
Abstract. We were the first to identify cyclin A1 as a 
p53-induced gene by cDNA expression profiling of 
p53-sensitive and -resistant tumor cells [Maxwell S. A. 
and Davis G. E. (2000) Proc. Natl. Acad. Sci. USA 97, 
13009–13014]. We show here that cyclin A1 can induce 
G2 cell cycle arrest, polyploidy, apoptosis, and mitotic 
catastrophe in H1299 non-small cell lung, TOV-21G ovar-
ian, or 786-0 renal carcinoma cells. More cdk1 protein 
and kinase activities were observed in cyclin A1-induced 
cells than in GFP control-induced cells. Thus, cyclin A1 
might mediate apoptosis and mitotic catastrophe through 

an unscheduled or inappropriate activation of cdk1. Two 
primary renal cell carcinomas expressing mutated p53 
exhibited reduced or absent expression of cyclin A1 rela-
tive to the corresponding normal tissue. Moreover, renal 
carcinoma-derived mutant p53s were deficient in induc-
ing cyclin A1 expression in p53-null cells. Cyclin A1 but 
not cyclin A2 was upregulated in etoposide-treated tumor 
cells undergoing p53-dependent apoptosis and mitotic 
catastrophe. Forced upregulation of cyclin A2 did not in-
duce apoptosis. The data implicate cyclin A1 as a down-
stream player in p53-dependent apoptosis and G2 arrest.
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Introduction

The product of the p53 gene plays pivotal roles in sev-
eral biological processes that are important in reducing 
the tumorigenic potential of cells. The protein mediates 
cell growth arrest by controlling cell-cycle checkpoints, 
induces apoptosis, and plays a key role in senescence 
and differentiation [1]. Many studies have implicated 
p53 in genomic stability, surveillance of DNA damage, 
and DNA repair, which are related to its control over cell 
growth. The p53 protein functions as a sequence-specific 
DNA-binding factor and can transactivate genes whose 
promoters contain a p53 response element [1]. Many 
genes have been identified as p53-induced genes (PIGs) 

that play roles in cell-cycle control, differentiation, DNA 
repair, angiogenesis, and apoptosis. We have identified 
some novel PIGs using the DECV cell line, which was 
selected for resistance to p53-mediated apoptosis by re-
peated rounds of infection with a recombinant p53 adeno-
virus [2]. Gene expression profiling by cDNA microarray 
identified a number of genes that were differentially ex-
pressed between p53-sensitive ECV-304 and p53-resis-
tant DECV cells [2]. From this analysis, we were the first 
to identify cyclin A1 as a PIG [2]. We identified a number 
of other PIGs including the proline oxidase gene, which 
encodes a mitochondrion-localized enzyme that induces 
apoptosis [2].
The induction of the cyclin A1 gene by p53 most likely 
is indirect, mediated through a protein-protein interac-
tion, since the cyclin A1 gene promoter contains no p53 
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consensus binding sites [3]. Moreover, the transcriptional 
upregulation of the cyclin A1 gene by p53 was dependent 
on Sp1 and the presence of an Sp1 GC box surrounded by 
sequences that are highly conserved between the murine 
and the human cyclin A1 promoter [3]. Cyclin A1 was 
the only cyclin to be induced by γ -irradiation and p53, 
whereas cyclin A2 expression was consistently repressed. 

Thus, in circumstances that require double-strand (ds) 
break repair, cyclin A1 is induced, whereas cyclin A2 
is downregulated. Moreover, cyclin A1-deficient MEF 
cells, which expressed cyclin A2, were deficient in ds 
DNA break repair [3].
A number of studies into the function of cyclin A1 sug-
gested that this gene could be important for p53-mediated 
regulation of the cell cycle and induction of apoptosis. 
Cyclin A1 plays a role in cell-cycle regulation in both 
somatic and germ-line cells. Meiotic cells (oocytes and 
spermatocytes) express cyclin A1 [4], and high-level ex-
pression in the healthy organism is restricted to pachytene 
spermatocytes undergoing meiosis [5]. Cyclin A1 may 
function as the M-phase cyclin because the progression 
of spermatogenesis is arrested before the second meiosis 
in cyclin A1-deficient mice [6]. In further support of this 
model, male mice homozygous for a mutated allele of 
the cyclin A1 gene are sterile due to a block in cell-cycle 
progression before the first meiotic division [7]. Meiosis 
arrest in these cyclin A1 mutant mice is associated with 
desynapsis abnormalities, lowered maturation promoting 
factor activity, and apoptosis [7].
Cyclin A1 has been reported to be preferentially expressed 

during the meiotic cell cycle, whereas cyclin A2 is prefer-
entially expressed during the mitotic cell cycle [8]. Thus, 
cyclin A1 has been proposed to regulate M phase in the 
meiotic cell cycle, whereas cyclin A2 regulates S and M 
phases in the mitotic cell cycle. These differences in the 
expression patterns of cyclin A1 and A2 may, therefore, 
be involved in the meiotic-mitotic transformation of cell 
cycle regulation after fertilization. However, another 
study has implicated a role for cyclin A1 in the mitotic 
cell cycle as well as in addition to its functions in meiosis 
[9]. Cyclin A1-dependent kinase complexes contain both 
cdk1 and cdk2 components and cyclin A1 plays an es-
sential role in initiating the activation of cyclin B1/cdk1 
kinase at the meiotic G2-M transition of male germ cells 
[10]. However, both cyclins A1 and A2 appear to prefer 
cdk2 as a partner in testicular cell lysates [5, 6, 11].
Abnormal expression of cyclin A1 has been associated 
with tumorigenesis. Human cyclin A1 is highly expressed 
in several types of acute myelogenous leukemia (AML) 
[12, 13]. Abnormal myelopoiesis and AML developed 
in transgenic mice that overexpressed cyclin A1 [14]. 
Various AMLs have been associated with high levels of 
C-MYB [15], PML-RAR or PLZF-RAR [16], and these 
proteins are known transcriptionally to enhance the ex-
pression of cyclin A1. Elevated levels of cyclin A1 in 

non-seminomatous male germ cell tumors, and its ab-
sence in carcinoma in situ and seminomas suggest a role 
for the cyclin in tumor transformation and progression, 
and may be relevant to clinical prognosis [17]. Another 
study reported that cyclin A1 is highly expressed in ag-
gressive testicular germ cell tumors [18]. Cyclin A1 con-
tributed to G1 to S cell cycle progression in somatic cells 
by enhancing S phase entry, which is consistent with an 
oncogenic function [19].
In contrast to the above observations implicating cyclin 
A1 in oncogenic activities in leukemia and testicular can-
cers, other studies indicate a potential tumor suppressor 
role for the protein in nasopharyngeal carcinomas, colon 
carcinomas, and head and neck squamous cell cancers 
(HNSCC). First, the expression of cyclin A1 has been 
found to be downregulated in nasopharyngeal carcinoma 
and HNSCC [20, 21]. Second, the cyclin A1 promoter, 
similar to a number of other critical tumor suppressor 
genes, is frequently hypermethylated in colon cancer and 
HNSCC [22]. Third, an inverse relationship between cy-
clin A1 promoter methylation and p53 mutation status has 
been observed in HNSCC [20]. Fourth, evidence has been 
provided for a novel pathway linking p53 activity with 
cyclin A1 induction and subsequent ds DNA break repair 
[3]. Cyclin A1 was found to interact with the Ku70 and 
Ku80 proteins [3], which function in DNA replication, 
recombination in B and T cells, and DNA repair [23].
We report here the characterization of cyclin A1 as a p53-
induced target gene with respect to apoptosis and mitotic 
catastrophe. We provide evidence that cyclin A1 can medi-
ate a G2-arrest and promote apoptosis in renal, ovarian, and 
lung carcinoma cells. Cyclin A1 might play a role in renal 
tumorigenesis, since its expression was reduced or absent in 
two primary renal cell carcinomas that expressed mutated 
p53s (T4p53 and T7p53). The DNA-damaging agent, eto-
poside, upregulated both p53 and cyclin A1. A cyclin A1 
small interfering interfering RNA (siRNA) repressed eto-
poside- and p53-induced upregulation of cyclin A1 and in-
duction of apoptosis and mitotic catastrophe. Based on our 
observations, we propose that cyclin A1 plays a role in p53-
mediated apoptosis, G2 arrest, and mitotic catastrophe.

Materials and methods

Antibodies, plasmids, and recombinant adenoviruses. 
The p53 monoclonal antibody, Bp53-12, was purchased 
from Santa Cruz Biotechnology (Santa Cruz, CA), the 
M30 antibody specific for the caspase-cleaved form of 
cytokeratin 18 from Roche (Indianapolis, IN), the actin 
monoclonal antibody (N350) from Amersham Biosciences 
(Piscataway, NJ), a rabbit anti-α-tubulin antibody (B-5-1-
2) from Sigma-Aldrich Biotechnology (Milwaukee, WI), 
a monoclonal antibody to cyclin A1 (B88-2) from BD 
Pharmingen (San Diego, CA), a monoclonal antibody to 
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cyclin A2 (E67.1) from eBioscience (San Diego, CA), 
and antibodies to cyclin B1 and cdk1 were obtained from 
BD Biosciences (San Jose, CA). A proline oxidase anti-
body (T338) was generated in rabbits against a synthetic 
peptide composed of amino acids 338–353 of the human 
proline oxidase protein (TGQLEPLLSRFTEEEE). Kid-
ney p53 cDNAs isolated by reverse-transcription (RT)-
PCR from primary kidney tissues were cloned into the 
pcDNA3.1 ECHO expression system (Invitrogen, Inc.). 
The complete cyclin A1 and proline oxidase cDNAs were 
PCR-cloned and inserted into the pAdtrack vector [24], 
which coexpresses green fluorescent protein (GFP) as 
a normalization control for transfection efficiency. The 
pAdtrack-proline oxidase and cyclin A1 vectors were 
used to generate recombinant adenovirus as previously 
described [24]. The p53 siRNA adenovirus was obtained 
from Imgenex (San Diego, CA). Recombinant adenovi-
ruses were amplified in 293 cells and isolated by freeze-
thawing the cells three times in PBS. Cells were routinely 
infected with adenoviruses in cell medium at 50 pfu/ml. 
The cyclin A2 expression vector was a gift from Dr. Fu-
gaku Aoki (University of Tokyo).

