cAPK [Kuo, 1975]. Our data showing the
decrease in the expression of cAPK with no
changes in cGPK provide additional support for
the previous suggestion that cAPK is more inti-
mately involved than cGPK in cardiac myo-
cytes’differentiation at the early postnatal stage
[Kuo, 1975; Claycomb, 1976].

Expression of Ca21/Lipid- and
Calmodulin-Dependent Protein Kinases:

PKC and CaMPK II

Protein kinase C (PKC) is a family of ubiqui-
tous phospholipid-dependent protein Ser/Thr
kinases that are implicated in the regulation of
many intracellular processes. Their functional

Fig. 1. Expression of cyclic nucleotide–dependent protein ki-
nases during postnatal development of rat ventricle. Protein
extracts (150 µg) of 1-, 10-, 20-, 50-, and 365-day-old rat
ventricles were subjected to 11% SDS-PAGE, and Western blot
analysis was performed with antibodies specific for cAPK (A)
and cGPK (D,E). The immunoreactivities were plotted against
the relative density as 1 arbitrary unit for 1 day ventricle, and
values represent mean 6 SEM from three to four separate
experiments (B,F). Inserted numbers and underscores in the
graphs show results of the Tukey multiple comparisons test. At
the 0.05 significance level or above, the means of any two
groups underscored by the same line are not significantly differ-
ent. For tissue comparison, extracts (50 µg of total protein) of 11
adult rat tissues (adipocytes (Ad), brain (Br), heart (Ht), intestine
(In), kidney (Kd), liver (Lv), lung (Lu), skeletal muscle (Skm),
spleen (Sp), testis (Ts), and thymus [Th]) were subjected to 11%
SDS-PAGE, and immunoblot analysis was performed with cAPK
(C), cGPK (G), and cGPK-1a (H) antibodies.
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role in heart has been investigated and re-
viewed previously [Steinberg et al., 1995; Sug-
den and Bogoyevitch, 1995; Bogoyevitch and
Sugden, 1996]. Several neurotransmitters,
growth factors, tumor promoters, and mechani-
cal stresses induced PKC’s activation, resulting
in the increase in gene expression and protein
synthesis. Others [Disatnik et al., 1994; Puceat
et al., 1994; Rybin and Steinberg, 1994;
Bogoyevitch et al., 1996] have also extensively
investigated the expression of protein kinase C
isoforms during development of heart. These
studies indicated the presence of PKC-d, PKC-e
and PKC-z isoforms, and the levels of expres-
sion of these isoforms decreased with age. The
findings for the expression of PKC-a have been
inconsistent and appear to depend on the anti-

bodies that were used for the investigations.
Recently, a study using four different antibod-
ies clearly showed the expression of PKC-a in
adult ventricular myocytes [Rybin and Stein-
berg, 1997] and also reported that a PKC anti-
body from Upstate Biotechnology (Lake Placid,
NY) was the most sensitive antibody without
nonspecific cross-reactivity. We used the same
antibody to investigate the expression of PKC-a
during postnatal development of heart. Only
one protein of 80 kDa immunoreacted with the
antibody (Fig. 3A), and the intensity of this
signal declined steadily to 23% of newborn lev-
els by 365 days (Fig. 3C). Since PKC was also
reported to be associated in membrane, cytoskel-
eton, and nucleus, we have further fractionated
the ventricular extracts into cytosolic and deter-

Fig. 2. Subcellular expression of second messenger– and cyclin-dependent protein kinases in isolated ventricular
myocytes. Cytosolic (Cyt.) and particulate extracts (Part.) (100 mg protein) from ventricular tissue (1-day-old) or
isolated adult (50-day-old) venticular myocytes were subjected to 11% SDS-PAGE and Western-blotted for immuno-
reactivity against antibodies for cAPK, cGPK, CaMPK II, PKC-a, PKC-i, CDK8, Kkialre, CDK7, and Wee1.
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gent-soluble particulate fractions. At day 1, the
amount of particulate-associated PKC-a was
equivalent to that of the cytosolic fraction,
whereas in the adult the PKC-a was exclusively
localized in the cytosolic fraction (Fig. 2). In
addition to PKC-a, we also investigated the
expression of a Ca21-independent atypical iso-
form, PKC-i, which has not been described be-
fore in the adult heart. PKC-i shares about 72%
overall homology with PKC-z [Selbie et al., 1993]
and is involved in the ultraviolet B-induced
activated protein-1 activation [Huang et al.
1996]. The presence of PKC-i has been detected
on Western blots of cultured chick embryonic
cardiomyocytes, but immunohistochemistry
analysis indicated that it originated from cocul-

tured fibroblasts [Wu et al., 1996]. We also
investigated its expression in ventricular tis-
sues during development and in freshly iso-
lated adult ventricular cardiomyocytes. Immu-
noblotting with monoclonal antibody specific
for PKC-i permitted detection of a 75 kDa pro-
tein that declined in intensity to 23% of new-
born levels in adult ventricle (Fig. 3B,D). PKC-i
was localized in both cytosolic and particulate
fractions of 1 day heart, but it was exclusively
found in the cytosolic fraction at 50 days after
birth (Fig. 2). Due to the heterogeneity in the
cell population of ventricular tissues, the immu-
noreaction with PKC-i antibody may have re-
sulted from noncardiomyocytes. It is, however,
not clear then why PKC-i was detected in the

Fig. 3. Expression of PKC and CaMPK-2 during postnatal
development of rat ventricle. Protein extracts (150 µg) of 1-, 10-,
20-, 50-, and 365-day-old rat ventricles were subjected to 11%
SDS-PAGE, and Western blot analysis was performed with
monoclonal antibodies specific for PKCa (A) and PKCi (B) and
with affinity-purified polyclonal antibodies raised against
CaMPK-2 NT (F) and CaMPK-2 PCT (G). The immunoreactivi-
ties were plotted against the relative density as 1 arbitrary unit
for 1 day ventricle, and values represent mean 6 SEM from

three to four separate experiments (C,D,H,I). Inserted numbers
and underscores in the graphs show results of the Tukey multiple
comparisons test. At the 0.05 significance level or above, the
means of any two groups underscored by the same line are not
significantly different. In panels E and J, extracts (50 µg of total
protein) of 11 adult rat tissues (see legend to Figure 1) were sub-
jected to 11% SDS-PAGE, and immunoblot analysis was per-
formed with PKCa (E) and CaMPK-2 (J) polyclonal antibodies.
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adult isolated cardiomyocytes. Possible explana-
tions for this discrepancy include contamina-
tion of the isolated cardiomyocyte sample with
noncardiomyocytes or differences between the
two species.

