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The restriction point (R) is defined as the point in G1 after which cells can complete a division cycle without
growth factors and divides G1 into two physiologically different intervals in cycling cells, G1-pm (a postmitotic
interval with a constant length of 3 to 4 h) and G1-ps (a pre-DNA-synthetic interval with a variable length of
1 to 10 h). Cyclin E is a G1 regulatory protein whose accumulation has been suggested to be critical for passage
through R. We have studied cyclin E protein levels in individual cells of asynchronously growing cell popula-
tions, with respect to both passage through R and entry into S phase. We found that the postmitotic G1 cells
that had not yet reached R were negative for cyclin E accumulation. On the other hand, cells that had passed
R were found to accumulate cyclin E at variable times (1 to 8 h) after passage through R and 2 to 5 h before
entry into S. These kinetic data rule out the hypothesis that passage through R is dependent on the accumu-
lation of cyclin E but suggest, instead, the converse, that passage through R is a prerequisite for cyclin E
accumulation. Furthermore, we found that most of the cyclin E protein is downregulated within 1 to 2 h after
entry into S.

In the eukaryotic cell cycle, a reversible growth arrest can be
induced in the G1 phase if cells are deprived of growth factors
or allowed to grow to confluency (10, 49, 62, 73, 74). Temin
(61) showed that chicken cells become independent of external
mitogenic growth factors during G1 several hours before entry
into S phase. The term restriction point (R) was introduced by
Pardee (48) to define the point in G1 after which cells can
complete a division cycle independently of mitogenic signals
(49). We have previously determined the exact position of R in
G1 and its relationship to the previous mitosis and subsequent
S phase with time-lapse cinematography (TLC) analysis of
mouse and human cells (33, 74, 75, 76, 77). Time-lapse record-
ings of cells in culture enable analysis of individual cells of an
unperturbed, asynchronously growing population. This method
is a powerful tool for detailed kinetic analysis of transition
events in the cell cycle because, unlike synchronization proce-
dures, it addresses the problem of intercellular variability in
cell cycle times, particularly G1 variability. Previous studies
using TLC analysis revealed that the G1 phase in cycling cells
is separated into two functionally different intervals. During
the first part of G1, the G1-pm (postmitosis) period, cell cycle
progression is highly dependent on the continuous presence of
serum growth factors and on a high rate of protein synthesis. If
growth factors are removed from the medium or if protein
synthesis is even only moderately inhibited during this period,
cells will rapidly (within 30 to 60 min) leave the cell cycle and
enter a quiescent state (G0). The G1-pm period has a constant
duration of 3 to 4 h in all of the cells studied so far (74, 75, 76).
The transition from growth factor-dependent progression to

growth factor-independent progression represents passage
through R. The part of G1 that follows R, known as the G1-ps
(pre-DNA-synthetic) period, is highly variable in duration.
Some G1-ps cells initiate DNA replication immediately after
passage through R, while others may spend up to 20 h in G1-ps
before entering S. This variability in the length of time between
R and S implies that even though passage through R is neces-
sary for further progression through the cell cycle, other reg-
ulatory events must be completed during G1-ps in order for
cells to enter S phase.

The cyclins and their catalytic subunits, the cyclin-dependent
kinases (Cdks), control cell cycle progression by regulating
events that drive the transitions between cell cycle phases.
Cyclins were first identified in clam and sea urchin embryos,
where they were observed to accumulate during interphase and
to be degraded during mitosis (16). Based on homology to
invertebrate and frog embryonic cyclins, human A- and B-type
cyclins, essential for progression through S, G2, and M phase,
were the first human cyclins to be identified (50, 64). Subse-
quently, the human G1 cyclins, the D-type cyclins and cyclin E,
were identified functionally by screening of human cDNA li-
braries for sequences that could complement G1 cyclin muta-
tions in Saccharomyces cerevisiae (30, 36, 69). The gene for
cyclin D1 is induced in response to mitogenic signals as an
early-response gene during the transition from G0 to G1 phase
and is associated with the catalytic partner Cdk4 or Cdk6.
Cyclin E shows a periodic pattern of expression with accumu-
lation in late G1 and downregulation in S (11, 31, 36; reviewed
in reference 54). Cyclin E transcription is activated when the
retinoblastoma tumor supressor protein (pRb) is hyperphos-
phorylated and no longer exerts repression of the cyclin E
promoter via E2F-DP transcription factor complexes (see be-
low). Consistent with this, a number of putative E2F binding
sites have been identified in the cyclin E promoter (19). E2F-
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mediated repression was first suggested by experiments show-
ing that the combined mutation of two different E2F sites in
the human cyclin E promoter leads to partial derepression of
the promoter in G1 (45). Recently, a variant E2F-binding site
was found to mediate transcriptional repression by binding of
a large E2F4-pRb-containing repressor complex (34, 78). Cy-
clin E associates specifically with Cdk2, and a number of in-
vestigations have demonstrated a requirement for cyclin E-
cdk2 activity for the initiation of DNA replication (24, 32, 47).
Cyclin E is subjected to ubiquitin-dependent degradation dur-
ing S phase (7, 58, 68).

