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Abstract

Progression of cells into S phase is proposed to be determined by
accumulation of a labile protein (the restriction point protein R; A. B.
Pardee, Proc. Nati. Acad. Sci. USA. 71: 1286-1290, 1974). We report here

that t u lin E and cyclin A proteins as well as their dependent histone HI
kinases satisfy all of the criteria for the R protein, which includes late GÃŒ
phase increase, an excess delay of appearance after inhibition of protein
synthesis in nontransformed cells, and a faster recovery in transformed
cells. We suggest that the molecular basis of the R protein could be cyclin
production and inactivation.

Introduction

Kinetic experiments from cell biology suggest that a controlling
protein must accumulate by the restriction point, which is located in
late G, phase, before a cell can enter S phase ( 1-4). A key protein for
regulating proliferation, called the R protein.' was proposed by this

laboratory to have the following three properties: (a) it is synthesized
in G,; (h) it is unstable, with a half-life of 2.5 hours, in nontrans

formed cells; and (c) it is stabilized or overproduced in tumor cells
(1-4). More recently, genetic and biochemical approaches together

have indicated that protein kinases of about M, 34.000 (encoded by the
cdc2 family of genes, e.g., cdc2, cdk2) are activated through interac
tions with the products of another family of genes, the cyclins (5-7).

With the discovery of G, cyclins in both yeast and mammalian cells
it was proposed that the R protein might be a mammalian G, cyclin(s)
(6. 7). However, this has not yet been shown in experiments such as
were used originally to propose the existence of the R protein (2). In
the study presented here, by performing CHX pulse-chase experi

ments in both nontransformed A31 and BPA31 cells, we found that
cyclin E and cyclin A as well as their dependent kinase activities
satisfy all the criteria for the R protein.

Materials and Methods

Materials. [-y-^PlATP (3000 Ci/mmol) and |'H|thymidine (70-90 Ci/

nimol) were from NEN Research Products. Sodium vanadate (S454-50) was
from Fisher. Histone HI (Type III-S. H 5505), cAMP-dependent kinase inhib

itor peptide (P 8140). aprotinin (A 1153). leupeptin (L 2884). soybean trypsin
inhibitor (T 9003), ben/amidine (B 6506), NaF (S 6521 ), ÃŸ-glycerophosphate

(G 6251 ). cycloheximide (C 6255). and all other chemicals were from Sigma.
pl3"" ' agarose (PF(X)l A) and protein G PLUS/protein A-agarose (IP05) were
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from Oncogene Science. Purified polyclonal antibody raised against the car-
boxyl terminus of human p34"''- (3398SA) was purchased from Gibco BRL.

Two purified antibodies against the carboxyl terminus of cdk2 were used in
both itnmunoprecipitation and Western blot assays: one of them was purchased
from UBI (06-148) and the other was a kind gift from Drs. N. Dyson and E.

Harlow (Massachusetts General Hospital Cancer Center. Charlestown. MA).
Affinity-purified rabbit polyclonal IgG against recombinant human cyclin A

(PC30) and cyclin Bl (PC29) were from Oncogene Science; antisera to human
cyclin A and cyclin B were a generous gift from Dr. J. Pines (Welicome/CRC
Institute. Cambridge. England) (8). Two polyclonal antiseia to human cyclin E
were used. The anti-cyclin E antiserum used in the immunoprecipitation assay

was kindly provided by Drs. A. Koff and J. M. Roberts (Fred Hutchinson
Cancer Research Center. Seattle, WA) (9). and another anti-cyclin E used in

Western blot analysis was from Dr. S. I. Reed (Scripps Research Institute, La
Jolla, CA) (10).

