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(Background: p21¢ipt

and differentiation.

cardiomyocytes.
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is controlled by both a transcriptional and post-translational mechanism during cell cycle progression
Results: CDK2 blocks APC/C“4“**-mediated ubiquitylation of p21 at the N terminus, causing G, arrest in mitogen-stimulated

Conclusion: The regulation of p21 ubiquitylation is required to maintain a terminal differentiation state of cardiomyocytes.
Significance: This provides a novel insight on the control of cell cycle arrest in terminal differentiation.

J

Cyclin-dependent kinase inhibitor p21<'P! plays a crucial role in
regulating cell cycle arrest and differentiation. It is known that
p21“’P! increases during terminal differentiation of cardiomyo-
cytes, but its expression control and biological roles are not fully
understood. Here, we show that the p21<! protein is stabilized in
cardiomyocytes after mitogenic stimulation, due to its increased
CDK?2 binding and inhibition of ubiquitylation. The APC/CC4¢20
complex is shown to be an E3 ligase mediating ubiquitylation of
p21€P! at the N terminus. CDK2, but not CDC2, suppressed the
interaction of p21“'P! with Cdc20, thereby leading to inhibition of
anaphase-promoting complex/cyclosome and its activator Cdc20
(APC/C®4?%).mediated p21“'P! ubiquitylation. It was further
demonstrated that p21“P! accumulation caused G, arrest of car-
diomyocytes that were forced to re-enter the cell cycle. Taken
together, these data show that the stability of the p21<"P* protein is
actively regulated in terminally differentiated cardiomyocytes and
plays a role in inhibiting their uncontrolled cell cycle progression.
Our study provides a novel insight on the control of p21“'*! by
ubiquitin-mediated degradation and its implication in cell cycle
arrest in terminal differentiation.

Cell cycle inhibitor p21<'P* (p21) plays a crucial role in sev-
eral biological aspects, including cell cycle, differentiation,
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senescence, and apoptosis (1). It is well established that p21
protein binds to cyclin-dependent kinases (CDKs)? through its
N-terminal domain to function as a stoichiometric inhibitor,
thereby regulating cell cycle progression. Furthermore, the
C-terminal domain of p21 binds to proliferating cell nuclear
antigen and inhibits the processivity of DNA polymerase.

The expression of p21 protein during the cell cycle is regu-
lated at levels of both transcription and protein stability. Nota-
bly, p21 mRNA is induced at the transcriptional level (2). For
example, p21 is one of the target genes of the tumor suppressor
p53 and is involved in p53-dependent DNA damage-induced
G, arrest of the cell cycle (3, 4). In contrast, down-regulation of
p21 protein during cell cycle progression is mainly exerted by
post-translational regulation, such as ubiquitin-dependent or
-independent degradation by the proteasome (5-11). Among
the E3 ligase complex, SCF5*?? complex is implicated in
degrading p21 at the G,/S transition and during S phase by
ubiquitylating four distinct lysine residues located in the C-ter-
minal region (12, 13), and CRLY** targets the degradation of
p21 binding to proliferating cell nuclear antigen in the S phase
(14, 15). Amador et al. (19) showed that anaphase-promoting
complex/cyclosome and its activator Cdc20 (APC/C<4%),
which targets mitotic proteins for degradation by proteasome
(16-18), controls the ubiquitin-mediated degradation of p21
during G,/M. The protein degradation of p21 is regulated by
interaction with CDKs. Notably, the CDK2-cyclin E complex
binds to p21 and phosphorylates its Ser-130 residue, thereby
facilitating the degradation of p21 during S phase of the cell
cycle (12,13, 20). This accelerated degradation of p21 by CDK2
is crucial for cell cycle progression in proliferating cells.

2 The abbreviations used are: CDK, cyclin-dependent kinase; APC/C<4<2°, ana-
phase-promoting complex/cyclosome and its activator Cdc20; NLS,
nuclear localization signal; WCE, whole cell extract; Ub, ubiquitin; H3P,
phosphorylated histone H3.
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p21 is also involved in differentiation of cells, such as intesti-
nal epithelial cells, keratinocytes, PC12 cells, glioma cells, skel-
etal muscle cells, and cardiomyocytes (21). Mammalian car-
diomyocytes irreversibly withdraw from the cell cycle soon
after birth and enter terminal differentiation (22—24). Several
studies have reported that the expression of p21 protein
increases significantly throughout cardiac development in
mouse and human (25, 26). Recently, Di Stefano et al. (27)
reported that triple transfection with p21, p27**, and p57~P?
small interfering RNAs (siRNAs) induces cardiomyocyte to
enter S phase. Thus, p21 plays an important role for withdrawal
of cardiomyocytes from the cell cycle. Although the transcrip-
tional regulation of p21 is reported throughout cardiac devel-
opment (28), detailed mechanism by which p21 protein is con-
trolled has remained elusive.

We have previously shown that cyclin D1 is induced by mito-
genic stimuli (29, 30), but its nuclear import is impaired in ter-
minally differentiated cardiomyocytes. The expression of the
nuclear localization signal (NLS)-tagged cyclin D1 (D1NLS)
and CDK4 triggers the cell cycle, indicating that the impair-
ment of nuclear expression of cyclin D1 is one of the barriers of
the cell cycle in cardiomyoyctes (31). Furthermore, we found
that Skp2 is actively ubiquitylated to be degraded, and this leads
to accumulation of CDK inhibitor p27, one of the targets of
SCF5*P? ubiquitin ligase. Thus, combined expression of Skp2
and DINLS/CDK4 promotes cardiomyocyte proliferation both
in vitro and in vivo (32, 33). However, the proliferation of these
cardiomyocytes is still limited. Thus, it is expected that p21 is
another important key factor of the maintenance of cardiomyo-
cyte cell cycle arrest.