Many of the molecular components that are involved in
passage through G1 have been identified, but the molecular
mechanism underlying R point control still remains to be elu-
cidated. Passage through the R point and phosphorylation-
inactivation of pRb have been observed to occur roughly dur-
ing the same time period in cells entering the cell cycle from
G0, but the exact functional relationship between the two
events is still unknown. In early G1 phase, pRb is present in an
active, hypophosphorylated form, where it is believed to inhibit
cell cycle progression by binding to regulatory proteins, includ-
ing members of the E2F family of transcription factors. Bind-
ing of pRb to E2F has been shown to inhibit the transactivation
of E2F-dependent genes that are required for cell cycle pro-
gression (5, 21, 42). The association between pRb and E2F, as
well as other regulatory targets, has been shown to be governed
by phosphorylation. pRb is phosphorylated at multiple sites as
Cdk activity increases during G1 phase. Hyperphosphorylated
pRb first appears during late G1 phase. Although several Cdks
have been implicated in pRb phosphorylation in vitro (1, 17,
40, 41), the precise mechanism by which pRb is phosphorylated
in vivo is still unclear. By ectopically expressing cyclin D1 or E
during early G1, it was demonstrated that expression of either
cyclin shortens the G1 phase in rat embryonic fibroblasts but
only cyclin D1 expression leads to premature pRb phosphor-
ylation (55). Other evidence suggests that pRb is phosphory-
lated by both cyclin D- and E-dependent kinases in a sequen-
tial manner to achieve hyperphosphorylation (8, 20, 39, 70).
Therefore, it has been proposed that the accumulation of ei-
ther D-type cyclins or cyclin E and the concomitant hyperphos-
phorylation/inactivation of pRb constitute progression through
the R point (9, 53, 77). Consistent with this idea, it has been
demonstrated that passage through the R point is dependent
on the accumulation of a labile protein (48), a characteristic of
both D-type cyclins and cyclin E (11, 36, 37, 47).

The aim of the present study was to perform a detailed
analysis of cyclin E expression in relation to passage through R
and entry into S phase, in order to determine whether cyclin E
could be the labile R-associated protein. In order to determine
the exact timing of cyclin E accumulation and downregulation,
we carried out an analysis of individual cells which allowed us
to consider the variability of cell behavior within the popula-
tion. We found that cells younger than 3.5 h after mitosis, i.e.,
cells that had not yet passed R, were negative for cyclin E
accumulation. After passage through R, cyclin E begins to
accumulate as a cell approaches S, however, with a high de-
gree of temporal variability. These data indicate that passage
through R cannot be dependent on the accumulation of cyclin
E, as has been proposed, and suggest that since R occurs prior
to the accumulation of cyclin E, passage through R may be a

prerequisite for cyclin E accumulation. Furthermore, the tem-
poral variability of cyclin E accumulation after passage through
R suggests that another late-G1 event(s) controls the precise
timing of cyclin E accumulation.