Cell Culture, Cell Synchronization, and Nuclear Labeling. A31 and
BPA3I cells were grown as monolayer cultures, and cell synchronization after
serum deprivation was achieved as described (3). Briefly, after growth in 10%
calf serum to about 30-50% confluence, A31 cells were shifted to 0.4% calf
serum for -60 h while BPA31 cells were shifted to 0.2% calf serum for ~84

h. After growth arrest, serum levels were increased to 10%. Under these
conditions, A31 and BPA31 cells enter into S phase with similar kinetics,
monitored by the incorporation of ['H]thymidine (continuous labeling). In the

studies using CHX. the inhibitor (1.0 ug/ml) was added to cells 12 h after
serum stimulation. After 5 h of treatment, cells were washed once with, and
then reted with, medium containing 10% serum.

Preparations of Nuclear Extracts, p13SUC|-Agarose Pellets, and Immii-

noprecipitates. Nuclear extracts of proteins were prepared from cells essen
tially according to the published method (II). Treatment of a nuclear extract
with p 13""'-agarose beads was performed as described (12). The nuclear
extract was incubated for 2 h under constant vortexing at 4"C with p 13""'-
agarose (5 (jg protein/5 ul p 13""'' beads/reaction) in 25 ul of buffer B (50 imi

Tris. pH 7.4; 250 nun NaCl, 5 nun EDTA. 0.1% Nonidet P-40) with a freshly

added cocktail of protease inhibitors (10 ug/ml of aprotinin. leupeptin. and
soybean trypsin inhibitor and 100 UMben/.amidine) and phosphatase inhibitors
(1 mM sodium vanadate. 2 HIMEGTA, 5 m.MNaF, 12 ITIMÃŸ-glycero-phosphate.
and 1 HIMATP). After IO min of centrifugaciÃ³n at I(XX) rpm. the p 13""'-

agarose pellets were washed twice with 1 ml of buffer B and three times with

1 ml of buffer K (50 imi Tris. pH 8.0; IO m.MMgCl2: and I IIIMdithiothreitol)
containing both protease and phosphatase inhibitors and immediately used for
the HI kinase assay. For the immunoprecipitation of nuclear proteins (13). a
specific antibody (the amount is indicated in the figure legends) was preincu-

bated with a nuclear extract (5 ug) for 2 h. followed by adding 10 ul of protein
G-PLUS:protein A-agarose (1:1 suspension) in buffer B (total volume, 25 ul).

After 2 h of vortexing of this mixture, the pellet was washed with buffer B and
buffer K and used for H l kinase assay.

Histone HI Kinase and Western Blot Assays. The HI kinase assay was
performed as described (12-14). The ECL Western blot assay was performed

according to Amersham instructions. Briefly, nuclear protein samples were
electrophoresed on a sodium dodecyl sulfate-polyacrylamide gel and then

electrophoretically transferred to a nitrocellulose membrane (14). The nitro
cellulose blot was blocked, washed, and incubated with the first antibody (for
dilution conditions, see figure legends). After washing, the filter was then
incubated with a second antibody that was conjugated with horseradish per-

oxidase. Finally, the filter was incubated with the detection reagents (RPN
2109; Amersham) and exposed to a Hyperfilm-ECL (RPN 2103). For reprob-

ing. the filter was incubated in a stripping buffer ( 100 mvi 2-mercaptoethanol;
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2% sodium dodecyl sulfate: 62.5 HIMTris, pH 6.7) at 50Â°Cfor 30 min. washed,

and then immunodetected as described above.

Results and Discussion

We investigated the possibility of whether a G,/S cyclin protein(s)
possess all the properties of the R protein in the following three tests.

