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Abstract

Senescent cells fail to respond to serum-induced signals for DNA
synthesis. Because a central role for the p34'J': protein kinase is postu

lated in control of the cell cycle, we examined the status of this kinase in
senescent cells and other growth-arrested cells. In growing human and
Syrian hamster fi ImÂ«blasts,three 35S-labeled proteins of 34-36 kDa were
immunoprecipitated with p34c<k2antiserum. Only the two slower migrat
ing forms were phosphorylated as determined by 'â€¢'!'labeling. In senes

cent cells, which failed to incorporate |'I I|th>midinc, no p34cdc2 protein
was synthesized and very little or no cdc2 niRN'A was observed. When

maintained for 48 h in 0.5% serum, young cells also retained only
marginal cdc2 expression. After stimulation of low serum-arrested cells
by addition of 10% serum, a time-dependent increase of cdc2 mRNA was

observed, whereas serum stimulation of senescent cells did not increase
cdc2 mRNA. In contrast to senescent and low serum-arrested cells, cdc2

mRNA was expressed at normal levels in cells partially growth arrested
by isoleucine deficiency in d, by aphidicolin at d-S, by etoposide in (....

or by Colcemid in the M phase of the cell cycle, indicating that cdc2
down-regulation does not always occur upon growth arrest. Following

transfection of a plasmici containing the human C DC 2 gene into hamster
cells, expression of human cdc2 failed to overcome the block to DNA
synthesis in senescent cells. Although p34coc2 was synthesized in the

transfected cells, the multiple phosphorylated forms of the protein were
not observed. Taken together, these data support the concept that a chain
of events leads to senescence. While p34cdc2 kinase may be one of the

critical elements, other cell cycle controls are also involved.

Introduction

Normal human and rodent cells in culture exhibit a finite life
span at the end of which they exhibit morphological changes
and cease proliferating, a process termed cellular senescence or
cellular aging (1). Many cancer cells differ from normal cells in
that they have an indefinite life span in culture and do not
senesce, which suggests that alterations relating to cellular
senescence are involved in the neoplastic evolution of tumor
cells (2). Senescent cells appear to be arrested in the G1 com
partment of the cell cycle (3) and are blocked from entry into
S phase following serum or growth factor stimulation (4, 5).
Certain immediate-early genes (e.g., myc) and several interme
diate genes (e.g., thymidine kinase) are induced in senescent
cells by serum and growth factors (4, 5). Conflicting reports on
the inducibility of the c-fos gene in senescent cells have been
published (5-7). Because senescent cells fail to initiate DNA
replication, we propose that cell cycle control proteins that
regulate entry into the DNA synthetic phase of the cell cycle
are altered in senescent cells.

In support of this hypothesis, recent findings indicate that
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the retinoblastoma gene product, a negative growth-regulatory
molecule, is not phosphorylated in senescent human and ham
ster cells in response to serum stimulation (8, 9). The RB3

protein is phosphorylated as cells enter S phase, suggesting that
it is regulated by phosphorylation and possibly inhibits entry
into S phase in its unphosphorylated form (10). Also, the large-
T antigen of SV40, which can stimulate DNA synthesis in
quiescent and senescent cells, binds to the unphosphorylated
form of RB. These findings support the concept that this is the
growth-inhibitory form of the protein (10). The RB protein and
several other regulatory proteins in the cell cycle are substrates
for the p34cdc2protein kinase (11-13). To investigate the pos

sible role of this key protein kinase in senescent cells, its
expression was studied in human and Syrian hamster cells
under different growth-arrested states.

Materials and Methods

Cell Culture. SHE cells were established from 13-day-gestation fe
tuses and grown in Dulbecco's modified Eagle's reinforced medium

supplemented with 10% FBS (9). SHE cells were passaged at a ratio of
1:10 every 4 days. When the cells were approaching senescence, the
cells were subcultured at a ratio of 1:2 and transferred only once per
week. Human embryo lung fibroblasts (MRC5) (American Type Cul
ture Collection, Rockville, MD) were grown under the same conditions
with 0.2 mM serine, 0.1 HIMaspartic acid, and 1 mM pyruvate added to
the medium. Exponentially growing cells were subcultured at a 1:5
ratio once a week with a reduction to 1:2 for near-senescent cultures.
Young cells were growth arrested by maintenance for 48 h in medium
with 0.5% FBS. With addition of medium containing 10% FBS, the
cells were treated with various cell cycle specific growth inhibitors, i.e.,
aphidicolin at a concentration of 2 /ig/rnl. etoposide at 0.6 Â«Â¿g/ml,or
Colcemid at 0.2 jig/ml. GÂ¡arrest was attained by incubation with lieu"
medium. Cells treated with aphidicolin or lieu" medium were collected

after 24 h and those treated with etoposide or Colcemid were collected
after 30 h.