Small interfering cyclin A1 RNA. An siRNA specific 
for cyclin A1 was prepared using the Silencer siRNA 
Cocktail Kit (Ambion, Inc.). A forward primer (5′-ATG-
GAGACCGGCTTTCCCGCAAT) and a reverse primer 
(5′-GACCCCACAGTCAGGGAGTG) containing flank-
ing T7 promoter sequences were used in PCR to generate 
a 381-bp cyclin A1 DNA fragment. In vitro transcription 
reactions generated RNA from this cDNA, which was 
subjected to DNase/RNase treatment to digest the tem-
plate DNA and any single-stranded (ss) RNA remain-
ing in the dsRNA product. The dsRNA was purified on 
a solid-phase absorption spin column and cleaved with 
RNase III into short 12–30-bp dsRNAs containing a 5′-
PO4, a 3′-OH, and a 2-nucleotide 3′ overhang; the same 
structure as siRNA produced in vivo. After purification, 
the siRNA was used in lipofectamine transfections as de-
scribed below.

Cell culture, transfection, and Western blotting. The 
786-0 renal carcinoma, H1299 p53-null non-small cell 
lung carcinoma, and TOV-21G ovarian adenocarcinoma 
cell lines were obtained from the American Tissue Type 
Collection. H1299 cells were propagated in DMEM me-
dium and 786-0 cells were maintained in RPMI medium 
containing 10% fetal calf serum. TOV-21G cells were 
grown in a 1:1 mixture of MCDB105 medium (Sigma) 
and medium 199 (Invitrogen) containing 15% fetal calf 
serum. To conduct gene transfection of renal and lung 
carcinoma cells, a T75 flask of confluent cells was incu-
bated for 2 h at 37 °C in 7 ml Optimem medium (Invi-
trogen, Inc.) containing 10 μg plasmid DNA and 18 μL 
lipofectamine-2000 (Invitrogen, Inc.). The transfection 

medium was then replaced with fresh DMEM and the 
cells incubated for 24–36 h to allow expression of the 
transfected gene. To normalize for transfection effi-
ciency, pAdtrack, which expresses GFP, was included in 
the transfection assay where appropriate. Western blotting 
was performed using the SuperSignal immunodetection 
system (Pierce Chemical) as previously described [2].

Apoptosis assays. Flow cytometry to quantitate apopto-
sis was performed on ethanol-fixed and permeabilized 
cells that were stained with propidium iodide according 
to a previous published protocol [2]. Apoptotic cells were 
quantitated in the subG1 DNA content portion of the flow 
cytometric scans. TUNEL assays were performed and 
quantitated as previously described [25]. Early apoptosis 
was detected by immunohistochemistry using a monoclo-
nal antibody (M30) specific for the caspase-cleaved form 
of cytokeratin 18 [26], according to the manufacturer’s 
specifications (Roche, Inc). Apoptotic cells were also 
identified by morphological criteria, which included cell 
blebbing, fragmented and shrunken nuclei, and apoptotic 
bodies. Annexin-V staining was performed as previously 
described [27].
The Cell Death Detection ELISA system (Roche Applied 
Science) is a spectrophotometric enzyme immunoassay 
for the quantitative in vitro determination of cytoplasm-
localized, histone-associated DNA fragments (mono- and 
oligonucleosomes) generated during apoptotic cell death. 
Cell lysates were prepared according the manufacturer’s 
specifications and mixed with biotinylated anti-histone 
antibody in a streptavidin-coated 96-well plate. The bio-
tinylated anti-histone antibody binds to the histone com-
ponent of free, cytoplasm-localized nucleosomes. The 
biotinylated antibody-histone immunocomplex was cap-
tured by binding to the streptavidin-coated microplate. A 
peroxidase-conjugated anti-DNA antibody (reacts with 
ss- and dsDNA in the bound nucleosomes) was added 
to the lysates in the streptavidin-coated wells. Unbound 
and nonspecific-binding components in the streptavidin-
coated wells were removed by a washing step. Quantita-
tive determination of the amount of bound nucleosomes 
was determined spectrophotometrically using the peroxi-
dase substrate, 2,2′-azinobis-(3-ethyl-benzothiazoline-6-
sulphonic acid) at 405 nm.

RT-PCR. Paired normal and carcinoma cDNAs gener-
ated from kidney tissues were purchased from Clontech. 
RT-PCR on non-small cell lung and renal carcinoma cell 
lines was performed by isolating total RNA using the TRI 
Reagent extraction solution (Molecular Research Center, 
Inc.) and generating cDNA from the RNA by using the 
RT-for-PCR system (Clontech). RT-PCR to analyze cy-
clin A1 mRNA expression was performed as previously 
described [2]. Ribosomal protein S9 primers for normal-
ization of PCR were purchased from Clontech, Inc.
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Cell synchronization. Cells were synchronized in the 
late G1/pre-S phase by a double-thymidine treatment. 
First, subconfluent cell cultures were incubated in com-
plete medium containing 2 mM thymidine for 18 h. Sec-
ond, the thymidine medium was removed and replaced 
with complete medium lacking thymidine for 12 h fol-
lowed by another 18-h incubation in the presence of thy-
midine. Cells were then harvested for flow cytometry as 
described above.

Immunohistochemistry. Cells growing on coverslips 
were washed in PBS, fixed in 2% paraformaldehyde in 
PBS for 30 min at room temperature, and incubated in 
24 mM Tris-base and 192 mM glycine for 5 min at room 
temperature. The cells were permeabilized by incubating 
in 0.5% Triton X-100 in PBS for 5 min at room tempera-
ture and preblocked by incubating in 0.1% Triton X-100, 
1% bovine serum albumin and 1% goat serum overnight at 
4 °C. The preblocking solution was removed and primary 
anti-α-tubulin antibody at 1:200 dilution in preblocking 
solution added to the cells for 2 h at room temperature. 
The primary antibody solution was removed and the cells 
washed four times in PBS. Rhodamine-conjugated anti-
rabbit antibody at 1:25 dilution in preblocking solution 
was added to the cells for 1 h, followed by four washes 
of the cells in PBS for 20 min. Coverslips containing the 
stained cells were mounted in Prolong Antifade mount-
ing solution (Molecular Probes, Inc.) and photographed 
using a Nikon TE2000 ultraviolet microscope.

Cdk1 protein kinase assay. The SignaTECT cdk1 pro-
tein kinase assay system (Promega Corp.) was used to 
measure total cdk1 kinase activity in crude lysates [28], 
which uses a biotinylated peptide substrate (PKTPK-
KAKKL) highly specific for the cdk1 kinase.

Results

Altered expression of cyclin A1 in two renal carci-
nomas is associated with mutated p53. We examined 
cyclin A1 expression in several primary renal tumors 
using RT-PCR. cDNAs of normal and tumor tissue sets 
were obtained commercially (Clontech, Inc.). RT-PCR of 
mRNA derived from normal renal tissues generated a 0.5-
kb product (Fig. 1a, lanes N) that was confirmed as being 
derived from cyclin A1 mRNA by sequence analysis. One 
renal carcinoma showed apparent reduced expression 
(kidney 4, lane T) and another exhibited no expression 
of cyclin A1 mRNA (kidney 7, lane T), as compared with 
the apparent noncancerous sections of the same kidneys 
(lanes N). The control assay (ribosomal protein S9) indi-
cated that quality cDNA was present in the tumor tissue 
assays. PCR cloning of p53 cDNA revealed that renal car-
cinomas 4 and 7 expressed mutated p53s [29].

Cyclin A1 is a p53-induced gene in 786-0 renal and 
H1299 non-small cell lung carcinoma cells. A recombi-
nant p53 adenovirus was used to upregulate p53 in 786-0 
renal and H1299 lung carcinoma cells. Forced expression 
of p53 upregulated the expression of cyclin A1 in 786-0 
renal carcinoma cells as indicated by the increased levels 
of cyclin A1 protein relative to GFP adenovirus-infected 
cells (Fig. 1b, 786-0 panel, GFP vs. p53 lanes). Little or no 
expression of cyclin A1 was seen in GFP-infected H1299 
non-small cell lung carcinoma cells (Fig. 1b, H1299 panel, 
GFP lane), whereas abundant levels of cyclin A1 appeared 
in H1299 cells infected with the p53 recombinant adeno-
virus (Fig. 1b, H1299 panel, p53 lane).
We next investigated whether renal tumor-derived mutant 
p53s were capable of inducing cyclin A1 in H1299 cells. 
Sequencing of the p53 cDNAs derived from T4 and T7 
renal tumors (analyzed for cyclin A1 expression shown 
in Fig. 1a) in earlier studies revealed that they expressed 
mutated p53s [29]. The normal-, T4-, and T7-derived p53 
cDNAs were inserted into the ECHO expression vector 
system as previously described [29]. Transfection of T4 
and T7 p53 cDNAs into H1299 cells revealed that both 
mutant p53s (T4p53, T7p53) were considerably reduced 
in their ability to upregulate cyclin A1 as compared with 
the normal kidney-derived p53 (Np53) (Fig. 1c). These 
two p53 mutants were also defective in their abilities to 
upregulate endogenous proline oxidase, another p53-in-
duced gene, relative to normal kidney-derived p53 [29]. 
We concluded that cyclin A1 is a p53-induced gene and 
its altered expression in two primary renal carcinomas 
was associated with mutated p53s.