Test 1: Activation in Late Gl in Nontransformed Cells. We first
performed an experiment to measure the increases of HI kinases in
late G i associated with cyclin or cdk proteins (designated as Cyc-H l K
or cdk-H IK. respectively), the first criterion for the R protein (4). We

used antibodies against human cyclins (A. B. E) and cilks (cdc2.
cdk2), as well as p 13"" ' beads which bind to several rt/AYHI kinases

including cdk2 ( 15). to precipitate the corresponding proteins and then
measured their HI kinase activities. All of these Hl K activities were
low in G,, cells, but they increased at different phases of the cell cycle
(Fig. IÂ«).CyeE-HIK increased before 12 h and peaked at 17 h. al
which time about 40% of nuclei were labeled by | 'Hlthymidine (meas

ured by continuous labeling) (Fig. \h). CycA-HIK gradually in

creased after 12 h and reached its highest value at 36 h. parallel to the
kinetics of DNA synthesis as measured by nuclear labeling. In con
trast, CycB-H IK did not increase until 36 h (Fig. Ib). The cdk2-\\ I K

increased at 12 h and dropped after S phase (36 h: Fig. Ir), supporting
its interaction with both cyclin E and cyclin A (reviewed in Refs. 6, 9,
and 10). The p34"''--HIK showed a pattern similar to that of CycA-

HI K, suggesting that it mainly interacts with cyclin A before 36 h. The
pl3-HlK had two major increases, one before 17 h, which may be

derived from cyclin E. while another increase took place before 36 h,
which is probably from both cyclin A and cyclin B (Fig. \h). Similar
patterns of cyclin E/cdk2 and cyclin AAWA.2kinases were discovered
in other systems (6, 9, 10). Our results support prior data (6, 9. 10, 16)
that cyclin E/cdk2 and cyclin \lcdk2 are late G,- and S-phase-specific

kinases that are involved in the entry of cells into S.
We then performed Western blot analyses to determine whether

cyclin E and cyclin A proteins accumulate in G|/S. An antiserum to
human cyclin E recognized mainly two bands with approximate mo
lecular masses of 52 (p52) and 65 kilodaltons (p65) (Fig. 2a). p52
probably represents the mouse cyclin E protein since accumulation of
this protein correlates well with CycE-HIK during the cell cycle: very

low in G(l cell nuclear extract, increased at G,/S (around 12 h), peaked
at 18 h (about 8-fold higher than at 0 h), and decreased at 22 h

(compare Figs. I and 2). In contrast. p65 was relatively constitutively
expressed during the cell cycle, and its nature remains unknown. A
mouse protein of p55, identified by an antiserum to human cyclin A
(Fig. 2i/). was not present in G(, cells but increased after cells enter S
phase (about 38-fold higher at 22 h than at 0 h), coincident with
CycA-HIK (compare to Fig. 1). When anti-a/Â£2 was used, a major

band of p38 with two minor bands of p30 and p4l were detected: all
of them were present in G0 nuclear extracts and increased by only
2-fold after cells entered S phase (Fig. Ib; compare 22 h and 0 h).

Similar isoforms of cdk2 protein had been found in other systems (9,
10). These data strongly suggest that accumulation of cyclin E and
cyclin A proteins at G,/S regulate the induction of their cdk kinase
activities.

Test 2: An Excess Delay of Appearance after the Inhibition of
Protein Synthesis in Nontransformed Cells. We expected that
CycE-HIK and CycA-HIK are labile in nontransformed A31 cells,

the second criterion for the R protein (4). Indeed, after treatment with
CHX. we observed 2^-fold decreases in these H1K kinases (Fig. 3,
Lanes /-.?). About 4 hours after CHX was removed, HIK activities

started to recover (note displacement of the curves versus Fig. 1);
further chasing revealed large increases in these activities (Fig. 3, A31
cells).
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Fig. I. Cell cycle patterns of HI kinases associated with different cyclin. a/A proteins,
or pl.V"1 ' beads. A31 cells were made quiescent by serum starvation, restimulated with
IG'/i serum, and harvested at the times indicated at the ttip. Percentage of labeled nuclei
(dashed lines in b and r), measured by continuous labeling with | 'H]thymidine incorpo

ration, demonstrated that cells began entering S phase after 12 h; by 17 h about 40% and
by 22 h about 80% of the cells had entered S phase. The historic HI kinase assays using
immunoprecipitates of nuclear extracts prepared at each time point were performed as
described in "Materials and Methods." In each reaction, 5 ng of crude nuclear extract were