The multifunctional Ca21/calmodulin-depen-
dent protein kinase II (CaMPKII) represents a
family of protein kinases activated by Ca21/
calmodulin. It forms complexes with 8–12 sub-
units, which are composed of combinations of at
least five homologous isozymes (a, b, b8,g, d)
[Braun and Schulman, 1995]. Among the five
isozymes, the d isozyme is predominantly ex-
pressed in heart and involved in the regulation
of the contractility of cardiac myocytes [Witcher
et al., 1992]. Recently, subtypes of the isoforms
(dA, dB, and dC) have further been cloned
[Schworer et al., 1993; Edman and Schulman,
1994]. Three immunoreacting proteins with
CaMPKII have been resolved by MonoQ anion
exchange column chromatography of cytosolic
extracts from isolated cardiomyocytes, and each
of these coeluted with calmodulin-dependent
kinase activity (data not shown). The three
proteins with apparent molecular masses of 58,
56 and 54 kDa on SDS-PAGE gels may repre-
sent the dA, dB, and dC isoforms, respectively.
Immunoblotting with the CaMPKII-NT and
CaMPKII-PCT antibodies permitted detection
of two proteins of 56 and 54 kDa in ventricles,
and the intensities were increased four- to ten-
fold with postnatal development (Fig. 3F,G,H,I).
In the isolated ventricular myocytes, both 56
and 54 kDa proteins were also detected at the
equivalent level to those in ventricles and
mainly localized in the cytosolic fraction (Fig.
2). Even though the expression of CaMPKII
was upregulated in the heart, the amount of
CaMPKII protein was still minimal when com-
pared to other tissues, and the molecular masses
varied, indicating distinct isoforms (Fig. 3J).
The highest levels of CaMPKII protein were
detected in brain, followed by adipose, lung,
skeletal muscle, spleen, and testis, whereas
minimal amounts were found in heart, intes-
tine, and kidney. The upregulation of CaMPK
expression in heart during development may
correlate with the increased demand for Ca21

homeostasis and efficient control of myocardial
contraction. In heart, CaMPKII was shown to
be involved in the regulation of Ca21 uptake
into SR either by direct phosphorylation of
SERCA2 [Toyofuku et al., 1994] or by phosphor-
ylation of phospholamban (PL), which causes

dissociation of the inhibitory PL from Ca21-
ATPase of the SR (SERCA2) complex. In neona-
tal heart, the lower expression and activity of
SERCA2 are responsible for the decreased SR
release and uptake of Ca21 [Michalak, 1987]. In
addition, CaMPKII-phosphorylated PL has been
detected only in the adult heart [Michalak,
1987].

The expression patterns of PKC and CaMPKII
clearly show that, during development, the
heart regulates the production of these kinases
reciprocally. The downregulation of PKC, which
closely correlates with cell proliferation, may
possibly prime cardiomyocytes to respond to
the terminal differentiation process. In con-
trast, the upregulation of CaMPK may be neces-
sary for adult cardiomyocytes to perform car-
diac functions that require efficient intracellular
Ca21 homeostasis.

Expression of Cyclin-Dependent Protein
Kinases (CDKs)

It has been established that the progression
of the cell cycle is fastidiously controlled by
various cell cycle–dependent protein kinases
(CDKs). The CDKs are a family of Ser/Thr
proein kinases that are closely related to the
gene product of cdc2 in Schizosaccharomyces
pombe and CDC28 in Saccharomyces cerevisiae
[Hartwell et al., 1974; Norbury and Nurse, 1992;
Nasmyth, 1993]. These kinases are activated
by specific regulatory subunits called cyclins,
which undergo oscillating levels of expression
during the cell cycle. In mammalian cells, at
least eight subtypes of CDKs (CDK1–8) and
their regulating partners (cyclin A–H and cy-
clin X) have been identified and implicated in
the control of cell cycle progression [Norbury
and Nurse, 1992; McGill and Brooks, 1995;
Nigg, 1995]. Cardiomyocytes are mitotically ac-
tive at birth and become terminally differenti-
ated in about 2–3 weeks after birth [Rakusan,
1984; Zak, 1984]. Even though the molecular
mechanism(s) for the terminal differentiation
is still unknown, it has become apparent that
the cardiomyocytes are biochemically inhibited
and do not permanently lose their ability to
undergo mitotic cell divisions. Observations of
reinitiation of DNA synthesis and mitotic divi-
sion of adult cardiomyocytes under certain con-
ditions such as pressure overload [Capasso et
al., 1993], anemia [Olivetti et al., 1992], phorbol
ester treatment [Claycomb and Moses, 1988],
and senescent heart in certain strains of rats
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[Anversa et al., 1991] substantiate this theory.
More clearly, the induction of hyperplasia of
either the atria or the ventricle by SV40 large
T-antigen oncoprotein which was expressed un-
der the transcriptional control of the promoter
regions of either atrial natriuretic factor or
a-cardiac myosin heavy chain strongly sup-
ports the theory and may provide some clue to
the mechanism of terminal differentiation
[Field, 1988; Katz et al., 1992]. SV40 large T
antigen directly associates with tumor suppres-
sor genes such as the retinoblastoma protein
(Rb) or related proteins (p53, p107 and p130)
[Daud et al., 1993], and it inhibits their activi-
ties by sequestering them [McGill and Brooks,
1995]. The regulation of Rb is important for
cells to progress from G1 to S phase, and it is
regulated by CDKs in the normal condition
[Daud et al., 1993]. Phosphorylation of Rb by
CDKs prevents Rb from interacting with E2F, a
transcription factor that targets many genes
required during S phase, such as cyclin A and E
[Nevins, 1992]. In fact, terminally differenti-
ated myotubes could reenter cell cycle by SV40
T antigen by inducing CDK1 (also referred to as
cdc2), CDK2, and their partner cyclins A and B
[Okubo et al., 1994]. More recently the expres-
sion of muscle-specific gene was sufficiently in-
hibited by expression of cyclin D1 alone or coex-
pression with CDK2 and cyclin A or E during
skeletal myogenesis [Guo and Walsh, 1997].
The expression of Rb and other tumor suppres-
sors has been investigated in heart [Kim et al.,
1994; Tam et al., 1995]. While p53 and p107
were detected only in neonatal rat ventricle, Rb
was also present in both neonatal and adult
hearts. However, Rb was hyperphosphorylated
only in undifferentiated neonatal heart [Tam et
al., 1995]. Correlated with the hyperphosphory-
lation of Rb, CDK1 and 2 were detected only in
neonatal heart and not in adult heart [Tam et
al., 1995]. Based on Northern and Western blots,
cyclin A was expressed only in under-2-day-old
hearts but not in 14 or later day hearts. Cyclin
B was detected in both neonatal and adult
hearts, but the level in the adult heart was
markedly reduced [Yoshizumi et al., 1995].
Other cyclins, such as cyclin C, D1, D2, D3 and
E, were present in both stages without detect-
able changes in mRNA levels in human heart.
Others, however, reported that cyclin D1 and
D3 protein levels also declined with age in mice
hearts [Soonpaa et al., 1996]. This discrepancy