Upregulation of cyclin A1 induces apoptosis in renal 
carcinoma cells. Since cyclin A1 is a p53-induced gene, 
it was of interest to determine whether cyclin A1 played 
any role in apoptosis in renal carcinoma cells. Expres-
sion of proline oxidase was also absent in the same renal 
carcinomas that exhibited altered cyclin A1 expression 
[29]. We were thus also interested in how cyclin A1 might 
relate to proline oxidase with respect to apoptosis and 
the cell cycle. To facilitate our studies, we generated re-
combinant adenoviruses expressing cyclin A1 or proline 
oxidase [29] as tools to provide a high efficiency of gene 
transfection into populations of renal carcinoma cells. To 
test our recombinant adenoviruses for gene expression, 
we infected H1299 cells for 24 h with the GFP (used as 
a control of infection), cyclin A1, or proline oxidase re-
combinant adenoviruses and performed Western blotting 
of whole-cell extracts. H1299 cells express very little, if 
any, cyclin A1 or proline oxidase protein (Fig. 1d, GFP 
lanes), presumably since these cells lack a functional p53 
gene. Upregulation of cyclin A1 and proline oxidase pro-
teins was obtained in H1299 cells infected with cyclin A1 
and proline oxidase adenoviruses, respectively (Fig. 1d, 
Cyc A1 lane and POX lane, respectively). Forced expres-
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sion of cyclin A1 in 786-0 cells by infection with the 
recombinant cyclin A1 adenovirus resulted in increased 
apoptosis as determined by morphological, TUNEL, an-
nexin-V staining, M30 neoepitope exposure, and flow cy-
tometric assays. Upregulation of cyclin A1 in 786-0 cells 
increased the exposure of phosphatidylserine on the ex-
tracellular cell surface, as detected in flow cytometry by 
increased binding of fluorescein-conjugated annexin-V 
relative to GFP-infected cells (Fig. 2a, compare Cyc A1 
and GFP panels). Infection of cells with a recombinant 
proline oxidase adenovirus provided a positive apopto-
sis control (Fig. 2a, POX panel). 786-0 cells upregulated 
for cyclin A1 showed increases in the caspase-mediated 
cleavage of cytokeratin-18 (Fig. 2b), as detected by the 
exposure of a cytokeratin-18 neo-epitope for the M30 cy-
todeath monoclonal antibody, an early apoptotic marker 
[26]. Flow cytometry of ethanol-fixed, propidium iodide-
stained cells revealed that cyclin A1 generated consider-
able alterations in the DNA content profile of flow cyto-
metric scans (Fig. 2c). Increases in apoptotic cells located 
in the subG1 DNA content of the flow cytometric scans 
were observed in cyclin A1-induced cells, and quantita-

tion revealed a 27% apoptotic frequency as compared 
with GFP control cells that exhibited about 9% apoptosis 
(Fig. 2c). TUNEL assays supported the flow cytometry 
results by revealing higher amounts of fragmented DNA 
in cells upregulated for cyclin A1 than in control cells 
upregulated for GFP (Fig. 2d). More apoptosis was ob-
served in cells upregulated for both cyclin A1 and proline 
oxidase than in cells upregulated with either protein alone 
(Fig. 2c, d).
Results from experiments utilizing a cyclin A1 siRNA 
indicated a role for cyclin A1 in p53-mediated apoptosis. 
H1299 cells were chosen for these experiments since they 
do not express p53. Transfection of H1299 cells with a 
cyclin A1 siRNA prior to infection with the p53 adeno-
virus resulted in both suppression of the p53-mediated 
apoptosis and the induction of cyclin A1, as indicated by 
flow cytometric apoptosis assay (Fig. 3a) and by Western 
Blot analysis (Fig. 3b), respectively. A control luciferase 
siRNA (Ambion, Inc.) did not have any effect on p53-in-
duced apoptosis. We concluded from these analyses that 
upregulation of cyclin A1 can play a role in p53-induced 
apoptosis in renal and lung carcinoma cells.

Figure 1. Differential expression of cyclin A1 in tumor cell lines and primary renal carcinoma tissues. (a) Expression of cyclin A1 was 
altered in two primary renal carcinomas that express mutant p53s relative to the comparable normal tissue. RT-PCR to determine cyclin A1 
(Cyc A1) mRNA expression was performed on two primary clear-cell type renal carcinomas (T4, T7) and their respective adjacent normal 
tissue as described under Materials and methods. Ribosomal protein S9 was employed as a normalization control. PCR was conducted for 
18, 20, 22, 25, 27, and 30 cycles to insure the exponential nature of the reaction to derive a quantitative result. Shown are the DNA products 
after 25 cycles of PCR reaction. (b) Upregulation of cyclin A1 in 786-0 renal and H1299 lung carcinoma cells after infection with a recom-
binant p53 adenovirus. Cells were infected for 24 h with 50 pfu/cell GFP or p53 recombinant adenovirus. Expression of cyclin A1 (Cyc A1) 
and actin (protein loading control) was examined by Western blotting. (c) Renal carcinoma-derived mutated p53s were deficient in their 
ability to upregulate cyclin A1. The p53 cDNAs derived from renal carcinomas T4 (T4p53) and T7 (T7p53) that showed reduced cyclin 
A1 expression in (a) were cloned into ECHO expression plasmids and sequenced, which identified each as encoding a mutated p53 [29]. 
Forced upregulation of normal p53 (Np53), T4p53, and T7p53 was conducted by transfection of ECHO plasmids expressing each of the p53 
cDNAs. A GFP ECHO expression vector was used as a negative control. Expression of p53, cyclin A1 (Cyc A1), and actin (protein loading 
control) was examined by Western blotting. (d) Forced upregulation of proline oxidase and cyclin A1 proteins by recombinant adenoviruses 
in H1299 cells. Proline oxidase was used in some of our experiments as a p53-induced proapoptotic control gene. Cells were infected with 
GFP, proline oxidase (POX), and cyclin A1 (Cyc A1) recombinant adenoviruses as described above for p53 in (b). Expression of proteins 
was determined by Western blot using a peptide POX antibody [29] and commercially derived antibodies for cyclin A1 and actin.
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Cyclin A1 but not cyclin A2 induces apoptosis. To deter-
mine whether other members of the cyclin A family could 
induce apoptosis, we transfected H1299 cells with plasmids 
expressing either cyclin A1 or cyclin A2. At 24 h post trans-
fection, apoptosis was measured by a cell death ELISA as-
say, which quantitates fragmented nucleosomal DNA gen-
erated in cells undergoing apoptosis. Figure 3d shows a 
Western blot of cyclin A1 (CycA1) and cyclin A2 (CycA2) 
in transfected cells. Only cells upregulated for cyclin A1 
showed significant increases in apoptosis (Fig. 3c, CycA1), 
indicating a cyclin A1-specific effect on apoptosis.

Cyclin A1 induces G2/M arrest and promotes DNA 
polyploidy. A number of studies have implicated cyclin 
A1 in regulation of the cell cycle. To determine any ef-
fect of cyclin A1 on the cell cycle of human carcinoma 
cells, we studied the progression of synchronized H1299 
cells upregulated for cyclin A1 through the cell cycle. 
Based on our above experimental results, we were also 

interested in potential cooperative effects of cyclin A1 
and proline oxidase on the cell cycle. To conduct our 
cell-cycle studies, we infected H1299 cells with an equal 
Multiplicity of infection (50 pfu/cell) of GFP, proline 
oxidase, cyclin A1, or a combination of cyclin A1 and 
proline oxidase (cyclin A1 + POX) adenoviruses, fol-
lowed by synchronization of the cells at late G1/early S 
with a double-thymidine (2 mM) block. The cells were 
released from the thymidine block and harvested for flow 
cytometry and analysis of DNA content (by propidium 
iodide staining) at different time points (0–12 h) follow-
ing the release. To prepare the cells for flow cytometry, 
we fixed the cells first with 2% paraformaldehyde before 
fixation in 70% ethanol to prevent any fragmented DNA 
in apoptotic cells from washing out during the process-
ing procedure for flow cytometry. Thus, a subG1 DNA 
content for apoptotic cells is not apparent in this flow 
cytometric experiment. Figure 4 shows the flow cytomet-
ric scans of cells that were synchronized by a thymidine 