In this study, we investigated the post-transcriptional con-
trol of p21 in terminally differentiated cardiomyocytes. We
show here that CDK2 is implicated in increased stabilization
of p21 protein after mitogenic stimulation by inhibiting
APC/CS92° ubiquitylation. It is further demonstrated that
p21 protein causes G, arrest in cardiomyocytes that had
been forced to re-enter the cell cycle. Our findings provide a
novel insight into the control mechanism of p21 by which
mammalian cardiomyocytes cease to proliferate during ter-
minal differentiation.

EXPERIMENTAL PROCEDURES

Plasmids and Reagents—Wild type rat p21 was PCR-ampli-
fied using pCRWO0.8 that was provided by Dr. Vogelstein. The
primer set was as follow: 5'-ATGTCCGATCCTGGTGA-
TGT-3' (forward) and 5'-TCAGGGCTTTCTCTTGCAGA-3’
(reverse). Mutant p21(1-140) lacking the C terminus was gen-
erated by PCR using the primers 5'-ATGTCCGATCCTGGT-
GATGT-3' (forward) and 5'-TTATCGGCCCTGAGATG-
TCC-3' (reverse). p21 CK— (R18A, L20A, and F50A) and
K3R(1-140) mutants were generated by site-directed mutagen-
esis as described (Stratagene) using p21 (WT) and p21(1-140)
mutant as templates, respectively. N-terminally HA-tagged p21
was generated by PCR using the forward primer that encoded
HA-precision protease sequence, 5'-ATGTATCCATACGAT-
GTGCCAGATTACGCACTGGAAGTTCTGTTCCAGGGG-
CCCATGTCCGATCCTGGTGATGT-3' (forward) and 5'-
TTATCGGCCCTGAGATGTCC-3" (reverse). All the PCR
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products were subcloned into pPGEMT vector (Promega). Lac-
tacystin was purchased from Peptide Institute Inc., and cyclo-
heximide was from Sigma. Other chemicals were reagent grade.

Antibodies—The following antibodies were used in this
study: mouse monoclonal anti-Cdc27 (AF3.1, Sigma); anti-cy-
clin D1 (CC12, Oncogene Research Products); anti-CDC2 (sc-
54, Santa Cruz Biotechnology); anti-glutathione S-transferase
(GS019, Nacalai Tesque, Inc.); anti-tropomyosin (clone CHI,
Lab Vision Corp.); anti-HA tag (2367, Cell Signaling Technol-
ogy); anti-p55CDC/Cdc20 (SC-5296, Santa Cruz Biotechnol-
ogy); anti-sarcomeric actin (M0874, DAKO); anti-B-actin
(A2228, Sigma); anti-ubiquitin (P4D1, Cell Signaling); rabbit
polyclonal anti-phosphohistone H3 (Ser-10) (06-570, Upstate);
anti-glutathione S-transferase (A5800, Molecular Probes); anti-
Skp1 (2156, Cell Signaling Technology); anti-Cull (Zymed Lab-
oratories Inc.); anti-p21 (SC-756, Santa Cruz Biotechnology);
anti-p21 (SC-397, Santa Cruz Biotechnology); anti-Ub (SC-
9133, Santa Cruz Biotechnology); anti-CDK2 (SC-163, Santa
Cruz Biotechnology); anti-CDK4 (SC-260, Santa Cruz Biotech-
nology); and anti-cyclin E (SC-481, Santa Cruz Biotechnology).

Adenoviruses—Adenoviruses encoding nuclear localization
signal-tagged cyclin D1 (Ad-DINLS) and CDK4 (Ad-CDK4)
were as described previously (32). The cDNA corresponding
to His-Myc-ubiquitin K48R mutant (34), CDK2, CDK2 dom-
inant negative (CDK2DN) mutant (35), and cyclin E were
ligated into the Swal site of the E1-deleted region of cassette
cosmid vector pAxCAwt (TaKaRa). The DNA containing the
siRNA sequence that targets rat p21 or CDK2 inserted into
pcPURU6B were obtained by TaKaRa and subsequently ligated
into the Swal site of pAxcw (TaKaRa). Oligonucleotide
sequences specific for rat p21 from 79 to 97 were 5'-GGGGT-
AAAGTATGCTGTCAACGTGTGCTGTCCGTTGACGGC-
ATACTTTGCTCCTTTTT-3' (sense) and 5'-AAAAAGGAG-
CAAAGTATGCCGTCAACGGACAGCACACGTTGACAG-
CATACTTTACCCC-3' (antisense); sequences specific for rat
CDK2 from 1011 to 1029 were 5'-GGGTGTGATTAAACTA-
GTAACGTGTGCTGTCCGTTACTGGTTTAGTCACATC-
CTTTTT-3' (sense) and 5'-AAAAAGGATGTGACTAAAC-
CAGTAACGGACAGCACACGTTACTAGTTTAATCACA-
CCC-3' (antisense), respectively.

Cell Culture and Treatment—Rat neonatal cardiomyocytes
were isolated and cultured as described previously (31). Briefly,
heart ventricles were isolated from 3-day-old postnatal
Sprague-Dawley rats, trisected, and then digested four times
with 1 mg/ml collagenase type II (Worthington) at 37 °C for 20
min. The dispersed cells were purified by centrifugation
through a discontinuous Percoll gradient of 1.050, 1.060, and
1.082 g/ml. The cardiac cells were collected and plated on a
60-mm dish (2 X 10° cells) or on 25-mm collagen-coated cov-
erslips (2 X 10° cells) in minimum essential medium supple-
mented with 5% calf serum, 100 units/ml penicillin, and 100
pg/ml streptomycin. Cardiomyocytes were cultured at 37 °C
for 24 h in humidified air with 5% carbon dioxide, after which
the medium was changed to MEM containing 0.5% calf serum
and further incubated for 36 h. Cells were then treated with
medium containing 10% fetal bovine serum or 10 ng of bFGF
(Sigma) and further incubated for another 24 h. Cells were
infected with Ad-DINLS, Ad-CDK4, and His-Myc-ubiquitin
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K48R at a multiplicity of infection of 20 and Ad-CDK2,
Ad-CDK2DN, Ad-cyclin E, Ad-CDC2 (1764, Vector Biolabs,
The Gene Delivery Co.), CDK2 siRNA, and p21 siRNA at a
multiplicity of infection of 20 or 80 for 48 h. Use of rats in this
study was approved by the Institutional Animal Care and Use
Committee of Tokyo Medical and Dental University.