Protein Analysis. For labeling of proteins, 100-mm Petri dishes with
5 x 10* senescent or 3 x 10' growing cells at approximately 70%
confluency were washed twice with phosphate-buffered saline and in
cubated for 30 min in methionine-free or phosphate-free medium
containing 0.5% dialyzed FBS, followed by incubation with 10% di-
alyzed FBS for 3 h with 0.25 mCi of L-[35S]methionine (Trans35S-
LABEL; ICN, Irvine, CA) per ml of methionine-free medium, or for 1
h with 0.25 mCi of [32P]phosphate (carrier-free, 285 Ci/mg P, HC1-
free; ICN) per ml of phosphate-free medium. For DNA labeling, cells
were treated for 24 h with 3 Â¿iCiof [3H]thymidine (25 Ci/mmol;
Amersham, Arlington Heights, IL) per ml and fixed for autoradiogra-
phy. A total of 500 to 1000 nuclei/dish were counted in random fields.

Cell extracts were prepared by addition of 1 ml of ice cold lysis buffer
(50 HIMTris, pH 7.4-250 min NaCl-5 miviEDTA-10 HIMMgCl2-l mM
dithiothreitol 0.1% Triton X-100-50 mM NaF-0.1 mM sodium O-
vanadate) containing the following protease inhibitors: 50 Â¿igphenyl-
methylsulfonyl fluoride; 10 ng tosylphenylalanine chloromethyl ketone;
10 /ig soybean trypsin inhibitor; l ÃŸgaprotinin, 1 ng leupeptin; and 1

3The abbreviations used are: RB, retinoblastoma; SHE, Syrian hamster em
bryo; FBS, fetal bovine serum; Ileu~, isoleucine deficient; cDNA, complementary

DNA; SDS, sodium dodecyl sulfate; PCR, polymerase chain reaction.
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Mgpepstatin. Sheared lysates from approximately 3x10' cells were were examined. These cells usually showed morphological fea-
precleared with 50 Â¿ilof a 50% (v/v) protein A-agarose suspension.
Anti-p34coc2antiserum (1.5 Â¿il)(kindly provided by Y. K. Fung, Univer

sity of Southern California, Los Angeles) was added to the supernatant
and incubated overnight at 4'C. Antibody complexes were immobilized

by addition of 50 Â¿ilof protein A-agarose suspension for l h at 4V.
Proteins were separated by electrophoresis in 12.5% SDS-polyacryl-

amide gels.
Transfection of SHE Cells with pOB231. Primary SHE cells at

passage 3 were plated at 3 x IO5cells/100-mm Petri dish (ten dishes/

experiment) and cotransfected with 0.5 Â¿igof pSV2neo plus 5 Â¿ig
pOB231/dish or with pSV2neo alone using the calcium phosphate
precipitation method. The plasm id pOB231 contains the human CIK"2

cDNA (13) and was kindly provided by P. Nurse (Oxford University,
Oxford, England). Cells were refed 8 h after transfection and 24 h
thereafter subcultured 1:2 into selection medium containing 800 Â¿ig/ml
of G418. G41 S-resistant colonies were isolated approximately 2 weeks
after transfection. The presence of stably transfected human CIK'2

DNA was assayed by Southern blot analysis of PCR-amplified genomic
DNA using the primers and restriction enzymes described below for
analysis of RNA.

Isolation and Analysis of RNA. Expression of cdc2 mRNA was
evaluated using reverse transcriptase/PCR procedures. Total RNA was
isolated using the procedure of Chomczynski and Sacelli (14). First
strand cDNA was prepared from l /ig of total RNA using Superscript
reverse transcriptase (Life Technologies, Gaithersburg, MD) and 100
ng of random hexamer primer (New England Biolabs, Beverly, MA) in
a volume of 20 n\. One-tenth of the cDNA product was then amplified
in PCR reactions containing 1.5 H.M sense primer (5'-GA-
AGTGTGGCCAGAAGT-3' corresponding to positions 802 to 818 of
human CDC2Hs gene), 1.5 Â¿IM antisense primer (5'-
GCCATTTTGCCAGA-3') (CDC2Hs position 968-955), and 2.5 units
Taq polymerase (Perkin-Elmer Cetus, Norwalk, CT) for 25 cycles of 1
min at 94'C, 1 min at 55'C, and 2 min at 72'C. The PCR reaction was