may be due to assays targeting for different
levels of expression or different species. In any
event, the hypophosphorylation of Rb and ex-
pressional regulation of isoforms of CDKs and
cyclins may well be one of the mechanisms for
terminal differentiation of cardiomyocytes.
Based on this hypothesis, we have further inves-
tigated the expressional regulation of a full
spectrum of CDK isoforms during postnatal
development of rat hearts.

The expression levels of CDK1 and CDK2
declined rapidly with aging (Fig. 4A–C), which
was consistent with a previous study that
showed their presence only in neonatal heart
[Tam et al., 1995]. We used two different anti-
bodies raised against the catalytic domain XI
(anti-CDK1-XI) and the C terminus (anti-CDK1-
CT) of CDK1, both of which immunoreacted
with the same 32 kDa protein in only 1-day-old
ventricular extracts (Fig. 4A,B). CDK1 was evi-
dent in Western blots of adult tissues, including
adipose, brain, intestine, kidney, liver, lung,
spleen, thymus, and testis, but absent in skel-
etal muscle of adult rat tissues (Fig. 4D). The
expression patterns of CDK2, 3, 4, and 5 were
also investigated and were found to be similar
to that of CDK1. All of the CDKs were most
evident in 1 day ventricles, and their expres-
sion abruptly dropped to undetectable levels
after 20 days (Fig. 4E,F,H,I,K,L), except for
CDK5, which also declined with aging. CDK3
was not detected at any stage of heart develop-
ment (data not shown). Among other tissues,
CDK4 and CDK5 were abundantly expressed
in brain (Fig. 4J,M), CDK1 in intestine, spleen,
and thymus (Fig. 4D), and CDK2 in adipose,
lung, testis, and thymus (Fig. 4G). Since vari-
ous CDKs show redundancy in their roles in
cell-cycle control, it may possible that CDKs are
selectively expressed in a tissue-specific man-
ner. CDK1 typically associates with cyclin A
and B1 and is required for G2/M transition in
the cell cycle [McGill and Brooks, 1995; Nigg,
1995]. In C2C12 muscle cells, serum-induced
differentiation of the cell decreased the expres-
sion and phosphotransferase activity of CDK1,
even though the mRNA was transiently in-
duced [Jahn et al., 1994]. These results impli-
cate a crucial role of CDK1 in muscle cell differ-
entiation. CDK2 in association with cyclin E
and A is essential for G1/S transition and pro-
gression through S phase, respectively. CDK4
complexes with D-type cyclins and plays key
roles in G1 progression. Rb is phosphorylated
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predominately by CDK4/cyclin D and probably
by CDK2/cyclin E and CDK1/cyclin B [Taya,
1997], and this appears to be critical in prolifera-
tion of myotubes and cardiomyocytes. The ex-
pression of CDK5, which associates with p53

and is implicated in neurofilament phosphoryla-
tion in postmitotic neurons [Lew et al., 1994;
Tsai et al., 1994], was gradually diminished in
the aging heart (Fig. 4L). Its precise role re-
mains to be demonstrated [Nigg, 1995].

Fig. 4. Expression of cyclin-dependent kinases during postna-
tal development of rat ventricle. Protein extracts (150 µg) of 1-,
10-, 20-, 50-, and 365-day-old rat ventricles were subjected to
11% SDS-PAGE, and Western blot analysis was performed with
polyclonal antibodies specific for CDK1 (A,B), CDK2 (E), CDK4
(H), and CDK5 (K). The immunoreactivities were plotted against
the relative density as 1 arbitrary unit for 1 day ventricle, and
values represent mean 6 SEM from three to four separate

experiments (C,F,I,L). Inserted numbers and underscores in the
graphs show results of the Tukey multiple comparisons test. At
the 0.05 significance level or above, the means of any two
groups underscored by the same line are not significantly differ-
ent. In panels D,G,J,M, extracts (50 µg of total protein) of 11
adult rat tissues (see legend to Fig. 1) were subjected to 11%
SDS-PAGE, and immunoblot analysis was performed with CDK1
(D), CDK2 (G), CDK4 (J), and CDK5 (M) polyclonal antibodies.
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Unlike other CDKs, CDK8 and the CDK-
related kinase, Kkialre (KK), displayed differ-
ent expressional regulation. The expression of
CDK8 did not change significantly during post-
natal development (Fig. 5A,B). At the same
time, CDK8 was readily detectable in most
adult tissues and was especially abundant in
skeletal muscle, brain, heart, kidney, liver, and
thymus (Fig. 5C). The role of CDK8 has not
been investigated as extensively as other CDKs,
but it appears to be involved in basal transcrip-
tion and DNA repair rather than in regulation
of the cell cycle [Maldonado et al., 1996]. It
complexes with cyclin C and phosphorylates
the C-terminal domain of RNA polymerase II,
which is thought to be involved in promoter
clearance by the polymerase [Fisher, 1997]. As
CDK8 was present throughout postnatal heart,
this supports the putative role of CDK8 in DNA
repair and basal transcription in ventricles.