Real Time Reverse Transcription-PCR—Total RNA was iso-
lated by the acid-guanidinium method using a kit from Nacalai
Tesque Inc. Isolated total RNA was reverse-transcribed using
the PrimeScript reverse transcriptase kit (TaKaRa). Primers
were used as follows: rat GAPDH, 5'-AAGATGGTGAAGGT-
CGGTGT-3’ (forward) and 5'-TTCCCATTCTCAGCCTT-
GAC-3' (reverse);and rat p21,5-TCTTGCACTCTGGTGTC-
TCA-3' (forward) and 5'-GGGCTTTCTCTTGCAGAAGA-3’
(reverse). PCRs were performed using ABI PRISM 7900HT
sequence detection systems (Applied Biosystems) and Power
SYBR Green PCR master mix (Applied Biosystems). The ther-
mal cycling conditions were composed of an initial denatur-
ation step at 50 °C for 2 min and 95 °C for 10 min followed by 50
cycles of PCR under the following conditions: 95 °C for 15 s,
60 °C for 20 s, and 72 °C for 30 s.

Whole Cell Extract and Western Blot—Cells treated as indi-
cated were washed in phosphate-buffered saline, lysed in ice-
cold lysis buffer (20 mm HEPES (pH 7.9), 420 mm NaCl, 0.5%
Nonidet P-40, 1.5 mm MgCl,, 0.2 mm EDTA, 25% glycerol,
1 mm DTT, and phosphatase and a mixture of protease inhibi-
tors) for 30 min. Lysates were then sonicated, and insoluble
matter was removed by centrifugation. Whole cell extracts
were standardized for protein content using the protein assay
kit (Bio-Rad). Cell extracts (usually 12 ug of protein) were sep-
arated by SDS-PAGE, transferred onto an Immobilon-P mem-
brane (Millipore), and subjected to Western blot with indicated
antibodies. Quantitative analysis was performed with the gel
analysis component of Image] software.

In  Vivo Ubiquitylation Assay—Cardiomyocytes were
infected with various adenoviruses as indicated for 42 h and
treated with 20 uMm lactacystin for 6 h and harvested. Whole cell
extracts (50 ug of protein) in 150 wl of IP buffer (50 mm HEPES
(pH 7.6), 150 mm NaCl, 1 mm EDTA, 2.5 mm EGTA, 10 mm
glycerophosphate, 1 mm NaF, 0.1 mm Na,VO,, 10% glycerol,
0.1% Tween 20, 1 mm DTT, and a mixture of protease inhibi-
tors) were mixed with 30 ul of agarose beads bound to the UBA
domains from Rad23 (ubiquitinated protein enrichment kit,
Calbiochem) at 4 °C for 3 h. After the beads were washed,
bound protein was subjected to SDS-PAGE and Western blot.

In Vitro Ubiquitylation Assay—Whole cell extracts (40 pg of
protein) were obtained from cells infected with DINLS/CDK4
for 48 h and mixed with 15 ul of ExactaCruz C (Santa Cruz
Biotechnology) that had been incubated with anti-Cdc27 anti-
body (3 ug) and further incubated for 2 h, followed by washing
four times in buffer (50 mm HEPES (pH 7.6), 100 mm NacCl, 1
mMEDTA, 2.5 mm EGTA, 10 mMm glycerophosphate, 1 mm NaF,
0.1 mm Na,VO,, 10% glycerol, 0.1% Tween 20, 1 mm DTT, and
a mixture of protease inhibitors), and two times in reaction
buffer (40 mm Tris (pH 7.5), 60 mm NaCl, 1 mm DTT, and a
mixture of protease inhibitors). The immunoprecipitates
(immunopurified APC/C“4“?° complex) or whole cell extracts
from DINLS/CDK4 incubated with 2 ul of in vitro transcribed/
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translated p21 in 30 pl of reaction buffer containing 5 mm
MgCl,, 1.5 mm ATP, 50 ng of Ubal, 200 ng of UbcH10, 3 ug of
glutathione S-transferase (GST)-ubiquitin, and/or GST-
CDK2/FLAG-cyclin E (kindly provided by Dr. Kamura, Nagoya
University, Japan) at 26 °C for 1 h. As substrates, various p21
mutants were prepared in vitro using 1 ug each of pGEMT
vector encoding p21 in 25 ul of rabbit reticulocyte lysate (TNT
kit from Promega) according to the protocol. Ubiquitylated p21
was determined by autoradiography of *°S labeled p21. To
detect ubiquitylated p21 by immunoblotting, in vitro ubiquity-
lation assay reaction samples were immunoprecipitated with
anti-p21 antibody followed by immunoblotting with anti-GST
antibody. To detect p21 ubiquitylated sites, i vitro ubiquityla-
tion assay reaction samples using HA-p21 substrates were
immunoprecipitated with anti-HA antibody. The beads were
washed four times in Wash buffer and two times in PreScission
protease cleavage buffer (50 mm Tris (pH 7.0), 150 mm NaCl, 1
mwm DTT) and incubated with 80 units/ml Precision protease
(GE Healthcare) overnight at 4 °C. After incubation, the beads
and the supernatants were subjected to SDS-PAGE and immu-
noblotted with anti-GST antibody. To specify which lysine res-
idue is linked to ubiquitin chains, GST-p21 (506104, Calbi-
ochem) as substrate and mutant types of ubiquitin were used,
and reaction samples were purified by GST pulldown assay and
immunoblotted with anti-Ub (P4D1, Cell Signaling) antibody.