electrophoresed on a 2% agarose gel; transferred to GeneScreen Plus
membrane (Dupont, Wilmington, DE); hydridized overnight to a la
beled cDNA probe of human or hamster CDC2 gene in 50% form amide,
6x standard saline-citrate, and 1% SDS at 42V; and washed in 0.1 x
standard saline-citrate 1% SDS at 60'C for 1 h. Reactions that omitted

reverse transcriptase were performed to control for the potential am
plification of contaminating DNA, and cDNA samples were analyzed
using PCR primers for glyceraldehyde-3-P-dehydrogenase to check the
integrity of the RNA and cDNA reaction (data not shown). Preliminary
experiments were carried out to ensure that the specified amplification
reaction was in the linear range for product formation, and the PCR
product was sequenced.

Restriction Fragment Analysis of PCR Products. RNA from trans
fected SHE cell clones was amplified by reverse transcriptase/PCR as
described above using (5'-GATTGATGACAAAGGAAC-3') (CDC2Hs
position 531 to 548) as sense primer and (5'-GCCATTTTGCCAGA-
3') (CDC2Hs position 968-955) as antisense primer, which generated

a 438-base pair fragment containing 3 restriction sites unique to either
human or hamster. The PCR product was digested with restriction
enzymes that specifically digested the hamster cdc2 PCR fragment
(Kpnl and Ail) or the human cdc2 PCR fragment (Bglll).

Results and Discussion

Normal human fibroblasts (MRC5) and normal SHE cells
were passaged in culture until senescent or near senescent. The
human cells grew for approximately 60 population doublings
before senescence whereas the Syrian hamster cells grew for
40-45 population doublings. Cell senescence was determined
by morphological criteria (cellular enlargement and flattening)
and by cessation of proliferation, measured by the failure of
cells to increase in number in 2 weeks, to subculture, and to
incorporate [3H]thymidine during a 24-h labeling period (label
ing index, <!'.'). In some experiments, near-senescent cells

tures of senescing cells with a reduced percentage (labeling
index, 10-30%) of cells incorporating [3H]thymidine (Fig. \A)

relative to early passage cells (labeling index, 90-100%).
Senescent and nonsenescent cells were examined for synthe

sis of p34cdc2by labeling the cells with [35S]methionine or [32P]

phosphate and immunoprecipitating cellular extracts with an
tibody to Escherichia co/i-expressed p34cdc2Hs4.This antibody

immunoprecipitated three proteins from human and hamster
cells with apparent molecular weights of 34,000-36,000 on
12.5% polyacrylamide gels. The M, 34,000 protein was labeled
with [35S]methionine (Fig. 1B) but not with [32P]phosphate (Fig.

1C) indicating that this was the unphosphorylated form of
p34cdc2;the two slower migrating proteins were the phosphor-

ylated forms, similar to what has been observed in other studies
of p34cdc2in mammalian cells (15). In near-senescent cells, the
synthesis of p34cdc2detected by [35S]methionine labeling was
significantly reduced (Fig. IB) and no p34cdc2was detected in
[32P]phosphate-labeled cells (Fig. 1C). Both human and ham
ster senescent cells failed to synthesize detectable p34cdc2protein

when labeled with either isotope (Fig. 1, B, C).
To determine if the lack of expression of cdc2 protein was

due to decreased mRNA levels in the cells, a sensitive PCR
assay was used. RNA was isolated, converted to cDNA by
reverse transcriptase, and then amplified by PCR with oligo-
nucleotide primers specific for cdc2 mRNA. These primers
were designed to hybridize to conserved regions of the CDC2
gene sequences in human and mouse cells. The PCR product
was the predicted size (167 base pairs) and sequence analysis
confirmed that this method detected the cdc2 mRNA. The
same primers also amplified a similar sized fragment with
Syrian hamster-derived cDNAs, and sequence analysis of this
PCR product revealed a high degree of homology (84.4%)
between the human and hamster sequences.9 PCR reaction

conditions were chosen to yield product proportional to the
amount of cDNA in the reaction. When cDNAs from senescent
cells were analyzed, no cdc2 mRNA was detected by this
sensitive method in human cells and only very low levels were
seen in hamster cells (Fig. \D). Little or no cdc2 mRNA was
observed in near senescent human and hamster cells (Fig. ID).
Also, no cdc2 mRNA was observed by Northern blot analysis
of polyadenylated mRNA from senescent human cells (data not
shown).