Figure 2. Cyclin A1 induces apoptosis in 786-0 renal carcinoma cells. (a) Upregulation of cyclin A1 induced the externalization of phos-
phatidylserine in 786-0 renal carcinoma cells. 786-0 cells were infected with GFP, cyclin A1 (Cyc A1), or proline oxidase (POX) adeno-
viruses for 24 h. Cells were then stained with phycoerythrin-conjugated annexin-V and analyzed by flow cytometry as described under 
Materials and methods. Upregulation of cyclin A1 increased the exposure of phosphatidylserine on the cell surface of cells, as indicated 
by the increase in phycoerythrin fluorescence of cyclin A1-induced cells (Cyc A1). Infection of cells with a proline oxidase adenovirus 
(POX) provided a positive apoptosis control. (b) Cyclin A1 induced caspase-cleaved forms of cytokeratin-18 in 786-0 cells. 786-0 cells 
were infected with GFP or cyclin A1 (Cyc A1) adenovirus for 24 h and processed as described in Materials and methods to analyze the 
expression of a neoepitope that is exposed only in caspase-cleaved forms of cytokeratin-18. The early apoptotic neoepitope marker of 
cytokeratin-18 was detected using the M30 monoclonal antibody, a phycoerythrin-conjugated anti-mouse antibody, and flow cytometry. 
Upregulation of cyclin A1 generated increases in the M30 neoepitope of cytokeratin-18 in 786-0 cells, as detected by the shift to the right 
(increase) in PE fluorescence, indicating increases in caspase activity. (c) Quantitation of apoptosis in GFP-, proline oxidase-, and cyclin 
A1-induced 786-0 cells by flow cytometry of propidium iodide-stained cells. Cells were infected for 24 h with GFP, cyclin A1 (CycA1), 
proline oxidase (POX), or a combination of proline oxidase and cyclin A1 (POX+CycA1) adenoviruses, fixed in ethanol, and subjected to 
flow cytometry. Quantitation of sub G1 DNA content (apoptotic cells) in flow cytometric scans is shown. (d) Quantitation of apoptosis in 
786-0 cells by TUNEL flow cytometry. 786-0 cells were infected with GFP, cyclin A1 (CycA1), proline oxidase (POX), or a combination 
of proline oxidase and cyclin A1 (POX+CycA1) adenoviruses for 30 h and processed for TUNEL and flow cytometry as described under 
Materials and methods. The data are quantitated as the percentage of apoptotic cells derived from the incorporated PE-labeled BrdU anti-
body fluorescence that was higher than 102 fluorescence intensity units in flow cytometric scans.

a

b c d
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block and then prepared for flow cytometry at 0, 2, 6, 8, 
and 12 h after release from the thymidine block. Over-
lays of the flow cytometric scans of unsynchronized GFP 
cells (---) and synchronized cells upregulated for GFP 
(▬), cyclin A1 (▬), or proline oxidase (▬) are shown in 
Fig. 4a. The locations of the G1, S, and G2 phase popu-
lations are designated by the unsynchronized cell scan 
(---). GFP-only-expressing cells (▬) moved from late 
G1/early S into late S/early G2 approximately 6 h after 
release from the thymidine block and then returned to 
G1 DNA content after undergoing division at 12 h. Cells 
upregulated for cyclin A1 (▬) or proline oxidase (▬) 
progressed from late G1/early S into G2 and remained 
there throughout the 12-h release period, with substan-
tial numbers of cells becoming progressively higher in 
DNA content (polyploidy) than the 4N DNA content of 
G2 cells, which may be due to these cells undergoing the 
process of endoreduplication. This experiment indicates 
that cyclin A1 or proline oxidase can suppress the growth 
of renal carcinoma cells by generating a G2/M arrest. Co-
upregulation of both proteins resulted in a very efficient 
G2/M cell cycle arrest and generation of polyploid cells 
(Fig. 4b, solid black line). Apoptosis then occurred after 
the cells became polyploid; the 12-h release time point is 
equivalent to 24 h post infection with proline oxidase or 
cyclin A1 adenovirus, a time when extensive morphologi-
cal signs of apoptosis become evident in the cell culture, 
as exemplified by rounded, floating and shrunken cells, 

many intracellular vacuoles, condensation of the nucleus, 
and blebbing of the plasma membrane.

Cyclin A1 and p53 induce mitotic catastrophe in 
H1299 cells. Cells undergoing mitotic catastrophe are 
large and flat, and can contain multiple micronuclei with 
uncondensed chromosomes [30]. Mitotic catastrophe is 
thus easily distinguished from apoptotic cells, which ex-
hibit a rounded and shrunken morphology and irregular, 
fragmented nuclei with condensed chromatin [30]. Cells 
in mitotic catastrophe can undergo endocycles of DNA 
replication, which can lead to polyploidy and eventual 
apoptosis [31], and might explain the emergence of poly-
ploid cells upregulated for cyclin A1 and proline oxidase. 
To determine whether cells upregulated for cyclin A1 and 
proline oxidase were undergoing mitotic catastrophe, we 
transfected thymidine-synchronized H1299 cells with 
GFP, p53, cyclin A1, proline oxidase, or a combination 
of cyclin A1 and proline oxidase adenoviruses. The cells 
were released from the second thymidine block, and 12 h 
later prepared for immunohistochemistry using an anti-
body specific for α-tubulin to visualize the cytoskeleton 
and spindle apparatus. The recombinant adenoviruses 
were constructed to co-express GFP along with the cyclin 
A1 or proline oxidase transgene, thus allowing convenient 
visualization of cells expressing cyclin A1 or proline oxi-
dase. A virus concentration of 0.1 pfu/cell was employed 
to compare side-by-side uninfected and transgene-infected 

Figure 3. A cyclin A1 siRNA suppressed p53-mediated induction of cyclin A1 and apoptosis. Upregulation of cyclin A2 did not induce 
apoptosis. (a) Suppression of cyclin A1 expression reduced p53-induced apoptosis. H1299 cells were chosen for these experiments since 
they do not express p53. Cells were first transfected for 4 h with cyclin A1 siRNA (CycA1 siRNA) or a luciferase siRNA (Luc siRNA) 
using lipofectamine-2000 followed by infection with GFP or p53 adenovirus for 24 h. Cells infected with the p53 adenovirus underwent 
increased apoptosis relative to GFP-infected cells in the presence of the luciferase siRNA control. The presence of cyclin A1 siRNA in 
p53-infected cells resulted in suppression of p53-induced apoptosis. (b) Western blot of cyclin A1 expression in the transfected cells shown 
in (a). The induction of cyclin A1 protein expression by p53 was suppressed by the cyclin A1 siRNA. Whole-cell lysates prepared from 
GFP- (lane 1), p53+luciferase siRNA- (lane 2), and p53+cyclin A1 siRNA- (lane 3) transfected cells were subjected to Western blotting to 
determine cyclin A1 expression. The cyclin A1 siRNA effectively suppressed p53-induced upregulation of cyclin A1 protein. (c) Apoptosis 
is induced by cyclin A1 but not cyclin A2. Cell death ELISA assay of nontransfected control cells (Non trans) and cells transfected with 
GFP, cyclin A1 (CycA1), cyclin A1 (CycA2). H1299 cells were transfected with a cyclin A1 or cyclin A2 expression plasmid and evalu-
ated for protein expression and apoptosis 36 h later. (d) Western blot of transfected cells that were analyzed for apoptosis in (c). Whole-cell 
lysates were probed with either anti-cyclin A2 (CycA2), anti-cyclin A1 (CycA1), or anti-actin (actin). Only cells upregulated for cyclin A1 
showed marked increases in apoptosis.



1432       A. Rivera et al. Role of cyclin A1 in human carcinoma

cells. Some cyclin A1- and proline oxidase-induced cells 
exhibited a much larger flattened morphology containing 
altered cytoskeletal structures and multiple micronuclei, 
which are hallmark characteristics of mitotic catastro-
phe (Fig. 5, red arrows), as well as numerous shrunken, 
rounded cells containing condensed nuclei characteristic 
of apoptosis (Fig. 5, white arrows). Very few cells exhibit-
ing these morphologies were observed in GFP-control in-
fected cultures or in nontransfected cells (Fig. 5). H1299 
cells upregulated for p53 also showed morphological char-
acteristics of mitotic catastrophe and apoptosis (Fig. 5).

Cyclin A1 upregulates cdk1 protein and kinase activ-
ity. Cyclin A1 and proline oxidase might mediate a G2/M 
arrest by affecting the expression and activity of the cy-
clin B1/cdk1 pathway, which is a major cell-cycle check-
point in progression of cells through mitosis [32] and is 
downregulated by p53 [33]. Moreover, upregulation and 
activation of cdk1 plays a role in mitotic catastrophe in 

some types of cells [34, 35]. We thus examined the ex-
pression of cyclin B1/cdk1 protein and kinase activity in 
thymidine-synchronized H1299 cells upregulated for cy-
clin A1 or proline oxidase. Cells were treated with 2 mM 
thymidine and infected with cyclin A1 or proline oxidase 
adenovirus or both. Cells were then released from the thy-
midine block by removal of thymidine and analyzed for 
expression of cyclin B1/cdk1 proteins and kinase activity 
at 0 and 7 h after release from the block. After 7 h of re-
lease from the thymidine block, the cells would have pro-
gressed into G2 as determined from the cell-cycle studies 
shown in Fig. 4. Thymidine-blocked cells upregulated 
for cyclin A1 or proline oxidase expressed considerably 
more cdk1 protein than control cells induced with GFP 
(Fig. 6b, 0 h). More cdk1 kinase activities were also ob-
served in both thymidine-blocked cyclin A1- and proline 
oxidase-induced cells than in blocked GFP-induced cells 
(Fig. 6a, 0 h). Further increases in cdk1 protein expres-
sion were observed in all cells after 7 h of release from 

Figure 4. Cell-cycle analysis of H1299 cells upregulated for GFP, proline oxidase, cyclin A1, or a combination of cyclin A1 and proline oxi-
dase. H1299 cells were synchronized at late G1/early S by a double-thymidine block as described under Materials and methods. Cells were 
upregulated for transgenes by recombinant adenovirus infection during the second 18-h treatment with thymidine. Cells were then released 
from the second thymidine block by replacing the thymidine- and virus-containing medium with medium lacking thymidine and adenovi-
rus. Cells were harvested at different times after release from the thymidine block for analyses of DNA content by propidium iodide staining 
and flow cytometry. (a) Flow cytometric analyses of GFP-, cyclin A1-, or proline oxidase-induced synchronized cells for DNA content at 
0, 2, 4, 6, 8, and 12 h after release from the thymidine block. (b) Flow cytometric analyses of GFP-control cells and cells upregulated for 
both cyclin A1 and proline oxidase (Cyclin A1+POX) after 0, 2, 6, 8, and 12 h of release from the thymidine block. Cells upregulated for 
cyclin A1 or proline oxidase showed a delay in the cell cycle resulting in an accumulation of G2 arrested cells with progressing polyploidy. 
Upregulation of a combination of cyclin A1 and proline oxidase resulted in a very efficient G2 arrest and polyploidy.
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the thymidine block (G2 stage; Fig. 6b, 7 h) than in cells 
at the G1/early S phase (0 h). Remarkably more cdk1 pro-
tein was observed in G2 cells upregulated for cyclin A1 
or proline oxidase than in G2 control GFP cells. From 
these data, we concluded that both cyclin A1 and proline 
oxidase can upregulate cdk1 protein and kinase activity. 
However, cdk1 kinase activities in cyclin A1 and proline 
oxidase-induced cells were much lower than what would 
be expected from the increases in expression of cdk1 pro-
tein, suggesting that a significant population of the up-
regulated cdk1 protein was not active for protein kinase 
activity.