Cell Cycle Analysis and Immunohistochemistry—For cell
cycle analysis, cells were treated with propidium iodide (50
png/ml) and RNase A (500 ug/ml). The DNA content of cells
was analyzed using a laser scanning cytometer (LSC 101, Olym-
pus). For analysis of cell number, cardiomyocytes were
untreated or infected with DINLS expressing adenoviruses and
cultured. Cell numbers were counted at 2—6 days after infec-
tion, and the relative cell proliferation was expressed as mean *
S.E. of three independent experiments. For immunohistochem-
istry, cells cultured on glass coverslips were fixed with 4% para-
formaldehyde and stained with primary antibodies as indicated
and Alexa 488 or Alexa 568 secondary antibodies (Invitrogen).
Nuclei were stained with DAPI. Images were obtained with the
laser scanning confocal image system (LSM510, ZEISS, Jena,
Germany).

In Vitro CDK-Associated Kinase Assay—Whole cell extracts
were immunoprecipitated with anti-CDK2 or anti-CDC2 anti-
body, and the complex was assayed for CDK kinase activity as
described (32). The immunoprecipitated complexes were incu-
bated with 2 ug of histone H1, 60 um cold ATP, and 5 pCi
[y-**P]ATP (6000 Ci/mmol) for 30 min at 30 °C. Phosphory-
lated proteins were subjected to autoradiography.

Statistical Analysis—Quantitative data were expressed as
mean * S.E. Statistical analysis was performed with the Stu-
dent’s ¢ test.

RESULTS

p21 Is Stabilized in Cardiomyocytes in Response to Mitogenic
Stimuli—Some of the cell cycle regulators are known to be
increased with several mitogenic stimuli in primary cardiomyo-
cytes (23, 24, 29, 36, 37). As shown in Fig. 14, the expression of
p21 was increased in cardiomyocytes treated with bFGF and
serum. In particular, adenoviruses encoding NLS-tagged cyclin
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FIGURE 1. p21 is stabilized in cardiomyocytes in response to mitogenic stimuli. Cardiomyocytes were treated with 10 ng of bFGF, 10% FBS for 24 h or
infected with a combination of adenoviruses encoding D1NLS and CDK4 for 48 h. A, Western blotting of whole cell extracts for p21, CDK2, cyclin D1, CDK4,
sarcomeric actin, and CDK2 in immunoprecipitates (/P) with anti-CDK2 antibody and kinase activity of CDK2. B, immunostaining for p21 in D1NLS/CDK4-
expressing cardiomyocytes. Green, p21; red, tropomyosin; white, DAPI. Arrowheads and arrows indicate cardiomyocytes and cardiac fibroblasts, respectively.
Scale bar, 50 um. C, Western blotting of whole cell extracts for p21, ubiquitin, sarcomeric actin, and CDK2 inimmunoprecipitates with anti-CDK2 antibody and
kinase activity of CDK2. Cells were treated with adenovirus for His-Myc-tagged ubiquitin (K48R) for 48 h, and with 20 um lactacystin for 6 h before harvest.

D1 and CDK4 caused a robust induction of p21 expression in
the nuclei of the cells stained with tropomyosin, one of the
cardiac specific markers (Fig. 1, A and B). Although p21 is
known to be controlled by transcriptional regulation, it was
shown that p21 mRNA level had no apparent change and 1.4-,
0.8-, and 2.3-fold change compared with the control for bFGF,
serum, or DINLS-CDK4-treated cardiomyocytes, respectively
(supplemental Fig. S1A4). We further treated cardiac cells with
mutant ubiquitin K48R (UbK48R) in which lysine residue 48
was changed to arginine, proteasome inhibitor lactacystin, or
both. p21 protein was remarkably increased with these treat-
ments, and the level of p21 was almost similar among them,
indicating that p21 is actively degraded via ubiquitin-depen-
dent proteasome system. The percentage of p21 levels in cells
treated with bFGF, serum, and DINLS/CDK4 compared with
those in the presence of a proteasome inhibitor was up-regu-
lated from 8% (nontreated) to 30% (bFGF), 64% (serum), and
64% (DINLS/CDK4) (Fig. 1C and supplemental Fig. S1B). As
expected from the result that p21 was stabilized, Ub (K48R),
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lactacystin, and both decreased CDK2 kinase activity (Fig. 1C
and supplemental Fig. S1C). Furthermore, they also reduced
D1NLS/CDK4-induced proliferation of cardiomyocytes to the
same extent as control (supplemental Fig. S1D). In contrast,
p21 was not clearly stabilized in proliferating rat embryonic
fibroblasts compared with in serum-starved cells (supplemen-
tal Fig. S2). These data, taken together, strongly support the
notion that p21 protein is induced through increased stabiliza-
tion in response to mitogenic stimulation especially in
cardiomyocytes.