The expression of KK was investigated by
using two antibodies raised against the C and

N termini of KK. The N-terminal antibodies
recognized three proteins with molecular
masses of 45, 43, and 42 kDa (Fig. 5E). The
total protein levels of these three proteins in-
creased as much as two-fold during postnatal
development (Fig. 5F). The 42 kDa protein was
also immunoreacted with the C-terminal anti-
body, and the immunoreactivity was greatly
increased with age (Fig. 5D). In the isolated
ventricular myocytes, KK was also detected
and mainly localized in the cytosolic fraction
(Fig. 2). KK was also abundantly expressed in
various other tissues, including brain, kidney,
liver, and skeletal muscle (Fig. 5G). The pres-
ence of this protein in the brain was previously
reported based on Western blots and immuno-
precipitation [Yen et al., 1995]. They observed
the expression of three to four new isoforms of
KK with apparent molecular masses ranging
40–52 kDa in SDS-PAGE in adult brain,
whereas only one isoform, 48 kDa, was detected
in fetal brain. In the heart, the three isoforms

Fig. 5. Expression of CDK8 and Kkialre during postnatal devel-
opment of rat ventricle. Protein extracts (150 µg) of 1-, 10-, 20-,
50-, and 365-day-old rat ventricles were subjected to 11%
SDS-PAGE, and Western blot analysis was performed with
affinity-purified polyclonal antibodies specific for CDK8 (A) and
Kkialre (D,E). Panels B,F represent the immunoreactivities of
CDK8-NT and KK-NT antibodies, respectively, which were
plotted against the relative density as 1 arbitrary unit for 1 day
ventricle, and values represent mean 6 SEM from three to four
separate experiments. Panel F represents the relative density of
the three bands immunoreacted with KK-NT antibody. The

bands shown in panel D correspond to the lowest band of panel
E. For the quantitation of KK, the immunoreactivity of KK-NT
was plotted. Inserted numbers and underscores in the graphs
show results of the Tukey multiple comparisons test. At the 0.05
significance level or above, the means of any two groups
underscored by the same line are not significantly different. In
panels C,G, extracts (50 µg of total protein) of 11 adult rat tissues
(see legend to Figure 1) were subjected to 11% SDS-PAGE, and
immunoblot analysis was performed with CDK8 (C) and Kkialre
(G) polyclonal antibodies.
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also immunoreacted with the N-terminal anti-
body. Since among the three isoforms only the
42 kDa protein immunoreacted with the
C-terminal antibody, it may indicate that these
isoforms differ in the C terminus with common
N termini. Nonetheless, the increase in the
expression of KK isoforms during the postnatal
development of the heart may indicate a spe-
cific role of KK in adult stage, maybe in the

differentiated cells. In contrast to our study,
Taglienti and Davis [1996] could not detect KK
mRNA in the heart. The reason for this discrep-
ancy is not clear, but it may be due to different
isoforms being targeted for analysis or the KK
protein level increased via reduced protein deg-
radation rather than increased mRNA levels in
the heart. The role of KK in the heart is cur-
rently under investigated in our lab.

Expression of CDK Regulating Kinases:
Wee1 and CDK7

In addition to the need for cyclins for activa-
tion of CDKs, phosphorylation and dephos-
phorylation at specific sites are also required
[McGill and Brooks, 1995; Nigg, 1995]. For
instance, the phosphorylation of Thr-14 and
Tyr-15 of CDK1 by Wee1 inactivates the CDK1/
cyclinB complex, whereas phosphorylation of
Thr-161 by CDK-activating kinase (CAK) is
required for its stimulation. CAK is a member
of CDKs and has been purified as a complex of
42 kDa and 37 kDa protein in HeLa cells [Fisher
and Morgan, 1994; Jahn et al., 1994]. The 42
kDa catalytic subunit is 88% similar in amino
acid sequence to Xenopus oocytes p40MO15 [Poon
et al., 1993; Solomon et al., 1993], which was
renamed CDK7, and the p37 protein was identi-
fied as cyclin H [Fisher and Morgan, 1994;
Makela et al. 1994]. We investigated the expres-
sion of CDK7 and Wee1 during development.
Affinity-purified CDK7 proximal C-terminus
(PCT) antibody immunoreacted with a 42 kDa
protein in the ventricular extracts that was
slightly upregulated (1.5-fold) in expression af-
ter 1 day of age and remained at a constant
level afterward (Fig. 6A,B). The presence of the
protein was also detected in all of the tissue

Fig. 6. Expression of CDK7 and Wee1 during postnatal devel-
opment of rat ventricle. Protein extracts (150 µg) of 1-, 10-, 20-,
50-, and 365-day-old rat ventricles were subjected to 11%
SDS-PAGE, and Western blot analysis was performed with
affinity-purified polyclonal antibodies specific for CDK7 (A) and
Wee1 (D,E). The immunoreactivities were plotted against the
relative density as 1 arbitrary unit for 1 day ventricle, and values
represent mean 6 SEM from three to four separate experiments
(B,F). Inserted numbers and underscores in the graphs show
results of the Tukey multiple comparisons test. At the 0.05
significance level or above, the means of any two groups
underscored by the same line are not significantly different. In
panels C,G, extracts (50 µg of total protein) of 11 adult rat tissues
(see legend to Figure 1) were subjected to 11% SDS-PAGE, and
immunoblot analysis was performed with CDK7 and Wee1
polyclonal antibodies, respectively.
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extracts studied in 50-day-old rats. The most
abundant expression was detected in liver,
whereas in the heart the expression was quite
low relative to other organs (Fig. 6C).