immunoprecipitated by a specific antiserum against a human cyclin (E. A, and B, l
ul/reaction) or by a purified antibody to the COOH terminus of ftlk2 or i'dc2 (I ul/
reaction), or pl3""' beads (5 pi/reaction), as indicated in a. Exposure times of autorad-
Â¡ographswere: cyclin E. 3 h; cyclin A, 1 h; cyclin B. 2 h; i'dk2, 2.5 h: <Wc2,3 h; p 13. 3

h. The labeled histone HI bands were scanned, and relative intensities were plotted versus
hours after serum stimulation. />,plot of CycE-HIK, CycA-HIK. and CycB-HIK: <â€¢,plot
of (WA2-H1K, ÃWÃ'2-HIK,and pl3-HlK. These data are presented to indicate patterns of

each kinase activity rather than absolute levels of kinase activities. Comparisons are valid
only within the same kinase activity and not between kinase activities.

The lags in both CycE-HIK and CycA-HIK activities caused by

CHX pulse treatment may reflect the pulse inhibition of the synthesis
of unstable cyclin proteins. Indeed, even though the level of p52/
cyclin E was very low before and during the pulse inhibition, it
increased 2-3-fold after chasing (Fig. 4a). p65 was relatively un
changed during the process. p55/cyclin A protein was almost unde-
tectable at 12 h and during the protein inhibition and gradually in-
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Fig. 2. Cell cycle patterns of cyclin E. cyclin A. and cdk2 proteins. Nuclear extracts (40
ug/lane). prepared from synchronized A31 cells harvested at the indicated times in hours
(above lanes} after serum stimulation, were electrophoresed and assayed by Western blot
analysis. In a. anti-cyclin E at 1:500 and the second antibody at 1:2(XX)were used; arrows,
p52/cyclin E and p65. Anti-cyclin A at 1:300 and the second antibody at 1:4000 were used:
arrow. p55/cyclin A. Anti-<*7fc2at 1:500 and the second antibody at 1:1000 were used;
arrows. p30. p38. and p41 of cdk2. b. plot of p52/cyclin E. p55/cyclin A. and p38
Ip4 \Mcdk2.

creased about 5 hours after removing CHX (Fig. 4b). In contrast. cdk2
was relatively constitutive during this process (data not shown).
Therefore, cyclin proteins are probably the labile component respon
sible for the regulation of cdk kinases.

Test 3: Faster Recovery from CHX Inhibition in Transformed
Cells. We expected that transformed BPA31 cells would show no or
less delay in Hl K appearance at high levels after the pulse of CHX
(the third criterion for the R protein) (4). CHX inhibits protein syn
thesis in A31 and BPA31 cells equally (3). Comparison of cyclin E-
and cyclin A-associated HIKs between BPA31 and A31 cells (Fig. 3)

gave results similar to, but more complicated than, those observed
from earlier cell biology experiments (3).

First, the levels of CycE-HIK (Fig. 3a) and CycA-HIK (Fig. 3b) at
12 h were 2-3-fold higher in BPA31 than in A31 cells, as found in

multiple experiments. Second, even though CHX reduced these HIKs
in both A31 and BPA31 cells, the remaining activities after the treat
ment were higher in BPA31 than in A31 cells. Third, both CycE-HIK
and CycA-HIK recovered to high levels much earlier in BPA3I cells

than in A31 cells.
To determine whether there are such differences in cyclin proteins