To determine the specificity of down-regulation of cdc2
mRNA following growth arrest, cells were treated under differ
ent conditions and cdc2 mRNA was measured (Fig. 2A).
Growth inhibition of Syrian hamster or human cells by expo
sure for 48 h to a low concentration (0.5%) of FBS in the
medium also resulted in reduced cdc2 expression as reported
previously (16). When low serum-arrested cells were stimulated
with 10% serum, cdc2 mRNA increased reaching maximal
levels at 24-30 h after serum addition (Fig. IB), which is similar
to previously reported results (16) and to the kinetics of RB
phosphorylation (9). No cdc2 mRNA was observed in senescent
cells treated for 24 h with 10% serum, in contrast to serum-
arrested young cells. Treatment of the cells with lieu medium,
which arrests cells in the G\ phase of the cell cycle, aphidicolin
(Gi-S block), etoposide (G2 block), or Colcemid (mitotic block)
did not result in down-regulation of cdc2 mRNA (Fig. 2A).
These results are consistent with previous studies showing
p34cdc2expression in cells arrested by some of these treatments

' Y. K. Fung et al., unpublished observations.
9 R. D. Owen et al., manuscript in preparation.
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(17, 18) and indicate that cdc2 down-regulation is not simply

the consequence of growth arrest.
Our results indicate that down-regulation of cdc2 mRNA and

protein is a common event in senescent mammalian cells from
two species (human and Syrian hamster). Decreased expression
was observed in near-senescent cells as well, suggesting that
this may be an early event in senescence. The lack of cdc2
expression in senescent cells may explain the earlier observa
tions (8, 9) of lack of phosphorylation of RB protein in senes
cent cells because p34cdc2is a candidate kinase for RB (11, 12).

However, it is not possible to distinguish whether these changes
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Fig. 1. Expression and phosphorylation of p34c<fc2kinase in relation to the

proliferative capability of human (MRC5) and SHE fibroblasts. Human (MRC5)
and SHE cells were examined at different stages of growth. Young, exponentially
growing human cells at passage 28 or hamster cells at passage 4 were studied.
Near-senescent MRC5 (passage 39) and SHE (passage 14) cells were examined
at 5 days after plating. Senescent cells were at the same passage but examined at
5 weeks after plating. The labeling index was assessed in cells labeled for 24 h
with [3H]thymidine (A), The cells were labeled with [3!S]methionine or [32P]

phosphate and p34 kinase was immunoprecipitated from cell extracts and run on
SDS-gel electrophoresis (B and C). RNA was extracted from unlabeled cells and
used for PCR amplification of CDC2 transcripts (D). kDa, molecular weight in
thousands.
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Fig. 2. Effect of cell cycle specific inhibitors on CDC2 mRNA expression and
the kinetics of CDC2 mRNA expression of SHE cells after serum stimulation.
After arrest of young SHE cells (Â¿passage4) in 0.5% FBS, cells were released by
addition of 10% FBS and cell cycle-specific inhibitors were added at the same
time. Cells were harvested at various time points thereafter for RNA purification,
which was used for PCR amplification of CDC2 mRNA (A). Cells were arrested
in 0.5% FBS and then treated with 10% FBS. RNA was isolated at various times
after serum, addition and assayed for CDC2 mRNA (B).

are the cause or the consequence of growth arrest in senescent
cells. It is possible that cdc2 down-regulation occurs after
growth arrest. The finding that down-regulation of cdc2 mRNA
does not occur following partial growth arrest in other parts of
the cell cycle by lieu" medium, aphidicolin, etoposide, or Col-

cemid suggests that down-regulation of cdc2 mRNA occurs in
only certain growth arrest conditions. However, these results
do not prove that lack of cdc2 mRNA expression is the sole
cause of growth arrest in senescent cells.