Wee1 negatively regulates entry into mitosis
by phosphorylating CDK1 at Tyr-15 [McGowan
and Russell, 1993]. It was originally cloned as a
49 kDa human protein and a 68–75 kDa Xeno-
pus Wee1 protein [Mueller et al., 1995]. Based
on Western blotting in HeLa cells, the endog-
enous form, however, migrated as an approxi-
mately 94–95 kDa protein in SDS-PAGE, and
the 49 kDa protein was determined to be the
catalytic domain of human Wee1 [McGowan
and Russell, 1995; Parker et al., 1995]. In this
study, two antibodies raised against the first
and last 12 residues of the Schizosaccharomy-
ces pombe Wee1 (anti-Wee1-T) and kinase sub-
domain X of the human Wee1 (anti-Wee1-X)
immunoreacted with a 95 kDa protein that
exhibited no significant changes in intensity
during development of the heart (Fig. 6D–F).
Even though Wee1 was readily detectable in rat
ventricle (Fig. 6G) and cytosolic fractions of
isolated cardiomyocytes (Fig. 2), the level of
expression among other tissues was very low
(Fig. 6G). Higher amounts were evident in brain,
liver, and testis extracts.

At present, there is little information regard-
ing the roles of CDK7 and Wee1 in the heart.
CDK7, once identified as a CDK-activating ki-
nase (CAK), is a subunit of transcription factor
IIH (TFIIH) [Drapkin et al., 1996]. TFIIH is a
multisubunit complex required for transcrip-
tion and for DNA nucleotide excision repair
with three enzymatic activities: ATP-depen-
dent DNA helicase, a DNA-dependent ATPase,
and kinase specific for phosphorylating the C
terminus of RNA polymerase II. The phos-
photransferase activity is carried out by CAK,
which is composed of CDK7, cyclin H, and a 36
kDa assembly factor termed Mat-1 [Tassan et
al., 1995; Drapkin et al., 1996]. The steady-state
mRNA level varied significantly in different cell
lines and terminally differentiated tissues [Yee
et al., 1995]. The upregulation in expression of
CDK7 with development in the present study
may be associated with the increased role of
TFIIH in adult heart or cardiomyocytes rather
than with the mitotic state of cells. Wee1 expres-
sion in the heart was very low compared to
other tissues. Rather, the proliferation of cardio-
myocytes was shown to be primarily regulated
at the level of CDK expression.

In summary, the rat heart ventricle ex-
presses various protein kinases in an age-
specific manner, and they may be involved in
distinct physical and biochemical characteris-
tics during postnatal development. The expres-
sion of cyclic nucleotide–dependent protein ki-
nases, cAPK and cGPK, was slightly decreased
or did not change. In contrast, those protein
kinases closely involved in cell proliferation
and cell division, such as PKCs and CDKs in-
cluding CDK1, 2, 4, and 5, were downregulated
rapidly after 10 days of age, which may act to
keep cardiomyocytes terminally differentiated.
Other CDKs, such as CDK8 and Kkialre, how-
ever, did not change or rather were increased.
This indicates that CDK7 and 8 may be in-
volved in housekeeping functions, such as basal
transcription and DNArepairing mechanism(s),
and Kkailre may mediate terminal differentia-
tion of cardiomyocytes.

ACKNOWLEDGMENTS

We thank Ms. P. Irwin (Kinetek Pharmaceu-
ticals, Inc.) for technical assistance. We also
extend our appreciation to Mr. M.I. Hasham for
helpful comments. S.O.K. was supported by a
studentship award from the Medical Research
Council of Canada (MRCC). S.L.P. was the re-
cipient of an MRCC Industrial Scientist Award.
This research was partly supported by an oper-
ating grant to S.O.K. and S.L.P from the Heart
and Stroke Foundation of British Columbia and
the Yukon.

REFERENCES

Anversa P, Fitzpatrick D, Argani S, Capasso JM (1991):
Myocyte mitotic division in the aging mammalian rat
heart. Circ Res 69:1159–1164.

Bartel S, Morano I, Hunger HD, Katus H, Pask HT, Karc-
zewski P, Krause EG (1994): Cardiac troponin I and
tension generation of skinned fibres in the developing rat
heart. J Mol Cell Cardiol 26:1123–1131.

Bartel S, Karczewski P, Krause E-G (1996): G protein,
adenylyl cyclase and related phosphoproteins in the devel-
oping rat heart. Mol Cell Biochem 163/164:31–38.

Beebe SJ, Corbin JD (1986): Cyclic nucleotide-dependent
protein kinases. In Krebs EG, Boyer PD (eds): ‘‘The
Enzymes.’’ New York: Academic, pp 43–111.

Bogoyevitch MA, Sugden PH (1996): The role of protein
kinases in adaptational growth of the heart. Int J Bio-
chem Cell Biol 28:1–12.

Bogoyevitch MA, Parker PJ, Sugden PH (1996): Character-
ization of protein kinase C isotype expression in adult rat
heart. Protein kinase C-e is a major isotype present, and
it is activated by phorbol esters, ephinephrine and endo-
thelin. Circ Res 72:757–767.

518 Kim et al.



Braun AP, Schulman H (1995): The multifunctional Ca21/
calmodulin-dependent protein kinase: From form to func-
tion. Annu Rev Physiol 57:417–445.

Capasso JM, Bruno S, Cheng W (1992): Ventricular loading
is coupled with DNA synthesis in adult cardiac myocytes
after acute and chronic myocardial infarction. Cir Res
71:1379–1389.

Capasso JM, Bruno S, Li P, Zhang X, Darzynkiewicz ZD,
Anversa P (1993): Myocyte DNA synthesis with aging:
Correlation with ventricular loading in rats. J Cell Physiol
155:635–648.

Chien KR, Knowlton KU, Zhu H, Chien S (1991): Regula-
tion of cardiac gene expression during myocardial growth
and hypertrophy: Molecular studies of an adaptive physi-
ologic response. FASEB J 5:3037–3046.