Cyclin A1 is upregulated in etoposide-treated TOV-
21G ovarian carcinoma cells. Etoposide is a genotoxic 
agent that is known to upregulate p53 and activate its 
DNA binding activity. Concentrations of etoposide rang-
ing from 0 to 141 μM induced considerable apoptosis in 
TOV-21G cells after 24 h [36]. P53 and two p53-induced 
genes, p21waf1/cip1 and proline oxidase, were upregulated in 
TOV-21G cells in response to etoposide treatments [36]. 
TOV-21G cells express a normal p53 [37]. The expression 
of cyclin A1 was thus examined in etoposide-treated TOV-
21G cells. As shown in Fig. 7, both p53 and cyclin A1 ex-
pression increased in correlation with the increases in the 
concentration of etoposide, a result consistent with a role 
for cyclin A1 as a p53-induced gene that plays a role in 
p53-dependent apoptosis and DNA repair [3]. In contrast, 

Figure 5. H1299 cells upregulated for cyclin A1 and proline oxidase show morphological signs of apoptosis and mitotic catastrophe. Cells 
were synchronized by a thymidine block and infected with GFP, p53, cyclin A1 (CycA1), proline oxidase (POX) adenoviruses or a com-
bination of cyclin A1 and proline oxidase adenoviruses (CycA1+POX). At 12 h after release from the thymidine block, cells were fixed 
in paraformaldehyde and subjected to immunofluorescence using a monoclonal antibody for α-tubulin. Cells upregulated for p53, proline 
oxidase, or cyclin A1 were identified by GFP fluorescence, which is coexpressed from the pAdtrack vector used to express the proline 
oxidase and cyclin A1 transgenes. A rhodamine-conjugated anti-mouse antibody was used to detect α-tubulin immunoreactivity. Cells were 
counterstained with DAPI to visualize the nuclei. Many cells upregulated for p53, cyclin A1, or proline oxidase showed a large flattened 
morphology and multiple aberrant nuclei characteristic of mitotic catastrophe (red arrows). Apoptotic cells, in contrast, were characterized 
by a shrunken, rounded morphology with condensed chromatin and nuclei (white arrows).

Figure 6. Cyclin B/cdk1 protein and kinase activity in H1299 cells 
upregulated for cyclin A1 and proline oxidase. Cells were trans-
fected with GFP, cyclin A1 (Cyc A1), proline oxidase (POX), or 
Cyc A1+POX for 12 h and then synchronized in late G1/early S 
by a thymidine block. Whole-cell lysates were then prepared for 
Western blotting or cdk1 kinase assays as described under Materials 
and methods at 0 (T0) or 7 h after release from the thymidine block 
(T7), when the cells would be in late S/early G2 as indicated in 
the flow cytometric results shown in Fig. 4. (a) cdk1 protein kinase 
activity. (b) Western blot of cyclin B (Cyc B) and cdk1 proteins in 
cells assayed in (a). Markedly more cdk1 protein and kinase ac-
tivities were present in cells upregulated for cyclin A1 and proline 
oxidase than in control GFP cells.
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slight decreases in cyclin A2 expression were observed 
between control and etoposide-treated cells (Fig. 7).

Cyclin A1 plays a role in p53-mediated mitotic catas-
trophe in H1299 cells. Morphological characteristics of 
mitotic catastrophe were observed in numerous H1299 
cells upregulated for p53. Representative images of 
DAPI-stained nuclei of GFP- (control) and p53-induced 
(Np53) cells are shown in Fig. 8b. In contrast to GFP-
induced cells, numerous p53-expressing (Np53) cells ex-
hibited multinucleated morphology, indicative of mitotic 
catastrophe. Mitotic catastrophe was specific for the nor-
mal p53, since cells expressing the T4p53 mutant, which 
is defective in upregulating cyclin A1, did not exhibit 
the enlarged, multinucleated phenotype. Since mitotic 
catastrophe was characterized by enlarged multinuclei, 
the average area of nuclei in fifty microscopic fields was 
compiled as a method to quantitate mitotic catastrophe 
(Fig. 8a). Quantitation of nuclear size revealed an average 
increased nuclear size in normal p53 (Np53) but not in 
T4p53 mutant cells relative to GFP cells. The T4p53 is a 
dominant-negative inhibitor of Np53 [36] and it effectively 
suppressed the emergence of polyploid cells induced by 
Np53. The cyclin A1 siRNA also effectively suppressed 
increases in nuclear size induced by Np53 (Fig. 8a).

Cyclin A1 mediates in part the p53-dependent etopo-
side-induced mitotic catastrophe in TOV-21G ovarian 
carcinoma cells. We observed many TOV-21G cells un-
dergoing mitotic catastrophe in the presence of etoposide 
(Fig. 8d, right panel). To determine the role of p53 in eto-
poside-induced mitotic catastrophe, TOV-21G cells were 
treated with varying doses of etoposide and the GFP con-
trol or p53 siRNA adenovirus for 36 h. Nuclear sizes in 
the cell populations increased along with increases in the 

expression of p53 in cells treated with etoposide (Fig. 8c). 
The p53 siRNA adenovirus effectively suppressed the up-
regulation of p53 by etoposide (Fig. 8c). Little or no in-
creases in nuclear size or p53 expression were observed 
in etoposide-treated cells infected with the p53 siRNA 
adenovirus (Fig. 8c). In the presence of etoposide, many 
GFP-expressing control cells exhibited a large flattened 
morphology and irregular multinuclei, which are defin-
ing characteristics of mitotic catastrophe (Fig. 8d, right 
panel). Very few cells exhibiting these morphologies were 
observed in etoposide-treated cells infected with the p53 
siRNA (Fig. 8d, middle panel) or in cells infected with 
the GFP adenovirus (Fig. 8d, left panel). Transfection of 
cyclin A1 siRNA into TOV-21G cells reduced the ability 
of etoposide to upregulate cyclin A1 levels and to induce 
mitotic catastrophe (Fig. 9), implicating a role for cyclin 
A1 in etoposide-induced mitotic catastrophe.

Discussion

DNA damage leads to the stabilization and activation of 
p53, which then transcriptionally induces several BH3 
domain-only proteins that function upstream of BAX/
BAK to induce apoptosis, including the PUMA (p53 

upregulated modulator of apoptosis) and Noxa (Latin 
for ‘harm’) genes [38, 39]. Another group of proapop-
totic genes induced by p53 (the PIGs) mediate apopto-
sis through redox pathways. The proline oxidase gene is 
one member of the PIG class (PIG6) that encodes a mi-
tochondrion-localized protein that oxidizes proline and 
generates reactive oxygen species [40]. We report here a 
new p53-induced apoptotic pathway involving the cyclin 
A1 gene. We first identified cyclin A1 as a p53-regulated 
gene by cDNA expression profiling of p53-sensitive and 
-resistant tumor cells [2]. We present several lines of evi-
dence in this manuscript that strongly implicate cyclin A1 
in p53-mediated apoptosis. First, the forced upregulation 
of cyclin A1 resulted in apoptosis. Second, p53-induced 
upregulation of cyclin A1 protein and apoptosis were sup-
pressed by cyclin A1 siRNA. Third, apoptosis induced 
by the cyclin A family was specific to the A1 member, 
since upregulation of cyclin A2 did not induce apopto-
sis. Fourth, cyclin A1 siRNA suppressed p53-dependent 
apoptosis induced by etoposide. Co-upregulation of both 
proline oxidase and cyclin A1 was somewhat more effec-
tive in mediating apoptosis than either protein alone. We 
plan to investigate whether other p53 proapoptotic genes 
such as PUMA and Noxa can also cooperate with cyclin 
A1 to induce apoptosis.
Cyclin A1 was also capable of inducing mitotic catastro-
phe in lung, ovarian, and renal carcinoma cells. Mitotic 
catastrophe is a form of cell death that results from aber-
rant mitosis, leading to the formation of large nonviable 
cells with numerous micronuclei containing uncondensed 