MATERIALS AND METHODS

Cells and media. Early-passage human diploid fibroblasts (HDF) from embryo
lungs and hTERT-BJ cells (Clontech) were maintained in a 5% CO2–95% air
mixture in a humidified incubator at 37°C. HDF were cultured in a 1:1 mixture
of modified Eagle’s medium (MEM) and Ham’s F-12 medium supplemented
with 10% (vol/vol) fetal calf serum (Life Technologies, Inc.), 2 mM glutamine,
and 50 U each of penicillin and streptomycin per ml. hTERT-BJ cells were
cultured in a 4:1 ratio of Dulbecco’s MEM (Sigma catalog no. D6421) containing
Medium 199 (Sigma catalog no. M4530) with 10% fetal bovine serum (FBS; Life
Technologies, Inc.), 4 mM L-glutamine, 1 mM sodium pyruvate (Sigma), and 50
U each of penicillin and streptomycin per ml. Cells were never allowed to reach
confluence. For transfer, cells were treated with 0.25% (wt/vol) trypsin in Tris-
buffered saline containing 0.5 mM EDTA. For immunocytochemistry, 3,000 to
4,000 cells/cm2 were seeded in petri dishes onto a glass coverslip (hemacytometer
coverslip, 0.4 mm thick). For time-lapse analysis, cells were seeded onto CEL-
Locate coverslips (Eppendorf).

Recombinant adenovirus procedures. A recombinant adenovirus containing
the human cyclin E cDNA was provided by John Cogswell and Susan Neill at
Glaxo-Wellcome, Research Triangle Park, N.C. For transduction experiments,
hTERT-BJ cells were incubated with the recombinant adenovirus diluted appro-
priately in Dulbecco’s MEM and 2% FBS for 2 h. After incubation in fresh
medium for an additional 24 h, cells were either recorded by time-lapse video
microscopy (TLV) for approximately 4 h and then fixed in methanol and stained
for cyclin E immunofluorescence assay or harvested for immunoblotting.

Time-lapse analysis. Ages of individual cells were determined by two methods:
time-lapse photography and TLV. For time-lapse photography, every 30 min, a
petri dish with cells growing on a coverslip was removed from the incubator and
placed under a Zeiss inverted microscope (476100-9901; 103 phase-contrast
lens) equipped with a charge-coupled device (CCD) camera (Sony). Three or
four marked fields were photographed (approximately 10 to 15 cells per field).
For TLV an inverted microscope (Zeiss) equipped with a monochrome, cooled
CCD camera (COHU model 2152-2000) was placed in an incubator (ASSAB T
303GF) with temperature and CO2 regulation. Humidity was omitted to protect
the instruments. A petri dish with cells growing on a CELLocate coverslip was
placed under the microscope, and a field of 20 to 50 separated cells was chosen
for recording. Images were captured every 4 to 10 min by a framegrabber card
(PX-510-25E Parameter AB) and stored in a personal computer.

After the final photograph was taken, cells were rinsed with phosphate-buff-
ered saline (PBS) and fixed either for 5 min in methanol, followed by 2 min in
acetone, at 220°C or for 20 min in 4% fresh paraformaldehyde at room tem-
perature. Methanol-acetone-fixed cells were stored in 70% ethanol at 4°C until
they were used for immunocytochemistry analysis. Paraformaldehyde-fixed cells
were stained immediately.

Antibodies. The following primary antibodies were used: an anti-cyclin E
mouse monoclonal antibody (HE12; Santa Cruz Biotechnology) and two differ-
ent affinity-purified anti-cyclin A rabbit polyclonal antibodies (gifts from G.
Draetta and J. Pines). The secondary antibodies used in this study included a
biotinylated donkey anti-mouse immunoglobulin G (IgG), a fluorescein isothio-
cyanate (FITC)-conjugated donkey anti-rabbit IgG (Jackson Immunoresearch
Laboratories), and a horseradish peroxidase (HRP)-conjugated goat anti-mouse
IgG (Amersham Life Science).

Immunoperoxidase cytochemistry. Fixed cells were immersed in TBS1 (0.05 M
Tris-HCl [pH 7.6] in PBS)–0.5% Tween 20 for 15 min at room temperature
before endogenous peroxidase was blocked by soaking in 0.5% H2O2 for 15 min
at room temperature. Incubation with the primary antibody was performed
overnight at 4°C. After washing in TBS1–0.02% Tween 20 for 3 3 10 min and
blocking with 4% normal donkey serum for 30 min at room temperature, the
primary antibody was detected using Dako StreptABComplex/HRP Duet ac-
cording to the manufacturer’s instructions. Diaminobenzidine was used as a
chromogen, and nuclei were counterstained with Meyer’s hematoxylin.