To address this question, we transfected Syrian hamster
embryo cells with the pOB231 plasmili (13), which carries the
human CDC2 cDNA under the control of the SV40 promoter
that is efficiently expressed in hamster cells. Transfected colo
nies were isolated and passaged to determine whether the cells
would fail to senesce. As a control, pSV2neo-transfected clones
were also isolated. As shown in Table 1, only 1 of 82 cdc2-
cotransfected colonies failed to senesce, which is not statistically
different from 0 of 70 pSV2neo-transfected colonies. In com
parison, approximately 50% of colonies from cultures cotrans-
fected with plasmids containing immortalizing oncogenes (e.g.,
mutant P53 genes or viral MYC plus RAS oncogenes) became
immortal.6 These results indicate that transfection of cdc2 does

not induce immortalization of hamster cells.
The senescent hamster clones transfected with cdc2 were

examined for expression of the human cdc2 protein. Compari
son of the human and hamster CDC2 sequences revealed Pstl
and Kpnl restriction endonuclease sites in the hamster cDNA
that were not present in the human sequences and a Bglll site
in the human cDNA not found in hamster cdc2 cDNA. After
isolation of RNA from senescent clones, transcription to
cDNA, and amplification by PCR, we used species-specific
restriction sites to show that the transfected human CDC2 gene
was expressed in senescent hamster cells (data not shown).
Using this method, we also found that the single immortal
clone from pOB231 transfected cultures expressed predomi
nantly the hamster CDC2 gene and lesser amounts of the human
gene. This supports the conclusion that the immortalization of

6 L. A. Annab and J. C. Barrett, manuscript in preparation.
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Table 1 Cotransfection of Syrian hamster embryo cells with pOB 231-plasmid
containing the human CDC2 gene

Neo plasmili
alone

CDC2 plasmid +
neo plasmid

Total no. of G418-resislanl colonies 3987
No. of G418-resistan( colonies/no, of 4.1 x 10"'

cells platedAig DNA
No. of immortal colonies'/no, of colo- 0/70

nies isolated
â€¢¿�Grown for >16 passages.

3326
4.6 X IO'5

1/82

differentiation, cdc2 is down-regulated but overexpression of
cdc2 in myoblasts does not block terminal differentiation. In
addition to the cdc2 kinase, other key regulatory proteins in
the cell cycle are rapidly being identified, including cdc2-like
proteins, cyclins, kinases, and phosphatases. Additional studies
of these proteins should allow new insights into why senescent
cells fail to initiate DNA synthesis. Furthermore, senescent
cells may prove to be useful tools in studying the negative
regulation of cell cycle controls.

E Â®'* Â£ neÂ°-
x transfected'w

9

senescent SHE cells
neo-CDC 2-

cotransfected
1 II

34 kDa 3
Fig. 3. Detection of p34"k2 kinase in transfected senescent SHE fibroblast cell

clones. By calcium phosphate precipitation, SHE cells were transfected either
with 0.5 Â»igpSV2neo plus 5 ng pOB231 or with pSV2neo only, and G418-
resistant clones were isolated. Cotransfected clones were tested for the presence
of transfected human CDC2 gene by Southern blot analysis of PCR-amplified
genomic DNA using restriction enzymes that distinguish the human and endog
enous hamster genes. Cotransfected clones with an introduced human CDC2 gene
and control clones (pSV2neo only transfected) were cultured until senescent and
then labeled with ("S|methionine. The p34 kinase was immunoprecipitated from
the "S-labeled cell extracts and visualized by autoradiography after SDS-gel

electrophoresis. kDa, molecular weight in thousands.

this clone was spontaneous. Four clones transfected only with 8
neo were examined for cdc2 expression and no p34cdc2protein
was observed in these clones at senescence. Four cdc2-cotrans- 9
fected clones containing the human CDC2 gene (as determined
by Southern blot analysis of PCR-amplified genomic DNA)
were examined for expression of p34cdc'2after senescence. Three

of these senescent clones with human CDC2 plasmid sequences
expressed p34cdc2, but only a single band of the protein was

observed on the gels rather than the 3 bands corresponding to
multiple phosphorylated forms of p34cdc2found in extracts from

young, growing cells (Fig. 3).
These findings indicate that the hamster cells senesce despite

the expression of human p34cdc2protein. It is assumed that the

human gene can function in hamster cells since it functions in
yeast. The lack of DNA synthesis in these cells is more likely
due to the failure of senescent cells to activate the p34cdc2protein

by threonine phosphorylation (12, 19). In near senescent cul
tures, we observed that p34cdc2was synthesized, although at

reduced levels, but was not phosphorylated, which is similar to
the findings with transfected cells. Thus, alterations in the
control of phosphorylation of the cdc2 protein as well as down-
regulation of the gene may be important in establishing the
nonproliferative status of senescent cells.

In conclusion, our results indicate that cdc2 down-regulation
is a common, possibly early, event in cellular senescence; how
ever, this alteration cannot account fully for the block to DNA
synthesis in senescent cells. These findings are consistent with
the observation of Akurst et al. (20) that during myogenic
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