CDK2 Binds to and Stabilizes p21 Protein—As shown in Fig.
1A, cardiomyocytes treated with bFGF, serum, or DINLS/
CDK4 all induced the expression of CDK2 on parallel with the
up-regulation of p21. The activity of CDK2 was also up-regu-
lated in bFGEF-, FBS-, and DINLS/CDK4-treated cells (Fig. 14).
Thus, we examined the effect of CDK2 on p21. Overexpression
of wild type CDK2 caused the increase of p21. Furthermore, the
loss of function approach was employed using gene delivery of
specific siRNA against CDK2. Knockdown of CDK2 signifi-
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FIGURE 2. p21 stabilization via CDK2 binding. A, Western blotting of whole cell extracts for p21, CDK2, and sarcomeric actin. Cells were infected with
adenoviruses encoding D1NLS/CDK4, wild type CDK2, dominant negative mutant type of CDK2 (CDK2DN), or siRNA for CDK2 for 48 h. B, Western blotting of
whole cell extracts for p21, CDK2, and sarcomeric actin. Cells were infected with adenoviruses for D1NLS/CDK4 and wild type CDK2. 50 ug/ml cycloheximide
(Sigma) was added 48 h after infection, and cells were harvested at the indicated time. To determine the p21 protein in the complex of CDK2, whole cell extracts
were immunoprecipitated (/P) with anti-CDK2 antibody, followed by immunoblotting with anti-p21 antibody. Right panel is quantitative measurements. p21
in immunoprecipitates with anti-CDK2 antibody are normalized to CDK2 level, and p21 in others are normalized to actin level. C, in vivo ubiquitylation analysis
of p21. Cardiomyocytes were infected with adenoviruses for His-Myc-tagged ubiquitin, D1NLS/CDK4, and wild type CDK2. Ubiquitylated proteins were isolated
from total cell lysates using the Rad23 UBA domains as under “Experimental Procedures.” Bound proteins were subjected to an immunoblotting with anti-p21
antibody. WB, Western blot. D, in vitro ubiquitylation analysis of p21. WCE (40 ug of protein) from cells infected with D1NLS/CDK4 for 48 h were reacted
with 33S-labeled p21 protein as a substrate in the absence or presence of GST-CDK2/FLAG-cyclin E (CDK2/CycE). The reaction products were analyzed by
SDS-PAGE followed by autoradiography. E, in vitro ubiquitylation analysis of p21. WCE (40 ug of protein), obtained from cells infected with D1NLS/CDK4 for
48 h, were incubated with 0.5 g of recombinant human p21, GST fusion (506104, Calbiochem) as a substrate, and 5 ug of ubiquitin (WT, R48, R63, K48, K63, or
KO, kindly provided from Dr. Baer, Columbia University) in the reaction buffer. To detect ubiquitylated p21, ubiquitylation assay reaction samples were purified
by GST pulldown assay, fractionated by SDS-PAGE, and detected by immunoblotting with mouse monoclonal anti-ubiquitin antibody (P4D1, Cell Signaling).
Reactions in the presence of wild type ubiquitin (lanes 7 and 5), Ub (R48) mutant ubiquitin (lane 2), Ub (R63) mutant ubiquitin (lane 3), lysine-less Ub-KO mutant
ubiquitin (lanes 4 and 8), Ub (K48) mutant ubiquitin (lane 6), or Ub (K63) mutant ubiquitin (lane 7).

cantly decreased the p21 protein in DINLS/CDK4 cells (Fig.
2A), suggesting that CDK2, which is capable of binding of p21,
controls the stability of the p21 protein. Intriguingly, the dom-
inant negative mutant type of CDK2 (CDK2DN), which is
defective in CDK2 kinase activity in D1INLS/CDK4-infected
cells (supplemental Fig. S3), also elevated p21 to the same level
as wild type of CDK2 (Fig. 24), indicating the catalytic activity
of CDK2 is dispensable. Consistent with this, cyclin E, the reg-
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ulatory cyclin for CDK2, had no effect on the increase of p21
(supplemental Fig. S4, A and B). In contrast, p21 was not ele-
vated by overexpression of CDC2 (supplemental Fig. S5A4).
Thus, the relationship of p21 binding to CDK2 and its stability
were examined. Fig. 2B showed that whole amount of p21 pro-
tein in the cells was rapidly degraded with a half-life less than
1 h. In contrast, overexpression of CDK2 prolonged the half-life
of p21 (Fig. 2B). Furthermore, p21 protein in the complex of
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CDK?2 exhibited a more prolonged half-life (Fig. 2B). Collec-
tively, these data clearly demonstrate that p21 protein is stabi-
lized by CDK2 independently of its kinase activity.

CDK2 Suppresses Polyubiquitylation of p2I1—We next
addressed if ubiquitin-mediated pathway is involved in the p21
stabilization by CDK2. Fig. 2C showed that p21 was actively
polyubiquitylated in untreated cardiomyocytes, and its activity
was significantly reduced in cells treated with DINLS/CDK4.
Overexpression of CDK2 further suppressed the polyubiquity-
lation of p21. Ubiquitylation assay in vitro using cell extract
showed p21 protein was actively ubiquitylated in cardiomyo-
cytes, and this activity was suppressed by addition of recombi-
nant CDK2 in a dose-dependent manner (Fig. 2D). In contrast,
CDC2 had no effect on p21 ubiquitylation (supplemental Fig.
S5B). Polyubiquitin chains linked through the Lys-48 residue of
ubiquitin are most commonly associated with proteins targeted
for proteosomal degradation; in contrast, polyubiquitylation
through Lys-63 is associated with nonproteolytic functions
such as signal transduction (38-40). Therefore, to examine
which lysine residue is linked to ubiquitin chains, we performed
in vitro ubiquitylation assay using ubiquitin mutants, Ub(R48)
and Ub(R63), in which arginine was substituted for Lys-48 or
Lys-63, respectively, and Ub(K48) and Ub(K63), in which all the
lysines are changed to arginine with the exception of residue
Lys-48 or Lys-63, respectively, and lysine-less ubiquitin, Ub-KO
(41). As shown in Fig. 2E (lanes 1-4), the levels of polyubiqui-
tylation were remarkably reduced in Ub(R48) and Ub-KO reac-
tions. In contrast, the reaction in Ub(R63) was retained at the
same level of Ub (WT). Furthermore, the robust ubiquitylation
was observed in Ub(K48) reaction as much as in Ub (WT), but
not in Ub(K63) (Fig. 2E, lanes 5-8). These data indicate that
Lys-48-linked chains are conjugated to p21 during polyubiqui-
tylation. Our results confirm that the p21 protein is actively
polyubiquitylated followed by degradation in cardiomyocytes,
and the activity is inhibited by CDK2.