Chien KR, Zhu H, Knowlton KU, Miller-Hance W, van-
Bilsen M, O’Brien TX, Evans SM (1993): Transcriptional
regulation during cardiac growth and development. Annu
Rev Physiol 55:77–95.

Claycomb WC (1975): Biochemical aspects of cardiac muscle
differentiation: Deoxyribonucleic acid synthesis and
nuclear and cytoplasmic deoxyribonucleic acid polymer-
ase activity. J Biol Chem 250:3229–3235.

Claycomb WC (1976): Biochemical aspects of cardiac muscle
Differentiation: possible control of deoxyribonucleic acid
synthesis and cell differentiation by adrenergic innerva-
tion and cyclic adenosine 38:58-monophosphate. J Biol
Chem 251:6082–6089.

Claycomb WC, Moses RL (1988): Growth factors and TPA
stimulate DNA synthesis and alter the morphology of
cultured terminally differentiated adult rat cardiac
muscle cells. Dev Biol 127:257–265.

Cummins P (1993): Fibroblast and transforming growth
factor expression in the cardiac myocyte. Circ Res 27:
1150–1154.

Daud AI, Lanson NA, Claycomb WC, Field LJ (1993): Iden-
tification of SV40 large T-antigen associated proteins in
cardiomyocytes from transgenic mice. Am J Physiol 264:
H1693–H1700.

Disatnik M, Buraggi G, Mochly-Rosen D (1994): Localiza-
tion of protein kinase C isozymes in cardiac myocytes.
Exp Cell Res 210:287–297.

Drapkin R, Le Roy G, Cho H, Akoulitchev S, Reinberg D
(1996): Human cyclin-dependent kinase-activating ki-
nase exists in three distinct complexes. Proc Natl Acad
Sci U S A 93:6488–6493.

Edman CF, Schulman H (1994): Identification and charac-
terization of dB-CaM kinase and dC-CaM kinase from rat
heart, two new multifunctional Ca21/calmodulin-depen-
dent protein kinase isoforms. Biochim Biophys Acta 1221:
89–101.

Endo T, Nadal-Ginard B (1989): SV40 large T-antigen in-
duces re-entry of terminally differentiated myotubes into
the cell cycle. In Kedes LH, Stockdale FE (eds): ‘‘The
Cellular and Molecular Biology of Muscle Development.’’
New York: A.R. Liss, pp 95–104.

Field LJ (1988): Atrial natriuretic factor-SV40 transgenes
produce tumors and cardiac arrythmias in mice. Science
239:1029–1033.

Fisher RP (1997): CDKs and cyclins in transition(s). Curr
Opin Genet Dev 7:32–38.

Fisher RP, Morgan DO (1994): A novel cyclin associates
with MO15/CDK7 to form the CDK-activating kinase.
Cell 78:713–724.

Goldstein MA, Traeger L (1985): Ultrastructural changes
in postnatal development of the cardiac myocyte. In Le-
gato MJ (ed): ‘‘The Developing Heart.’’ Boston: Martinus
Nijhoff Publishing, pp 1–20.

Guo K, Walsh K (1997): Inhibition of myogenesis by mul-
tiple cyclin-Cdk complexes. J Biol Chem 272:791–979.

Haddox MK, Roeske WR, Russel DH (1979): Independent
expression of cardiac type I and II Cyclic AMP-dependent
protein kinase during murine embryogenesis and postna-
tal development. Biochim Biophys Acta 585:527–534.

Hansen CA, Schroering AG, Robinshaw JD (1995): Subunit
expression of signal transducing G proteins in cardiac
tissue: Implication for phospholipase C-b regulation. J
Mol Cell Cardiol 27:471–484.

Hartwell LH, Culotti J, Pringle JR, Reid BJ (1974): Genetic
control of the cell division cycle in yeast. Science 183:
46–51.

Hofmann PA, Lange JH (1994): Effects of phosphorylation
of troponin I and C protein on isometric tension and
velocity of unloaded shortening in skinned single cardiac
myocytes from rats. Circ Res 74:718–726.

Hofmann F, Dostmann W, Keilbach A, Landgraf W, Ruth P
(1992): Structure and physiological role of cGMP-depen-
dent protein kinase. Biochim Biophys Acta 1135:51–60.

Hopkins SF, McCutcheon EP, Wekstein DR (1973): Postna-
tal changes in rat ventricular function. Circ Res 32:685–
691.

Huang C, Ma W, Bowden GT, Dong Z (1996): Ultraviolet B
induced activated protein-1 activation does not require
epidermal growth factor receptor but is blocked by a
dominant negative PKC l/i. J. Biol Chem 271:31262–
31268.

Jahn L, Sadoshima J, Izumo S (1994): Cyclins and cyclin-
dependent kinases are differentially regulated during
terminal differentiation of C2C12 muscle cells. Exp Cell
Res 212:297–307.

Katz EB, Steinhelper ME, Delcarpio JB, Daud AI, Clay-
comb WC, Field LJ (1992): Cardiomyocyte proliferation
in mice expressing a-cardiac myosin heavy chain-SV40
T-antigen transgenes. Am J Physiol 262:H1867–H1876.

Keilbach A, Ruth P, Hofmann F (1992): Detection of cGMP-
dependent protein kinase isozymes by specific antibod-
ies. Eur J Biochem 208:467–473.

Kim KK, Soonpaa MH, Daud AI, Koh GY, Kim JS, Field LJ
(1994): Tumor suppressor gene expression during normal
and pathologic myocardial growth. J Biol Chem 269:
22607–22613.

Komuro I, Yazaki Y (1993): Control of cardiac gene expres-
sion by mechanical stress. Annu Rev Physiol 55:55–75.

Kuo JF (1975): Changes in relative levels of guanosine-38:58-
monophosphate–dependent and adenosine-38:58-mono-
phosphate–dependent protein kinase in lung, heart, and
brain of developing guinea pig. Proc Natl Acad Sci U S A
72:2256–2259.