Figure 7. Cyclin A1 but not cyclin A2 is upregulated in TOV-21G 
ovarian carcinoma cells undergoing p53-dependent apoptosis in-
duced by etoposide. TOV-21G cells were treated with 0–141 μM 
etoposide for 24 h and then subjected to Western blotting to de-
termine cyclin A1 (Cyc A1), cyclin A2 (CycA 2), and p53 protein 
levels. Actin was employed as a protein loading control. Cyclin A1 
but not cyclin A2 levels increased in correlation with increases in 
p53 expression in etoposide-treated cells.
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chromosomes [30]. Mitotic catastrophe is a mechanism 
widely found in development and can be a sign of abnor-
mality in tumor progression [41]. Cells undergoing mi-
totic catastrophe are easily distinguishable from apoptotic 
cells based on morphology, and would probably not be de-
tected using TUNEL or flow cytometry, since cells that die 
through mitotic catastrophe usually do not show DNA lad-
der formation or DNA breaks [30]. We observed both mi-
totic catastrophe and apoptosis occurring in H1299, TOV-
21G, and 786-0 cells after ectopic expression of p53. Our 
p53 and cyclin A1 siRNA experiments suggested that p53 
can induce mitotic catastrophe, at least in part, through 
the upregulation of cyclin A1. Perhaps cyclin A1-induced 
mitotic catastrophe is a process whereby p53 eliminates 
those cells that have developed a resistance to apoptosis. 
For instance, expression of anti-apoptotic proteins such 
as Bcl-2 and MDR1 prevents apoptosis induced by che-
motherapeutic agents or ionizing radiation, but does not 
improve clonogenic survival because the cells undergo 
mitotic catastrophe [30]. Cyclin A1-induced mitotic ca-
tastrophe may be a tumor suppression checkpoint in those 
cells that have developed an inherent resistance to apopto-

Figure 8. Cyclin A1 plays a role in p53-induced mitotic catastro-
phe in TOV-21G cells. Cells undergoing mitotic catastrophe exhibit 
a large flattened morphology, large multinuclei, and polyploidy. 
Since cells undergoing mitotic catastrophe exhibit enlarged mul-
tinuclei, we quantitated mitotic catastrophe based on nuclear area. 
Imaging and nuclear area estimates were performed with a Nikon 
TE2000 ultraviolet microscope using the MetaMorph Imaging Sys-
tem software (Molecular Devices Corporation, Chicago, IL). Mor-
phometric measurements were taken on eight randomly selected 
fields at 60 × magnification. (a) Upregulation of p53 increased 
nuclear size. Upregulation of normal p53 resulted in the forma-
tion of large, multinuclei, which were quantitated based on nuclear 
size. Increased nuclear size was induced in normal p53-transfected 
(Np53) cells relative to GFP control cells. A dominant-negative mu-
tant p53 (T4p53) did not induce increases in nuclear size and pre-
vented Np53 from doing so. A cyclin A1 siRNA (CycA1 siRNA), 
which suppresses cyclin A1 expression (Fig. 3b), prevented Np53 
from inducing increases in nuclear size. (b) Upregulation of p53 
induced mitotic catastrophe. Induction of normal p53 (Np53) in 
H1299 cells resulted in the appearance of numerous cells exhibiting 
the multinucleated morphology of mitotic catastrophe (top panels). 
Very few of these types of cells were observed in cells upregulated 
for GFP or the T4p53 mutant (lower panels). (c) p53 is involved 
in etoposide-induced mitotic catastrophe in TOV cells. Cells were 
treated with different doses of etoposide ranging from 1.4 to 14 μM 
during infection with a GFP control or p53 siRNA adenovirus for 
36 h. The p53 siRNA effectively suppressed the induction of p53 
by all concentrations of etoposide. The nuclear size of cells treated 
with etoposide increased along with increases in the expression of 
p53. Increases in nuclear size and p53 expression did not occur 
in cells treated with the p53 siRNA adenovirus or in cells treated 
with GFP adenovirus alone. (d) Nuclear morphology of cells in the 
presence of etoposide. Many GFP control cells in the presence of 
etoposide exhibited large irregular multinuclei, indicative of mitotic 
catastrophe (far right panel). Very few cells exhibiting this nuclear 
morphology were observed in etoposide-treated cells expressing 
p53 siRNA (middle panel) or in cells expressing GFP alone (far 
left panel).
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sis, thus providing a second layer of protection against the 
emergence of cancerous cells.
We observed upregulation of cdk1 protein and increased 
cdk1 protein kinase activity in cyclin A1-induced cells. It 
has been proposed that mitotic catastrophe results from 
premature induction of mitosis before the completion of 
S or G2 [42]. Inappropriate upregulation of cyclin A1 and 
the resulting increases in cdk1 that we observed might 
cause a premature induction of mitosis and, along with 
continued upregulation of cdk1, could interfere with the 
completion of mitosis, thus leading to polyploidy and 
mitotic catastrophe. Indeed, several lines of evidence 
noted below imply that cyclin A1 might regulate the G2 
phase of the cell cycle by influencing the activity of cdk1. 
Moreover, cdk1 can actually induce apoptosis and mitotic 
catastrophe in some instances. First, cyclin A1 is known 
to regulate the activity of cdks. For instance, cyclin A1-
dependent kinase complexes contain both cdk1 and cdk2 
components [43] and cyclin A1 plays an essential role in 
initiating the activation of cyclin B1/cdk1 kinase at the 
meiotic G2/M transition of male germ cells [10]. The 
activation of the cyclin B/cdk1 complex drives progres-
sion from G2 to M phase, and its activity must be sus-
tained from the prophase to the metaphase [32]. The sud-
den destruction of the cyclin B/cdk1 activity is required 
for subsequent entry into the anaphase. Second, ectopic 

overexpression of cyclin B and cdk1 has been reported 
to lead to mitotic catastrophe [44]. Third, activation of 
the cdk1 pathway has been associated with some cases of 
apoptosis. For instance, microtubule damage induced by 
paclitaxel inhibits proteasome-dependent degradation of 
cyclin B1, resulting in a sustained activation of cyclinB1/
cdk1 kinase and a cell-cycle arrest in mitosis, followed 
by apoptosis [45]. Fourth, taxol-induced cell death is as-
sociated with increases in the activity of cdk1 in several 
breast cancer cell lines, and chemical inhibition of cdk1 
or transfection with a dominant-negative cdk1 blocks 
taxol-induced cell death [46]. Fifth, cdk1 has also been 
reported to activate the apoptotic pathway by inducing 
mitochondrial membrane permeabilization through the 
phosphorylation of Bcl-2 family proteins [47]. Finally, a 
direct interaction between cyclin A1 and cdk1 was found 
in retinoic acid-treated leukemic cells but not in untreated 
cells [48]. Based on these reports and our data, we pro-
pose that the increased cdk1 protein expression and kinase 
activities that we observed in cyclin A1-induced cells can 
lead to mitotic catastrophe, which is followed by apopto-
sis. Apoptosis does not precede mitotic catastrophe but 
apoptosis frequently follows mitotic catastrophe [30].
The p53 protein regulates multiple cell cycle checkpoints 
that control the mammalian response to DNA damage. 
When transcriptionally upregulated by p53, the p21WAF1/

CIP1 protein has a decisive role in cell-cycle arrest [49]. 
Forced expression of p21 can result in G1-, G2- [50], or 

S-phase arrest [51]. Regulation of G2 by p53 can also be 
mediated through its ability to downregulate the M-phase 
promoting factor (MPF), a universal cell-cycle regula-
tory complex, which consists of two proteins, cyclin B 
and cdk1 [52]. The degradation of the cyclin B subunit 
of protein kinase Cdk1/cyclin B is required for inactiva-
tion of the kinase and exit from mitosis. In response to 
DNA damage, both cdk1 and cyclin B1 expression are 
repressed by p53 at the transcriptional level resulting in 
a G2 arrest [53, 54]. We provide evidence in this manu-
script for yet another pathway whereby p53 can induce 
an effective G2 arrest, which is mediated through the up-
regulation of cyclin A1 and proline oxidase.
Altered expression of both cyclin A1 and proline oxidase 
could play a role in the development of renal carcinoma, 
since the expression of both proteins was either absent or 
reduced in two primary renal carcinomas that expressed 
mutated p53s. A tumor suppressor role for cyclin A1 is 
suggested by an inverse relationship between methyla-
tion of the cyclin A1 gene and p53 mutational status [20]. 
Moreover, forced expression of cyclin A1 resulted in ro-
bust induction of wild-type p53 in HNSCC cell lines [20]. 
Hypermethylation of the cyclin A1 gene has also been 
observed in a significant number of hepatocellular car-
cinomas [55]. Furthermore, specific induction of cyclin 
A1 expression and promoter activity after UV and γ -ir-
radiation was mediated by p53 [3]. Finally, cyclin A1 was 

Figure 9. Cyclin A1 plays a role in etoposide-mediated mitotic ca-
tastrophe of TOV-21G cells. Cells grown on glass coverslips were 
transfected with either cyclin A1 siRNA (cycA1 siRNA), 14 μM 
etoposide +cyclin A1 siRNA, or 14 μM etoposide (Etop) only for 
24 h. Cells were fixed and stained with the DAPI nuclear stain as 
described under Materials and methods. Imaging and nuclear area 
estimates were performed with a Nikon TE2000 ultraviolet micro-
scope using the MetaMorph Imaging System software (Molecular 
Devices Corporation). Morphometric measurements were taken on 
eight randomly selected fields at 60 × magnification. Increases in 
nuclear size correlated positively with the level of expression of 
cyclin A1.