p21 Is Polyubiquitylated by the APC/C“““*° Complex and
CDK?2 Blocks the Interaction of p21 with Cdc20 and Suppresses
Its Ubiquitylation—To determine the E3 ligase complex(es)
responsible for active ubiquitylation of p21 in cardiomyocytes,
we purified the p21 complex by immunoprecipitation and
examined E3 ligase components in the complex. Fig. 34 showed
that both the Cdc20 and Cdc27 subunits of APC/C complex
were bound to p21. In contrast, it was observed that there was
no significant binding of Skpl and Cull in the p21 complex.
Next, the interaction of p21 with Cdc20 was examined in cells
overexpressing CDK2. The amount of Cdc20 binding to p21
was remarkably reduced by overexpression of CDK2 (Fig. 3B).
The in vitro binding assay showed that adding recombinant
GST-CDK2/cyclin E (CycE) reduced binding of p21 to Cdc20 in
cell lysates from DINLS/CDK4 cells (Fig. 3C). These suggest
that CDK2 antagonizes interaction of p21 with Cdc20. We next
investigated if the APC/C<?“*° complex has an activity to ubiq-
uitylate p21 protein. To address this, we used whole cell extract
from cardiomyocytes expressing DINLS/CDK4 (WCE) or anti-
cdc27 immunoprecipitates from WCE as the APC/C“?“*° com-
plex (immunopurified APC/C““*® complex) for the in vitro
ubiquitylation assay of p21. It was confirmed that the APC/
CC42% complex included cdc20 and p21 (Fig. 3D). Fig. 3E
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showed that p21 was polyubiquitylated in the presence of the
APC/C9?° complex at a comparable level to that in WCE.
Moreover, the activity in the immunopurified APC/ (CCde20
complex was remarkably inhibited by CDK2/cyclin E as in
WCE. In contrast, a p21 mutant (p21CK—), which is defective
in its binding to CDK2, was resistant to inhibition by CDK2/
cyclin E, despite being ubiquitylated at the same level to wild
type of p21 (p21WT) (Fig. 3, F and G).

These data clearly indicate that p21 is polyubiquitylated, at
least in part, by the APC/C?** complex in cardiomyocytes,
and CDK2 counteracts p21 binding to the E3 ligase complex,
resulting in inhibiting its polyubiquitylation via CDK/cyclin
binding domain of p21.

APC/C“°_mediated Ubiquitylation of p21 Occurs at the N
Terminus and Is Inhibited by CDK2—Specific lysine residue(s)
of target protein is often ubiquitylated by distinct E3 ligase, and
this association is considered to be one of the determinants that
control stability. To determine amino acid residue(s) of p21
ubiquitylated by the APC/C““** complex in cardiomyocytes,
we first generated two recombinant p21 mutant proteins, a
mutant deleted C-terminal cluster of lysine residues (WT-
(1-140)), and a mutant with Lys-Arg mutations at 15, 74, and 91
lysines in WT(1-140) (K3R residues 1-140) (supplemental Fig.
S6A). These two types of mutant p21 were ubiquitylated equally
to wild type of p21, and its activity was inhibited by CDK2
(supplemental Fig. S6B). This raised a possibility that other
lysine residue(s) might be a target of modification by the APC/
C“9<2° complex. Because it has been reported that p21 is spe-
cifically ubiquitylated at the N terminus (42, 43), we sought to
examine the possibility that the N terminus of p21 is the target
for ubiquitylation. We generated a p21 fusion protein that is
N-terminally fused with HA and a recognition sequence for
precision protease (Fig. 4A4) and did ubiquitylation assay with
this fusion protein and WCE from DINLS/CDK4 cardiomyo-
cytes. The product was divided in 2 aliquots. One aliquot was
treated with precision protease. We then performed anti-HA
immunoprecipitation with the cleaved and uncleaved forms of
p21 and immunoblotted with an antibody to GST, because a
recombinant ubiquitin was tagged with GST. After immuno-
precipitation, we observed ubiquitylated species of both
uncleaved p21 and the cleaved N-terminal HA tag (beads). In
contrast, very little ubiquitylation was detected in the released
p21 fraction (sup) (Fig. 4B). This strongly indicated that the
ubiquitylation of p21 occurred at the N terminus much more
efficiently compared with several other lysine residues. Fur-
thermore, the similar result was obtained from ubiquitylation
assay with immunopurified APC/C“4*® instead of WCE.
When the reaction was performed in the presence of the
recombinant CDK2, most of the ubiquitylation in the bead frac-
tions was abolished (Fig. 4C). Taken together, these data indi-
cate that the N terminus of p21 protein is an efficient target of
ubiquitylation by APC/C<4°*°, and its activity was inhibited by
CDK2.