Immunofluorescence cytochemistry. Fixed cells were treated with blocking
buffer (1% bovine serum albumin and 0.5% Tween 20 in PBS) for 15 min at
room temperature to block out unspecific interactions prior to addition of the
primary antibody. This buffer was also used for antibody dilutions. Following all
antibody incubations, cells were washed for 3 3 15 min in washing buffer (0.05
mM Tris-HCl [pH 7.6], 0.3 mM NaCl, 0.02% Tween 20). Cells were incubated
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with the primary antibody, anti-cyclin E and/or anti-cyclin A (1:1,000), overnight
(16 to 18 h) at 4°C, washed, and then treated with 4% normal donkey serum for
15 min at room temperature prior to addition of the secondary antibody. For
detection of cyclin E primary antibody, cells were incubated with biotinylated
donkey anti-mouse IgG (1:300) for 30 min at room temperature and then incu-
bated with streptavidin-conjugated CY3 (1:2,000; Amersham). For detection of
anti-cyclin A primary antibody, cells were incubated with FITC-conjugated don-
key anti-rabbit IgG (1:100). Cells were mounted with Vectashield mounting
medium with 49,6-diamidino-2-phenylindole (DAPI) (H-1200; Vector Laborato-
ries Inc.).

Quantitative absorption cytometry. The equipment used for quantitation of
immunoperoxidase signal intensity consisted of a microscope (Zeiss Axioskop)
coupled to a CCD camera (COHU model 2152-2000) and a personal computer.
The amount of immunoperoxidase material was determined from light absorp-
tion at a wavelength of 480 nm after subtraction of the counterstain intensity of
immunoperoxidase-negative cells.

Immunoblot analysis. Cells were lysed on ice for 10 min in lysis buffer (50 mM
Tris-HCl [pH 7.5], 0.5% Nonidet P-40, 250 mM NaCl, 0.5 mM phenylmethyl-
sulfonyl flouride, 10 mM each leupeptin, pepstatin, and aprotinin), sonicated for
10 s, and centrifuged at 15,000 3 g for 5 min. Total protein concentration was
determined by Bio-Rad Protein Assay (Bio-Rad) and read at 595 nm. A 21-mg
sample of total protein was loaded per lane, electrophoresed through a sodium
dodecyl sulfate–11% polyacrylamide gel, and transferred to an Immobilon-P
membrane (Millipore). To monitor equal loading of samples, total protein was
visualized by amido black staining (data not shown). The membrane was blocked
for 1 h at room temperature in 150 mM NaCl–20 mM Tris-HCl (pH 7.5;
TBS2)–5% nonfat dry milk (NFDM) and then incubated overnight at 4°C with
anti-cyclin E antibody diluted 1:1,000 in TBS2–5% NFDM–0.05% Tween 20.
The membrane was washed in TBS2–5% NFDM–5% Tween 20 for 3 3 15 min
at room temperature, incubated with an HRP-conjugated goat anti-mouse IgG
secondary antibody diluted 1:5,000 in TBS2–5% NFDM–0.05% Tween 20 for 1 h
at room temperature and then washed again as described above. The blot was
developed using Super Signal West Pico enhanced-chemiluminescence kit (Pierce).

Fluorescence microscopy. Data were collected and analyzed with the Delta
Vision system (Applied Precision Inc., Issaquah, Wash.) equipped with a Zeiss
Axiovert microscope (Zeiss Plan-Neofluar 403/NA 1.30 oil immersion lens). A
mercury lamp with a fiber optic illumination system, conventional microscope
optics, and selective filters for excitation and emission was used. A cooled CCD
camera was used to record three colors (CY3, FITC, and DAPI). Cells were
defined as negative when they had a nuclear fluorescence intensity lower than the
background fluorescence of the surrounding cytoplasm. The value of the non-
negative cells (positive cells) was determined in a microfluorimeter after sub-
traction of the background.