Cell. Mol. Life Sci.  Vol. 63, 2006 Research Article       1437

the only member of the cyclin A family to be induced by 
γ -irradiation and p53, and cyclin A1-deficient MEF cells, 
which expressed cyclin A2, were deficient in DNA ds 
base repair [3]. The reduced or absent expression of cy-
clin A1 and proline oxidase by mutation of p53 or hyper-
methylation of the respective gene promoter might result 
in tumor cells gaining resistance to mitotic catastrophe 
and apoptosis, thus providing those cells a mechanism 
to survive exposures to irradiation and chemotherapeutic 
drugs.
In contrast to the findings discussed above that suggest 
its potential role as a tumor suppressor gene, cyclin A1 
is believed to play a role in the pathogenesis of myeloid 
leukemia, since it is highly expressed in leukemias of 
myeloid origin [12]. Furthermore, cyclin A1 expression 
increased upon induction of myeloid differentiation [12]. 
The highest frequency of cyclin A1 overexpression was 
observed in acute myelocytic leukemias, especially those 
that were at the promyelocyte (M3) and myeloblast (M2) 
stages of development [12]. Overexpression of murine 

cyclin A1 in transgenic mice leads to abnormal myelo-
poiesis in the first months after birth as well as to the 
development of myeloid leukemia at a low frequency, 
indicating that cyclin A1 alone is not sufficient to induce 
transformation but contributes to leukemogenesis [17]. 
Interestingly, the localization of cyclin A1 in normal he-
matopoietic cells is nuclear, whereas in leukemic cells 
from AML patients and cell lines, it is predominantly cy-
toplasmic [48]. Our work and the other studies discussed 
above suggest that upregulation of cyclin A1 can have 
either tumor-promoting or tumor-suppressing activities 
depending on the cellular context and tissue. Clearly, 
more study is required to clarify the functional role of 
cyclin A1 in tumorigenesis.
The data we present in this manuscript lead us to pro-
pose that upregulation of cyclin A1 is a novel pathway 
whereby p53 can mediate a G2/M cell-cycle arrest, po-
tentially providing an additional DNA repair checkpoint 
in certain types of cells such as renal, ovarian, and lung 
carcinoma cells. Both cyclin A1 and proline oxidase are 
induced in etoposide-treated cells, and may work together 
in facilitating efficient DNA repair. The proline oxidation 
cycle generates oxidizing potential to activate the pentose 
phosphate shunt and thus can increase nucleotide syn-
thesis by both salvage and de novo pathways [56]. We 
speculate that the increases in nucleotides generated by 
p53-upregulated proline oxidase could enhance the pro-
cess of DNA repair initiated by cyclin A1.
The cell cycle and apoptosis are intimately linked and 
a coordination and balance between these two processes 
are crucial for normal cell physiology [57]. The induc-
tion of a G2/M cyclin and a mitochondrial redox enzyme 
might allow p53 more versatility in mediating cell type-
specific G2 arrest and apoptotic processes in response to 
certain physiological conditions of stress.

Acknowledgements. The authors are grateful to Fugaku Aoki for 
the gift of the cyclin A2 expression vector (University of Tokyo, 
Kashiwa, Japan).

 1 Vogelstein, B., Lane, D. and Levine, A. J. (2000) Surfing the 
p53 network. Nature 408, 307–310.

 2 Maxwell, S. A. and Davis, G. E. (2000) Differential gene ex-
pression in p53-mediated apoptosis-resistant vs. apoptosis-sen-
sitive tumor cell lines. Proc. Natl. Acad. Sci. USA 24, 13009–
13014.

 3 Muller-Tidow, C., Ji, P., Diederichs, S., Potratz, J., Baumer, N., 
Kohler, G., Cauvet, T., Choudary, C., Van Der Meer, T., Chan, 
W. Y., Nieduszynski, C., Colledge, W. H., Carrington, M., 
Koeffler, H. P., Restle, A., Wiesmuller, L., Sobczak-Thepot, J., 
Berdel, W. E. and Serve, H. (2004) The cyclin A1-CDK2 com-
plex regulates DNA double-strand break repair. Mol. Cell. Biol. 
24, 8917–8928.

 4 Yang, R., Morosetti, R. and Koeffler, H. P. (1997) Character-
ization of a second human cyclin A that is highly expressed 
in testis and in several leukemic cell lines. Cancer Res. 57, 
913–920.

 5 Ravnik, S. E. and Wolgemuth, D. J. (1999) Regulation of 
meiosis during mammalian spermatogenesis: the A-type cy-
clins and their associated cyclin-dependent kinases are dif-
ferentially expressed in the germ-cell lineage. Dev. Biol. 207, 
408–418.

 6 Liu, D., Matzuk, M. M., Sung, W. K., Guo, Q., Wang, P. and 
Wolgemuth, D. J. (1998) Cyclin A1 is required for meiosis in 
the male mouse. Nat. Genet. 20, 377–380.

 7 Salazar, G., Liu, D., Liao, C., Batkiewicz, L., Arbing, R., 
Chung, S. S. W., Lele, K. and Wolgemuth, D. J. (2003) Apopto-
sis in male germ cells in response to cycA1-deficiency and cell 
cycle arrest. Biochem. Pharmacol. 66, 1571–1579.

 8 Fuchimoto, D., Mizukoshi, A., Schultz, R. M., Sakai, S. and 
Aoki, F. (2001) Posttranscriptional regulation of CycA1 and 
Cyclin A2 during mouse oocyte meiotic maturation and preim-
plantation development. Biol. Reprod. 65, 986–993.

 9 Yang, R., Muller, C., Huynh, V., Fung, Y. K., Yee, A. S. and 
Koeffler, H. P. (1999) Functions of cycA1 in the cell cycle and 
its interactions with transcription factor E2F-1 and the Rb fam-
ily of proteins. Mol. Cell. Biol. 19, 2400–2407.

10 Liu, D., Liao, C. and Wolgemuth, D. J. (2000) A role for cyclin 
A1 in the activation of MPF and G2-M transition during meio-
sis of male germ cells in mice. Dev. Biol. 224, 388–400.

11 Liu, D., Liao, C. and Wolgemuth, D. J. (2000) A role for cycA1 
in the activation of MPF and G2-M transition during meiosis of 
male germ cells in mice. Dev. Biol. 224, 388–400.

12 Yang, R., Nakamaki, T., Lubbert, M., Said, J., Sakashita, A., 
Freyaldenhoven, B. S., Spira, S., Huynh, V., Muller, C. and 
Koeffler, H. P. (1999) CycA1 expression in leukemia and nor-
mal hematopoietic cells. Blood 93, 2067–2074.

13 Nakamaki, T., Hamano, Y., Hisatake, J., Yokoyama, A., 
Kawakami, K., Tomoyasu, S., Honma, Y. and Koeffler, P. 
(2003) Elevated levels of cycA1 and A(A2) mRNA in acute 
myeloid leukemia are associated with increased survival. Br. J. 
Haematol. 123, 72–80.

14 Liao, C., Wang, X. Y., Wei, H. Q., Li, S. Q., Merghoub, T., Pan-
dolfi, P. P. and Wolgemuth, D. J. (2001) Altered myelopoiesis 
and the development of acute myeloid leukemia in transgenic 
mice overexpressing cycA1. Proc. Natl. Acad. Sci. USA 98, 
6853–6858.

15 Muller, C., Yang, R., Idos, G., Tidow, N., Diederichs, S., Koch, 
O. M., Verbeek, W., Bender, T. P. and Koeffler, H. P. (1999) 
c-myb transactivates the human cycA1 promoter and induces 
cycA1 gene expression. Blood 94, 4255–4262.

16 Muller, C., Yang, R., Park, D. J., Serve, H., Berdel, W. E. and 
Koeffler, H. P. (2000) The aberrant fusion proteins PML-RAR 
alpha and PLZF-RAR alpha contribute to the overexpression of 
cycA1 in acute promyelocytic leukemia. Blood 96, 3894–3899.



1438       A. Rivera et al. Role of cyclin A1 in human carcinoma

17 Liao, C., Li, S. Q., Wang, X., Muhlrad, S., Bjartell, A. and 
Wolgemuth, D. J. (2004) Elevated levels and distinct patterns 
of expression of A-type cyclins and their associated cyclin-
dependent kinases in male germ tumors. Int. J. Cancer 108, 
654–664.

18 Muller-Tidow, C., Diederichs, S., Schrader, M. G., Vogt, U., 
Miller, K., Berdel, W. E. and Serve, H. (2003) CycA1 is highly 
expressed in aggressive testicular germ cell tumors. Cancer 
Lett. 190, 89–95.

19 Ji, P., Agrawal, S., Diederichs S, Baumer, N., Becker, A., Cau-
vet, T., Kowski, S., Beger, C., Welte, K., Berdel, W. E., Serve, 
H. and Muller-Tidow, C. (2005) Cyclin A1, the alternative A-
type cyclin, contributes to G1/S cell cycle progression in so-
matic cells. Oncogene 24, 2739–2744.

20 Tokumaru, Y., Yamashita, K., Osada, M., Nomoto, S., Sun, 
D. I., Xiao, Y., Hoque, M. O., Westra, W. H., Califano, J. A. and 
Sidransky, D. (2004) Inverse correlation between cyclin A1 
hypermethylation and p53 mutation in head and neck cancer 
identified by reversal of epigenetic silencing. Cancer Res. 64, 
5982–5987.

21 Sriuranpong, V., Mutirangura A, Gillespie, J. W., Patel, V., 
Amornphimoltham, P., Molinolo, A. A., Kerekhanjanarong, 
V., Supanakorn, S., Supiyaphun, P., Rangdaeng, S., Voravud, 
N. and Gutkind, J. S. (2004) Global gene expression profile of 
nasopharyngeal carcinoma by laser capture microdissection 
and complementary DNA microarrays. Clin. Cancer Res. 10, 
4944–4958.

22 Xu, X. L., Yu, J., Zhang, H. Y., Sun, M. H., Gu, J., Du, X., Shi, 
D. R., Wang, P., Yang, Z. H. and Zhu, J. D. (2004) Methylation 
profile of the promoter CpG islands of 31 genes that may con-
tribute to colorectal carcinogenesis. World, J. Gastroenterol. 10, 
3441–3454.