between BPA31 and A31 cells, we performed Western blot analysis
using nuclear extracts from the same preparations. Basically, we ob
served similar differences in cyclin proteins (Fig. 4) and cdk kinases
(Fig. 3). At 12 h, cyclin E protein was much higher in BPA31 cells
than in A31 cells (Fig. 4a), while cyclin A was slightly higher in
BPA31 cells (Fig. 4b). Second. CHX treatment reduced the accumu-
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Fig. 3. CHX delays the appearance of H l K associated with cyclin E (a) and cyclin A
(h). A31 and BPA31 cells were released after serum starvation, and 12 h (Â¡2h) afterward
CHX (1 ug/ml) was added for either 2.5 h (12h-2.5h) or 5 h (I2h-5h). After CHX was
removed from the 5-h-treatcd cultures, the cells were grown with fresh 10% serum for 2.5,
5, 10. or 19 h. as indicated at the Inp. Nuclear extracts were prepared, and histone HI
kinase assays were performed with immunoprecipitates (see "Materials and Methods"),

using anti-cyclin E ( I ^I/reaction) and anti-cyclin A (20 pi/reaction of purified polyclonal
antibody against recombinant cyclin A: Oncogene Science). Exposure limes of autorad-
iographs were: cyclin E. I h: cyclin A. 8 h. The relative intensities of labeled HI bands
were determined by densitometric tracing and plotted versus h during the pulse chase
process.

lation of both cyclin E and cyclin A proteins in BPA31 cells (it was
difficult to measure decreases of these proteins in A31 cells because
of their low basal levels), but the remaining cyclin proteins were
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Fig. 4. Western blot analysis of cyclin E and cyclin A proteins. Nuclear extracts (40
ug/lane), prepared from both A31 and BPA31 cells during the CHX pulse chase process
(see Fig. 3) at the indicated times in hours (above lanes}, were assayed with anti-cyclin
E ( 1:5(X))(a) and anti-cyclin A ( 1:3(X))(hi. Arrows. p52/cyclin E, p65. and p55/cyclin A.
The 12-h A31 sample was underloaded in this experiment.

higher in BPA31 than in A31 cells. Third, cyclin E protein recovered
from the CHX inhibition much earlier in BPA31 than in A31 cells,
probably because of its higher basal level (Fig. 4a). Although cyclin
AinBPA31 and A31 cells was at a low level at 12 h (G,/S) and during
the CHX inhibition, it recovered to high levels about 5 hours earlier
in BPA31 than in A31 cells (Fig. 4h). These differences were observed
in multiple experiments. In contrast to these cyclins, cdk2 protein in

BPA31 and A31 cells was at a similar level and remained relatively
unchanged during the pulse chase process (data not shown). These
data suggest that the higher level and/or faster recovery of cyclin
E/cyclin A proteins are probably responsible for the higher level
and/or faster recovery of these cdk kinase activities in BPA31 cells.

By performing cell cycle and pulse chase experiments, we report
here that accumulation of cyclin E and cyclin A proteins (Figs. 2, 4)
and induction of their dependent kinases (Figs. 1 and 3) satisfy all
three properties of the R protein (see "Introduction") and that there

fore these kinases may be both proliferation controlling and deranged
in these tumor cells. This idea is supported by several lines of exper
imental evidence. First, cyclin E, cyclin A, and cdk2 have been sug
gested to be involved in the S phase of mammalian cells (5-10,
15-18). Second, constitutively expressed cyclin E or cyclin A over
comes the retinoblastoma protein-mediated suppression of prolifera

tion (16). Third, this laboratory has recently found general cyclin
(including A, B. and E) overexpression in several human breast tumor
cell lines and a derangement in their order of appearance in synchro
nized tumor versus normal cells (19). Also, the aberrant expressions of
cyclin A and cyclin Dl have been observed in some other cancers
(reviewed in Rets. 5, 6. and 20). It is possible that transformed BPA31
cells, compared to A31 cells, might overexpress cyclin E and cyclin A
genes, which are responsible for the higher basal level and/or faster
recovery of cyclin E/cyclin A proteins (Fig. 4) that in turn up-regulate

their dependent cdk kinase activities (Fig. 3). These properties prob
ably determine reentry of these transformed cells into S phase with no
extra delay and defective growth control (3). Taken together, these
data suggest that cyclins may be a new class of protooncogenes that
control cell proliferation and tumor growth.
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