Kinetics of R point passage in the presence of roscovitine. HDF (IMR-90) on
glass coverslips were serum starved for 60 h and then incubated in medium with
10% FBS with or without 10 mM roscovitine. This medium was replaced at 6, 9,
or 15 h postrelease from G0 with medium without serum but with 20 mM
bromodeoxyuridine (BrdU). To control for recovery from roscovitine treatment,
duplicate roscovitine-treated samples received BrdU-containing medium with
10% FBS at 6, 9, and 15 h, respectively. Additional controls were continuous
treatment in serum-free medium and continuous treatment with roscovitine in
the presence of 10% FBS. Cells not treated with roscovitine were fixed at 22 h
postrelease from G0, when none of the cells in the population had reached M
phase, based on visual observation. Cells treated with roscovitine were fixed at
34 h postrelease from G0 in order to allow recovery from roscovitine treatment
when, similarly, none of the cells in the population had reached M phase. All
fixed cells were immunostained for BrdU reactivity by incubation with FITC-
conjugated anti-BrdU IgG (Becton Dickinson) according to the manufacturer’s
instructions. DAPI was used for counterstaining of nuclei. The percentage of
cells containing BrdU-positive nuclei was determined in triplicate using a Nikon
Eclipse E800 fluorescence microscope with a 403 objective. Since there is some
time-dependent toxicity associated with roscovitine treatment (2), experimental
data (roscovitine-treated cells from which serum was withdrawn) were normal-
ized to control data (roscovitine-treated cells from which serum was not with-
drawn) for all time points.

RESULTS

Cyclin E is not expressed in G1-pm. We have previously
reported the kinetics of passage through the R point based on
TLC analysis of individual continuously cycling HDF and
mouse 3T3 cells. In the current study, we have used TLV

analysis in combination with immunocytochemistry analysis to
investigate the relationship between (i) cyclin E protein accu-
mulation and (ii) passage through the R point and entry into S
phase. We used two different methods for immunocytochem-
ical staining to obtain semiquantitative measurements of pro-
tein levels: immunoperoxidase staining and immunofluores-
cence staining. For immunofluorescence staining, two methods
of fixation were used: methanol-acetone and paraformalde-
hyde (see Materials and Methods). The reactivity of the anti-
human cyclin E mouse monoclonal antibody used was limited
to the nucleus in almost all cyclin E-positive cells. The nuclear
localization of cyclin E is in agreement with previous reports
describing cyclin E immunolocalization (6, 47). Furthermore,
the nuclear staining pattern was primarily punctate throughout
the nucleus, with the intensity varying from cell to cell within
the cyclin E-positive population. The reactivity of the anti-
human cyclin A antibody used in this study was also limited to
the nucleus. Also, for the cyclin A antibody, the nuclear stain-
ing pattern was primarily punctate throughout the nucleus,
with the intensity varying from cell to cell within the cyclin
A-positive population. Figure 1A shows a clearly cyclin E-pos-
itive cell and two postmitotic, early-G1 cells (G1-pm cells) that
are negative for cyclin E immunoreactivity. Figure 1B shows
asynchronously growing HDF immunofluorescence stained for
both cyclins E and A. Cells found to be positive for both cyclins
E and A by immunofluorescence staining exhibited different
staining patterns (Fig. 1B; see below for a quantitative analy-
sis).

FIG. 1. Detection of cyclin E and A expression in HDF. (A) Asyn-
chronously growing HDF were stained for cyclin E by immunofluores-
cence (red, CY3 fluorescence). DNA was counterstained with DAPI
(blue). Newly divided cells (white arrows) are negative for cyclin E. (B)
Double-immunofluorescence staining of cyclins E (red, CY3) and A
(green, FITC) in asynchronously growing HDF. The cells were coun-
terstained for DNA with DAPI (blue).
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In order to determine the precise timing of cyclin E accu-
mulation in individual cells, continuously growing HDF were
video recorded for approximately 35 h or time-lapse recorded
using a CCD camera for 8 h and subsequently fixed in meth-
anol and immunostained for cyclin E. The intensity of immu-
noperoxidase or immunofluorescence staining was measured
as described in Materials and Methods and correlated to cell
age (time elapsed after the last mitosis). Out of 176 cells
analyzed, 43 (24%) were found to be in the G1-pm stage of the
cell cycle, as previously defined (33, 74), i.e., having a cell age
of less than 3.5 h. None of these G1-pm cells were found to be
positive for cyclin E (Fig. 2A). It can therefore be concluded
that cyclin E accumulates not before or at R but, instead, after
R. To rule out possible fixation artifacts, a similar experiment
was carried out except that cells were fixed using paraformal-
dehyde rather than methanol. Identical results were obtained
(data not shown).