23 Tuteja, R. and Tuteja, N. (2000) Ku autoantigen: a multifunctional 
DNA-binding protein. Crit. Rev. Biochem. Mol. Biol. 35, 1–33.

24 He, T. C., Zhou, S., da Costa, L. T., Yu, J., Kinzler, K. W. and 
Vogelstein, K. W. (1998) A simplified system for generating 
recombinant adenoviruses. Proc. Natl. Acad. Sci. USA 95, 
2509–2514.

25 Grabarek, J. and Darzynkiewicz, Z. (2002) Flow cytometry of 
apoptosis. In: Current Protocols in Cytometry, pp. 7.19.10–
7.19.11, Robinson, P., Darzynkiewicz, Z., Dean, P., Orfao, A., 
Rabinovitch, P., Stewart, C., Tanke, H. and Wheeless, L. (eds.), 
Wiley-Liss, New York.

26 Leers, M. P. G., Kolgen, W., Bjorklund, V., Bergman, T., Trib-
bick, G., Persson, B., Bjorklund, P., Ramaekers, F. C. S., 
Bjorklund, B., Nap, M., Jornval, H. and Schutte, B. (1991) 
Immunocytochemical detection and mapping of a cytokeratin 
18 neo-epitope exposed during early apoptosis. J. Pathol. 187, 
567–572.

27 Vermes, I., Haanen, C., Steffens-Nakken, H. and Reutelings-
perger, C. (1995) A novel assay for apoptosis: flow cytometric 
detection of phosphatidylserine expression on early apoptotic 
cells using fluorescein labelled Annexin V. J. Immunol. Meth-
ods 184, 39–53.

28 Beaudette, K. N., Lew, J. and Wang, J. H. (1993) Substrate 
specificity characterization of a cdc2-like protein kinase puri-
fied from bovine brain. J. Biol. Chem. 268, 20825–20830.

29 Maxwell, S. A. and Rivera, A. (2003) Proline oxidase induces 
apoptosis in tumor cells, and its expression is frequently ab-
sent or reduced in renal carcinomas. J. Biol. Chem. 278, 9784–
9789.

30 Roninson, I. B., Broude, E. V. and Chang, B. D. (2001) If not 
apoptosis, then what? Treatment-induced senescence and mitotic 
catastrophe in tumor cells. Drug Resist. Updat. 4, 303–313.

31 Erenpreisa, J. and Roach, H. I. (1999) Aberrations of cell cycle 
and cell death in normal development of the chick embryo 
growth plate. Mech. Ageing Dev. 108, 227–238.

32 Nigg, E. A. (2001) Mitotic kinases as regulators of cell division 
and its checkpoints. Nat. Rev. Mol. Cell Biol. 2, 21–32.

33 Yun, J., Chae, H. D., Choy, H. E., Chung, J., Yoo, H. S., Han, 
M. H. and Shin, D. Y. (1999) p53 negatively regulates cdc2 
transcription via the CCAAT-binding NF-Y transcription fac-
tor. J. Biol. Chem. 274, 29677–29682.

34 Huang, T. S., Shu, C. H., Chao, Y., Chen, S. N. and Chen, L. L. 
(2000) Activation of MAD 2 checkpoint and persistence of cy-
clin B1/CDC2 activity associate with paclitaxel-induced apop-
tosis in human nasopharyngeal carcinoma cells. Apoptosis 5, 
235–241.

35 Castedo, M., Perfettini, J.-L., Roumier, T. and Kroemer, G. 
(2002) Cyclin-dependent kinase-1: linking apoptosis to cell cy-
cle and mitotic catastrophe. Cell Death Differ. 9, 1287–1293.

36 Rivera, A. and Maxwell, S. A. (2005) The p53-induced gene-6 
(proline oxidase) mediates apoptosis through a calcineurin-de-
pendent pathway. J. Biol. Chem. 280, 29346–29354.

37 Samouelian V, Maugard, C. M., Jolicoeur, M., Bertrand, R., Ar-
cand, S. L., Tonin, P. N., Provencher, D. M., Mes-Masson, A. M. 
(2004) Chemosensitivity and radiosensitivity profiles of four 
new human epithelial ovarian cancer cell lines exhibiting ge-
netic alterations in BRCA2, TGFbeta-RII, KRAS2, TP53 and/or 
CDNK2A. Cancer Chemother. Pharmacol. 54, 497–504.

38 Schuler, M., Green, D. R. (2001) Mechanisms of p53-depen-
dent apoptosis. Biochem Soc Trans. 29(Pt 6), 684–688.

39 Baskin-Bey, E. S. and Gores, G. J. (2005) Death by association: 
BH3 domain-only proteins and liver injury. Am. J. Physiol. 
Gastrointest. Liver Physiol. 289, G987–G990.

40 Polyak, K., Xia, Y., Zweier, J. L., Kinzler, K. W. and Vogelstein, 
B. (1997) A model for p53-induced apoptosis. Nature 389, 
300–305.

41 Erenpreisa, J. E., Ivanov, A., Dekena, G., Vitina, A., Krampe, R., 
Freivalds, T., Selivanova, G. and Roach, H. I. (2000) Arrest in 
metaphase and anatomy of mitotic catastrophe: mild heat shock 
in two human osteosarcoma cell lines. Cell Biol. Int. 24, 61–70.

42 Lanzini, F. and Mackey, M. A. (1997) Spontaneous premature 
chromosome condensation and mitotic catastrophe following 
irradiation of HeLa S3 cells. Int. J. Radiat. Biol. 72, 409–421.

43 Sweeney, C., Murphy, M., Kubelka, M., Ravnik, S. E., Hawkins, 
C. F., Wolgemuth, D. J. and Carrington, M. (1996) A distinct 
cyclin A is expressed in germ cells in the mouse. Development 
122, 53–64.

44 Heald, R., McLoughlin, M. and McKeon, F. (1993) Human 
wee1 maintains mitotic timing by protecting the nucleus from 
cytoplasmically activated Cdc2 kinase. Cell 74, 463–474.

45 Chadebech, P., Truchet, L., Brichese, L. and Vallette, A. (2000) 
Upregulation of CDC2 protein during paclitaxel-induced apo-
ptosis. Int. J. Cancer 87, 779–786.

46 Yu, D., Jing, T., Liu, B., Yao, J., Tan, M., McDonnell, T. J., 
Hung, M. C. (1998) Overexpression of ErbB2 blocks Taxol-
induced apoptosis by upregulation of p21Cip1, which inhibits 
p34Cdc2 kinase. Mol. Cell 2, 581–591.

47 Konishi, Y., Lehtinen, M., Donovan, N. and Bonni, A. (2002) 
Cdc2 phosphorylation of BAD links the cell cycle to the cell 
death machinery. Mol. Cell 9, 1005–1016.

48 Ekberg, J., Landberg, G., Holm, C., Richter, J., Wolgemuth, 
D. J. and Persson, J. L. (2004) Regulation of the cyclin A1 pro-
tein is associated with its differential subcellular localization in 
hematopoietic and leukemic cells. Oncogene 23, 9082–9089.

49 Waldman, T., Kinzler, K. W. and Vogelstein, B. (1995) P21 
is necessary for the p53-mediated G1 arrest in human cancer 
cells. Cancer Res. 55, 5187–5190.

50 Niculescu, A. B. III, Chen, X., Smeets, M., Hengst, L., Prives, 
C., Reed, S. I. (1998) Effects of p21 (Cip1/Waf1) at both the 
G1/S and the G2/M cell cycle transitions: pRb is a critical de-
terminant in blocking DNA replication and in preventing endo-
reduplication. Mol. Cell. Biol. 18, 629–643.

51.  Radhakrishnan, S. K., Feliciano, C. S., Najmabadi, F., Haege-
barth, A., Kandel, E. S., Tyner, A. L., Gartel, A. L. (2004) Con-
stitutive expression of E2F-1 leads to p21-dependent cell cycle 
arrest in S phase of the cell cycle. Oncogene 23, 4173–4176.



Cell. Mol. Life Sci.  Vol. 63, 2006 Research Article       1439

52.  Pondaven, P., Meijer, L. and Beach, D. (1990) Activation of M-
phase-specific histone H1 kinase by modification of the phos-
phorylation of its p34cdc2 and cyclin components. Genes Dev. 4, 
9–17.

53 Taylor, W. R., DePrimo, S. E., Agarwal, A., Agarwal, M. L., 
Schonthal, A. H., Katula, K. S. and Stark, G. R. (1999) Mecha-
nisms of G2 arrest in response to overexpression of p53. Mol. 
Biol. Cell 10, 3607–3622.

54 Innocente, S. A., Abrahamson, J. L., Cogswell, J. P. and Lee, 
J. M. (1999) p53 regulates a G2 checkpoint through cyclin B1. 
Proc. Natl. Acad. Sci. USA 96, 2147–2152.

55 Yu, J., Zhang, H. Y., Ma, Z. Z., Lu, W., Wang, Y. F. and Zhu, J. D. 
(2003) Methylation profiling of twenty four genes and the con-
cordant methylation behaviors of nineteen genes that may con-
tribute to hepatocellular carcinogenesis. Cell Res. 13, 319–333.

56 Yeh, G. C., Phang, J. M. (1988) Stimulation of phosphoribo-
syl pyrophosphate and purine nucleotide production by pyrro-
line 5-carboxylate in human erythrocytes. J. Biol. Chem. 263, 
13083–13089.

57 Guo, M. and Hay, B. A. (1999) Cell proliferation and apoptosis. 
Curr. Opin. Cell Biol. 11, 745–752.