Lew J, Huang QQ, Qi Z, Winkefein RJ, Aebersold R, Hunt
T, Wang J (1994): A brain-specific activator of cyclin-
dependent kinase 5. Nature 371:423–426.

Lincoln TM, Keely SL (1981): Regulation of cardiac cyclic
GMP-dependent protein kinase. Biochim Biophys Acta
676:230–244.

Makela TP, Tassan J, Nigg EA, Weinberg RA (1994): A
cyclin associated with the CDK-activating kinase MO15.
Nature 371:254–256.

Protein Kinase Expression During Rat Heart Development 519



Maldonado E, Shiekhattar R, Sheldon M, Cho H, Drapkin
R, Rickert P, Lees E, Anderson CW, Linn S, Reinberg D
(1996): A human RNA polymerase II complex associated
with SRB and DNA repair proteins. Nature 381:86–89.

McGill CJ, Brooks G (1995): Cell cycle control mechanisms
and their role in cardiac growth. Cardiovasc Res 30:557–
569.

McGowan CH, Russell P (1993): Human Wee1 kinase inhib-
its cell division by phosphorylating p34cdc2 exclusively
on Tyr-15. EMBO J 12:75–85.

McGowan CH, Russell P (1995): Cell cycle regulation of
human WEE1. EMBO J 14:2166–2175.

Mery PF, Lohmann SM, Walter U, Fischmeister R (1991):
Ca21 current is regulated by cyclic GMP-dependent pro-
tein kinase in mammalian cardiac myocytes. Proc Natl
Acad Sci U S A 88:1197–1201.

Michalak M (1987): Sarcoplasmic reticulum membrane and
heart development. Can J Cardiol 3:251–260.

Millis AJT, Forrest GA, Pious DA (1974): Cyclic AMP depen-
dent regulation of mitosis in human lymphoid cells. Exp
Cell Res 83:335–343.

Mueller PR, Coleman TR, Dunphy WG (1995): Cell cycle
regulation of an Xenopus Wee1-like kinase. Mol Biol Cell
6:119–134.

Nasmyth K (1993): Control of the yeast cell cycle by the
Cdc28 protein kinase. Curr Opin Cell Biol 5:166–179.

Nevins JR (1992): E2F: a link between the Rb tumor sup-
pressor protein and viral oncoproteins. Science 258:424–
429.

Nigg EA (1995): Cyclin-dependent protein kinases: key
regulators of the eukaryotic cell cycle. Bioessays 17:471–
480.

Norbury C, Nurse P (1992): Animal cell cycles and their
control. Annu Rev Biochem 61:461–470.

Novak E, Drummond GI, Skala J, Hahn P (1996): Develop-
mental changes in cyclic AMP, protein kinase, phosphory-
lase kinase, and phosphorylase in liver, heart, and skel-
etal muscle of the rat. Arch Biochem Biophys 150:511–
518.

Oey J, Vogel A, Pollack R (1974): Intracellular cyclic AMP
concentration responds specifically to growth regulation
by serum. Proc Natl Acad Sci. U S A 71:694–698.

Okubo Y, Kishimoto T, Nakata T, Yasuda H, Endo T (1994):
SV40 large T antigen induces the cell cycle in terminally
differentiated myotubes through inducing cdk2, cdc2,
and their partner cyclins. Exp Cell Res 124:270–278.

Olivetti G, Quaini F, Lagrasta C, Ricci R, Tiberti G, Ca-
passo JM, Anversa P (1992): Myocyte cellular hypertro-
phy and hyperplasia contribute to ventricular wall remod-
eling in anemia-induced cardiac hypertrophy in rats. Am
J Pathol 141:227–239.

Parker LL, Syvestre PJ, Byrnes MJ. 3rd, Liu F, Piwnica-
Worms H (1995): Identification of a 95-kDa WEE1-like
tyrosine kinase in HeLa cells. Proc Natl Acad Sci U S A
92:9638–9642.

Poon RYC, Yamashita K, Adamczewski JP, Hunt T, Shuttle-
worth J (1993): The cdc2-related protein p40MO15 is the
catalytic subunit of a protein kinase that can activate
p33cdk2 and p34cdc2. EMBO J 12:3123–3132.

Puceat M, Hilal-Dandan R, Strulovici B, Brunton LL, Brown
JH (1994): Differential regulation of protein kinase C
isoforms in isolated neonatal and adult rat cardiomyo-
cytes. J Biol Chem 269:16938–16944.

Rakusan K (1984): Cardiac growth, maturation, and aging.
In Zak R (ed): ‘‘Growth of the Heart in Health and
Disease.’’ New York: Raven Press, pp 131–164.

Robertson SP, Johnson JD, Holroyde MJ, Kranias EG,
Potter JD, Solaro RJ (1982): The effects of troponin I
phosphorylation on the Ca21-binding properties of the
Ca21-regulatory site of bovine cardiac troponin. J Biol
Chem 257:260–263.

Rodrigues B, Severson DL (1997): Preparation of cardiomyo-
cytes. In McNeill JH (ed): ‘‘Biochemical Techniques in the
Heart III.’’ Boca Raton: CRC Press, pp 99–113.

Rumyantsev PP (1977): Interrelation of the proliferation
and differentiation processes during cardiac myogenesis
and regeneration. Int Rev Cytol 51:186–273.

Rybin VO, Steinberg SF (1994): Protein kinase C isoform
expression and regulation in the developing rat heart.
Circ Res 74:299–309.

Rybin VO, Steinberg SF (1997): Do adult rat ventricular
myocytes express protein kinase C-a Am J Physiol 272:
H2485–H2491.

Sandberg M, Natarajan V, Ronander I, Kalderon D, Walter
U, Lohmann SM, Jahnsen T (1989): Molecular cloning
and predicted full-length amino acid sequence of the type
I isozyme of cGMP-dependent protein kinase from hu-
man placenta. FEBS Lett 255:321–329.

Sanghera JS, Weinstein SL, Aluwalia M, Girn J, Pelech SL
(1996): Activation of multiple proline-directed kinases by
bacterial lipopolysaccharide in murine macrophages. J
Immunol 156:4457–4465.