Cyclin E accumulates at different times after the R point.
Among cells older than 3.5 h, G1-ps cells, both cyclin E-posi-
tive and cyclin E-negative cells were observed. The kinetic
analysis of individual cells in the population indicated that the
timing of cyclin E accumulation after passage through R was
highly variable (Fig. 2A). Some cells were found to accumulate
cyclin E shortly (within 1 h) after passage through the R point,
while other cells accumulated cyclin E considerably later in
G1 (up to 8 h after passage through R). As a cell progresses
through G1, the probability that it will be cyclin E negative
decreases gradually (Fig. 2B). Twelve hours after mitosis, i.e.,
approximately 8 h after passage through R, no cyclin E-nega-
tive G1 cells could be detected. These data are consistent with
previous reports showing that cyclin E accumulates late in G1

(11, 31).
To test whether the inability to detect cyclin E during G1-pm

could reflect differential epitope availability rather than ab-
sence of protein, we ectopically expressed cyclin E by trans-
ducing cells with a recombinant adenovirus containing a hu-
man cyclin E cDNA. Transduced cells were recorded by the
time-lapse method, fixed, and stained for cyclin E as described
above. In virtually all of the transduced cells, cyclin E could be
detected during G1-pm, even immediately after mitosis. The
level of expression of ectopic cyclin E was shown to be dose
dependent, with increasing staining intensity correlating with
increasing multiplicity of infection (MOI) (Fig. 3A and B). As
expected, cyclin E was not detected in G1-pm in untransduced
control cells (Fig. 3A and B). To confirm that the ectopic cyclin
E level was not highly elevated above the endogenous level of
expression, we performed an immunoblot assay of total protein
from asynchronously growing cells transduced at an MOI of 50
and of untransduced control cells (Fig. 3C). As can be seen in
Fig. 3C, the level of ectopically expressed cyclin E is only
slightly elevated compared to the level in control cells. Note
that the recombinant cyclin E corresponds to a more rapidly
migrating splice variant. It should also be taken into account
that in a population of asynchronously growing cells, the level
of endogenous cyclin E, relative to ectopically expressed cyclin
E, is underestimated, as its expression is highly periodic while
the expression of the ectopic cyclin E is constitutive. These
results suggest that the inability to detect cyclin E during
G1-pm truly reflects the absence or low abundance of cyclin E
protein during this period.

In order to study the temporal relationship between cyclin E
accumulation in G1 cells and entry into S phase, TLV-analyzed
cells were double immunofluorescence stained for cyclins E
and A. Cyclin A positivity can be used as a marker for S phase
entrance, based on recent data showing a very high correlation
between cyclin A immunostaining and BrdU incorporation
(15). Cells were found to enter S phase (as determined by

FIG. 2. Kinetics of cyclin E accumulation. (A) Cyclin E protein
levels in individual cells. The cyclin E level in individual TLV-analyzed
HDF was determined after immunoperoxidase or immunofluores-
cence staining. Relative staining intensity (ordinate) is plotted against
cell age (time elapsed after the last mitosis; abscissa). Immunoperox-
idase-stained cells are represented by open squares, whereas immun-
ofluorescence-stained cells are represented by open diamonds. The
approximate time of R is shown as a vertical dashed line. The mea-
surement procedures, including background subtraction, are described
in Materials and Methods. (B) Cyclin E accumulates during G1-ps. The
number of TLV-analyzed HDF negative for cyclin E immunofluores-
cence (open bars) versus the number of those positive (solid bars) is
plotted against cell age (time elapsed after last mitosis). All cells shown
are in G1, based on cyclin A negativity (see below).
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cyclin A positivity) during an interval of 17 h, 5.5 to 22.5 h after
mitosis (Fig. 4). In Fig. 4, the immunostaining data are plotted
as the cumulative number of cyclin E- and A-positive cells as a
function of cell age. It is clear that the curve representing cyclin
E-positive cells precedes the curve representing cyclin A-pos-
itive cells (entry into S phase) by 2 to 5 h. The most rapidly
proliferating cells, i.e., the cells with the shortest G1 phase,
enter S phase 1 to 2 h after becoming cyclin E positive, while
in cells with a longer G1 phase, e.g., 10 to 20 h, cyclin E
accumulation precedes entry into S by approximately 5 to 6 h.
Thus, for cells destined to enter S phase, cyclin E accumulates
at a variable interval after passage through R but at a relatively
fixed interval prior to entry into S phase. However, a substan-
tial proportion of cells accumulates cyclin E without entering S
phase or entering S phase after very long delays (Fig. 4). From
15 to 25 h after mitosis, very few cells entered S (Fig. 4). This
subpopulation of cyclin E-positive, old G1 cells most likely
represents cells that are entering into senescence or have be-
come senescent. This finding is in agreement with previous
studies showing that senescent cells are cyclin E positive (60).