Accumulation of p21 Causes G, Arrest of the Cell Cycle in
Cardiomyocytes—We next addressed the biological role of p21
stabilization by CDK2 in cardiomyocytes. To this end, we
examined cell cycle progression in cells whose p21 protein was
down-regulated by gene transfer of adenovirus encoding spe-
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FIGURE 3. CDK2 blocks the p21-cdc20 interaction and prevents p21 ubiquitylation mediated by APC/CS9<2°, A, interaction of p21 with components of
various E3 ligase. Whole cell extracts of D1NLS/CDK4-infected cardiomyocytes were immunoprecipitated (/P) with anti-p21 antibody or control IgG, and the
immunocomplexes were assayed by Western blotting (WB). B, Western blotting of immunoprecipitates using anti-p21 antibody. Cardiomyocytes were
infected with adenoviruses for DTNLS/CDK4 and wild type CDK2. Whole cell extracts were immunoprecipitated with anti-p21 antibody and immunoblotted
with indicated antibodies. C, in vitro binding analysis of p21 with Cdc20. Whole cell extracts (WCE) (40 g of protein) from D1NLS/CDK4 cells were incubated
with or without GST-CDK2/FLAG-cyclin E (CDK2/CycE) at 4 °C for 2 h and immunoprecipitated using anti-p21 antibody. Bound Cdc20 and GST-CDK2 proteins
were assayed by Western blot. Right panel represents quantitative data of Cdc20 expression in anti-p21 immunoprecipitates. D, immunopurification of APC/C
complex. Whole cell extracts were immunoprecipitated with anti-Cdc27 antibody and immunoblotted with indicated antibodies. E, in vitro ubiquitylation
analysis using immunopurified APC/C complex (D) or whole cell extracts (WCE) in the absence or presence of GST-CDK2/FLAG-cyclin E (CDK2/CycE). In vitro
translated p21 protein was used as a substrate. The reaction products were immunoprecipitated with anti-p21 antibody, followed by immunoblotting with
anti-GST antibody. Asterisk indicates light chain of IgG. F, inability of p21CK— to bind to CDK2. GST-CDK2/cyclin E complex was incubated with p21WT or
p21CK— at 4 °C for 30 min. The protein lysates were immunoprecipitated with anti-p21 antibody (left panel) or incubated with glutathione-Sepharose beads
(middle panel), and the binding of p21 and GST-CDK2 was assayed by Western blot. G, in vitro ubiquitylation analysis using in vitro translated p21 or p21CK— as
a substrate and immunopurified APC/C complex represented in D.

cific siRNA against p21. As shown in Fig. 54, down-regulation
of p21 correlated with the increase of both CDK2 and CDC2

the effect of CDK2. Fig. 5C showed that overexpression of
CDXK2 caused a significant increase in the percentage of cells at

kinase activity. Consistent with the biochemical activation of
these kinases, proliferation of DINLS/CDK4 cells was signifi-
cantly increased when p21 protein was knocked down (Fig. 5B),
strongly supporting that p21 accumulation plays a negative role
in proliferation of cardiomyocytes in vivo. We next examined
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G,/M phase, and this increase was almost abolished by knock-
down of p21 protein. The role of p21 in causing G,/M arrest
was further examined by counting cells positive for phos-
phorylated histone H3 (H3P), a marker for cells with M
phase progression. As shown in Fig. 5D, the rate of H3P-
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FIGURE 4. N terminus of p21 is a target of ubiquitylation by APC/C9<*°in
cardiomyocytes. A, p21 protein was N-terminally tagged with a peptide of
HA and precision protease recognition consensus sequence. B, in vitro ubiq-
uitylation analysis using translated HA-tagged p21 and whole cell extracts of
D1NLS/CDK4 cardiomyocytes. After the reaction, the product was divided in 2
aliquots. One aliquot was incubated with PreScission protease at 4 °C over-
night. An equivalent amount of the beads and supernatant fractions of the
cleaved sample and the uncleaved sample were immunoprecipitated with
anti-HA antibody and then immunoblotted with anti-p21 antibody (left
panel) or anti-GST antibody (right panel). C, in vitro ubiquitylation analysis
using translated HA-tagged p21 and immunopurified APC/C in the absence
or presence of GST-CDK2/FLAG-cyclin E (CDK2/CycE). The reaction products
were incubated with PreScission protease at 4 °C overnight and then immu-
noprecipitated with anti-HA antibody. The polyubiquitylated p21 was
detected by immunoblotting with anti-GST antibody.

positive cells in DINLS/CDK4 cells was remarkably sup-
pressed by overexpressing CDK2, and this suppression was
reversed by siRNA against p21. Down-regulation of p21 pro-
tein in DINLS/CDK4 cells moderately increased the appear-
ance of H3P-positive cells, consistent with accelerated cell
proliferation by p21-specific siRNA (Fig. 5B). All these data
strongly support that CDK2-mediated stabilization of p21
protein is implicated in G, arrest of cardiomyocytes.

DISCUSSION

Expression of the cell cycle regulator p21, a short lived pro-
tein, is controlled by both transcriptional and post-transla-
tional mechanisms during cell cycle progression and differen-
tiation. In this study, we demonstrate for the first time that p21
is stabilized in mitogen-stimulated cardiomyocytes through
antagonizing effect of CDK2 on APC/C<?“**-mediated ubiqui-
tylation. Furthermore, it is shown that this negative regulation
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FIGURE 5. Accumulation of p21 protein causes G, arrest of cell cycle in
cardiomyocytes. A, down-regulation of p21in D1NLS/CDK4 cardiomyocytes
infected with adenovirus encoding siRNA specific for p21. At 48 h post-infec-
tion, the cells were harvested and extracted for CDK2 and CDC2 kinase assay.
B, measurement of cell number of cardiomyocytes infected with adenovi-
ruses for DINLS/CDK4 and p21 siRNA. At each day indicated, cell number was
counted, and the relative cell proliferation was expressed as mean = S.E. of
three independent experiments. C, cell cycle analysis of cardiomyocytes
infected with a combination of adenoviruses for D1NLS/CDK4, CDK2, and p21
siRNA as indicated using a laser scanning cytometer. D, quantitative measure-
ment of H3P-positive cardiomyocytes. Cells were treated as in C. At 48 h post-
infection, cells were fixed and immunostained with anti-phospho-histone H3
(H3P) and anti-tropomyosin antibodies. Cardiomyocytes positive for H3P
were counted and expressed as the percent of total. Data are the means with
S.E. of three independent experiments.

plays a role in causing G, arrest of the cell cycle in terminally
differentiated cardiomyocytes.