Schott R, Morrow LA (1993): Growth factors and angiogen-
esis. Circ Res 27:1155–1161.

Schworer CM, Rothblum LI, Thekkumkara TJ, Singer HA
(1993): Identification of novel isoforms of the delta sub-
unit of Ca21/calmodulin-dependent protein kinase II. Dif-
ferential expression in rat brain and aorta. J Biol Chem
268:14443–14449.

Selbie LA, Schmitz-Peiffer C, Sheng Y, Biden TJ (1993):
Molecular cloning and characterization of PKC iota, an
atypical isoform of protein kinase C derived from insulin-
secreting cells. J Biol Chem 268:24296–24302

Sherr CJ (1994): The ins and outs of Rb: Coupling gene
expression to the cell cycle clock. Trends Cell Biol 4:
15–18.

Shoji S, Ericsson LH, Walsh KA, Fischer EH, Titani K
(1983): Amino acid sequence of the catalytic subunit of
bovine type II adenosine cyclic 38,58-phosphate depen-
dent protein kinase. Biochemistry 22:3720–3709.

Showers MO, Maurer RA (1986): A cloned bovine cDNA
encodes an alternate form of the catalytic subunit of
cAMP-dependent protein kinase. J Biol Chem 261:16288–
16291.

Solomon MJ, Harper JW, Shuttleworth J (1993): CAK, the
p34cdc2 activating kinase, contains a protein identical or
closely related to p40MO15. EMBO J 12:3133–3142.

Soonpaa MH, Kim KK, Pajak L, Franklin M, Field LJ
(1996): Cardiomyocyte DNA synthesis and binucleation
during murine development. Am J Physiol 271:H2183–
H2189.

Steinberg SF, Goldberg M, Rybin VO (1995): Protein kinase
C isoform diversity in the heart. J Mol Cell Cardiol
27:141–153.

Sugden PH, Bogoyevitch MA (1995): Intracellular signal-
ling through protein kinases in the heart. Cardiovasc Res
30:478–492.

520 Kim et al.



Taglienti CA, Davis RJ (1996): Molecular cloning of the
epidermal growth factor–stimulated protein kinase p56
KKIAMRE. Oncogene 13:2563–2574.

Tam SKC, Gu W, Mahdavi V, Nadal-Ginard B (1995): Car-
diac myocyte terminal differentiation. Potential for car-
diac regeneration. Ann N Y Acad Sci 752:72–79.

Tassan JP, Jaquenoud M, Fry AM, Frutiger S, Hughes GJ,
Nigg EA (1995): In vitro assembly of a functional human
CDK7-cyclin H complex requires MAT1, a novel 36 kDa
RING finger protein. EMBO J 14:5608–5617.

Taya Y (1997): RB kinases and RB-binding proteins: New
points of view. Trends Biol Sci 22:14–17.

Taylor SS, Buechler JA, Yonemoto Y (1990): cAMP-depen-
dent protein kinase: Framework for a diverse family of
regulatory enzymes. Annu Rev Biochem 59:971–1005.

Toyofuku T, Kurzydlowski K, Narayanan N, Maclennan
DH (1994): Identification of Ser38 as the site in cardiac
sarcoplasmic reticulum Ca21-ATPase that is phosphory-
lated by Ca21/calmodulin-dependent protein kinase. J
Biol Chem 269:26492–26496.

Tsai LH, Delalle I, Caviness Jr. VS, Chae T, Harlow E
(1994): p35 is a neural-specific regulatory subunit of
cyclin-dependent kinase 5. Nature 371:419–423.

van-Bilsen M, Chien KR (1993): Growth and hypertrophy of
the heart: towards an understanding of cardiac specific
and inducible gene expression. Cardiovasc Res 27:1140–
1149.

Wiemann S, Kinzel V, Pyerin W (1991): Isoform C2, an
unusual form of the bovine catalytic subunit of cAMP-
dependent protein kinase. J Biol Chem 266:5140–5146.

Witcher DR, Strifler BA, Jones LR (1992): Cardiac-specific
phosphorylation site for multifunctional Ca21/calmodu-
lin-dependent protein kinase is conserved in the brain
ryanodine receptor. J Biol Chem 267:4963–4967.

Wu J, Wang S, Tseng T (1996): The involvement of PKC in
N-cadherin-mediated adherens junction assembly in cul-
tured cardiomyocytes. Biochem Biophy Res Commun 225:
733–739.

Yabana H, Sasaki Y, Narita H, Nagao T (1995): Subcellular
fractions of cyclic AMP and cyclic AMP-dependent pro-
tein kinase and the positive inotropic effects of selective
b1- and b2-adrenoceptor agonists in guinea pig hearts. J
Cardiovasc Pharmacol 26:889–898.

Yee A, Nicholas MA, Wu L, Hall FL, Kobayashi R, Xiong Y
(1995): Molecular cloning of CDK7-associated human
MAT1, a cyclin-dependent kinase-activating kinase (CAK)
assembly factor. Cancer Res 55:6058–6062.

Yen SH, Kenessey A, Lee SC, Dickson DW (1995): The
distribution and biochemical properties of a Cdc2-related
kinase, KKIALRE, in normal and Alzheimer brains. J
Neurochem 65:2577–2584.

Yoshizumi M, Lee W, Hsieh C, Tasi J, Li J, Perrella MA,
Patterson C, Endege WO, Schlegel R, Lee M (1995):
Disappearance of Cyclin A correlates with permanent
withdrawal of cardiomyocytes from the cell cycle in hu-
man and rat hearts. J Clin Invest 95:2275–2280.

Zak R (1984): Overview of the growth process. In Zak R (ed):
‘‘Growth of the Heart in Health and Disease.’’ New York:
Raven Press, pp 1–24.

Protein Kinase Expression During Rat Heart Development 521


	MATERIALS AND METHODS
	TABLE I.

	RESULTS AND DISCUSSION
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.

	ACKNOWLEDGMENTS
	REFERENCES