SCFS%P2 CRL4CY2, and APC/CS4?° gre reported to be
involved in the degradation of p21 during the cell cycle (12-15,
19, 44). We have reported that Skp2 is actively ubiquitylated
and degraded in cardiomyocytes, and its overexpression
induced degradation of p27 (32), but not p21 (data not shown).
In addition, we showed that p21 interacted with neither Skp1l
nor Cull, components of SCF**?? complex (Fig. 34). Thus,
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SCF5*P? does not represent a major ubiquitin ligase responsible
for p21 degradation in differentiated cardiomyocytes. In con-
trast, p21 interacted with Cdc20 and Cdc27 (Fig. 34), and
immunopurified APC/Ccdc20 actively ubiquitylated p21 at the
same level of WCE (Fig. 3E). It is thus evident that ubiquityla-
tion of p21 in cardiomyocytes expressing DINLS/CDK4 is
mainly due to APC/C<?“?°, although we did not analyze about
CRL4“*2, Furthermore, we showed that ubiquitylation of a p21
mutant missing all lysines was detected (supplemental Fig. S6),
and the N terminus of p21 was ubiquitylated (Fig. 4). It was
reported that p21 is ubiquitylated at not only internal lysines
but also at the N terminus (42, 43). Based on in vitro ubiquity-
lation assay using extracts from cardiomyocytes, p21 is thus
ubiquitylated by APC/C<4“*° complex at the N terminus.

It is well established that CDK promotes the degradation of
p21 protein. For example, the p21 mutant deficient for interac-
tion with CDKs greatly reduces sensitivity to proteasome-me-
diated degradation (45). CDK2 phosphorylates p21 at Ser-130
and facilitates the ubiquitin-dependent degradation of p21 by
SCES*P2 both in vitro and in vivo (12, 13, 19, 20). In contrast, in
this study, CDK2 efficiently inhibited the p21 ubiquitin-medi-
ated degradation, counteracting p21 ubiquitylation by APC/
C©9<2%, possibly because of its interaction with p21. Cdc20 con-
tains at its C terminus a WD40 repeat domain that directly
contacts the destruction box (D box) motif of APC/C substrates
(46). The APC/C“9“*°-mediated ubiquitylation and degrada-
tion of p21 require an intact D box (RXXL) motif within 84 — 87
amino acids of p21 (19). Interestingly, the binding site of p21 for
various CDKs, including CDK2, has been mapped to within
28 —82 amino acid residues (47). Tyr-76 of p21, which corre-
sponds to Tyr-88 of p27, a closely related CDK inhibitor (48,
49), is considered to be required for CDK-p21 interaction.
Therefore, the close location of the CDK2 binding domain and
the D box motif of p21 may interfere with the interaction of p21
with Cdc20 upon CDK2 binding, thereby leading to inhibition
of p21 ubiquitylation. Additionally, it is also possible that spe-
cific modification of p21 by other protein kinases or interaction
between CDK2 and p21 through other protein factor(s) are
involved in CDK2-induced p21 stability. Ono et al. (50) have
reported that TOK-1 binds to the C terminus of p21 and
enhances its interaction with CDK2. This ternary complex
may regulate CDK2-mediated stability of p21, because
TOK-1 is expressed in tissues such as skeletal muscle and
heart. Thus, more study is required to understand the regu-
lation of CDK2 interaction with p21, such as the protein
modification of p21 and modulatory protein factor(s), and
tissue-specific regulation.

p21is also implicated in cell differentiation. For instance, p21
triggers megakaryocytic maturation in K562, a multipotent
human leukemia cell line (28), and the inactivation of p21 by the
adenovirus E1A protein leads to the induction of DNA replica-
tion in differentiated muscle cells (51). In cardiomyocyte differ-
entiation, the loss of proliferative capacity correlates an
increased expression of p21, which inhibits CDK2 activity and
down-regulates proliferating cell nuclear antigen expression
(26, 52). Consistent with this, CDK2-induced accumulation of
p21 caused a G, arrest of the cell cycle in cardiomyocytes
(Fig. 5), suggesting that p21 plays a role in withdrawing the cells
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from the cell cycle to maintain terminal differentiation. In con-
trast, the loss of p21 caused no significant abnormality of car-
diac development in mice (53). Thus, p21 alone is not sufficient
for withdrawing cardiomyocytes from the cell cycle during dif-
ferentiation. We propose CDK2-mediated inhibition of p21
degradation represents one mechanism that tightly maintains
cardiomyocytes in the terminally differentiated state.

It has recently been shown that the delivery of cell cycle reg-
ulators induces myocardial regeneration and enhances cardiac
function (24, 54 —56). We have recently shown that a combina-
tion of cell cycle drivers (cyclin D1/CDK4) and removal of a cell
cycle brake (Skp2) induces efficient and stable proliferation of
adult cardiomyocytes in situ and prevents development of
ischemic heart failure (33). However, the proliferative capacity
of cardiomyocytes is still limited. Thus, it is possible that accu-
mulation of p21 through CDK2-mediated suppression of APC/
CS42 js implicated in withdrawal from the cell cycle after
forced cell proliferation.

Finally, this study demonstrates for the first time that the N
terminus of p21 is ubiquitylated by APC/C<4“%° E3 ligase, and
this activity is inhibited by CDK2 in cardiomyocytes. This pro-
vides not only a novel control mechanism of p21 stability in
cardiomyocytes associated with terminal differentiation but a
therapeutic target for improving cardiac repair following myo-
cardial injury.
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