Cyclin E-Cdk2 activity is not required for passage through
the R point. The data presented above show that cyclin E does
not accumulate to easily detectable levels prior to R. However,
these data cannot exclude the possibility that a low level of
cyclin E during G1-pm, undetectable by immunofluorescence,
is sufficient for passage through R. To address this issue at the
functional level, we determined whether cells could pass
through R in the presence of the potent Cdk2 inhibitor rosco-
vitine (2). Cells were synchronized by serum starvation and
then released by addition of serum either in the presence or in
the absence of roscovitine. The concentration of roscovitine

FIG. 3. Detection of ectopically expressed cyclin E during G1-pm. Asynchronously growing hTERT-BJ cells were transduced with a recom-
binant adenovirus containing the human cyclin E cDNA. (A) At 24 h posttransduction, cells were TLV recorded for approximately 4 h, fixed in
methanol, and immunofluorescence stained for cyclin E. At the top is a control cell with an age of 62 min (after the last mitosis); at the center
is a cell transduced at an MOI of 20 with an age of 52 min (after the last mitosis), and at the bottom is a cell transduced at an MOI of 50 with
an age of 68 min (after the last mitosis). (B) Same experiment as in panel A. A quantitative analysis of cells positive for cyclin E immunofluo-
rescence is shown. A total of 23 control cells, 14 cells transduced at an MOI of 20, and 33 cells transduced at an MOI of 50 were analyzed. All
of the cells analyzed were younger than 3 h (8 to 144 min). (C) Immunoblot analysis of cells transduced with cyclin E adenovirus. The level of
endogenously expressed cyclin E (cyc E) in control cells (left lane) is compared to the level of ectopically expressed cyclin E (cyc Ep) in cells
transduced at an MOI of 50 (right lane).

FIG. 4. Temporal relationship between (i) cyclin E expression and
(ii) passage through R and entry into S. Continuously cycling, TLV-
analyzed HDF were double immunofluorescence stained for cyclins E
and A. The cumulative number of cells positive for cyclin E or A
immunofluorescence was plotted against cell age (time elapsed after
the last mitosis). Cyclin A positivity is used as a marker for S phase.
The approximate time of R is shown as a vertical dashed line. Curves
were smoothed according to the three-point moving-average method.
Percentages refer to percentages of total cyclin E- and A-positive cells,
respectively.
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used (10 mM) was sufficient to completely prevent cells from
entering S phase in the presence of serum (Fig. 5), and based
on other criteria, such as the degree of hyperphosphorylation
of pRb, completely inhibits Cdk2 kinase activity in vivo (2).
Roscovitine and serum were removed as a function of time, at
6 h postrelease from G0, when few, if any, cells are expected to
have traversed R, at 9 h postrelease from G0, when 30 to 50%
of the cells are expected to have traversed R, or at 15 h
postrelease from G0, when virtually all of the cells should be
past R (76). Note that under these experimental conditions,
the position of R cannot be fixed as precisely as in continuously
cycling cells, since the time of exit from G0 is somewhat vari-
able (76). Cells were then scored for incorporation of BrdU as
a measure of passage through R at the time of serum with-
drawal (Fig. 5). Whereas approximately 3% of the roscovitine-
treated cells for which serum was withdrawn at 6 h were capa-
ble of entering into S phase and approximately 30% if serum
was withdrawn at 9 h, both comparable to non-roscovitine-
treated controls, nearly 100% of the population could enter S
phase if serum was withdrawn at 15 h, regardless of the pres-
ence of roscovitine. Thus, direct inhibition of cyclin E-Cdk2
does not prevent cells from passing R. These results are con-
sistent with the idea that cyclin E does not accumulate to a
functional level prior to R and that, therefore, accumulation of
cyclin E is not a component of the R point mechanism.

Cyclin E levels are downregulated early in S phase. We used
three different methods to determine the timing of cyclin E
downregulation. First, the time interval in S phase during

which cells express cyclin E was calculated by double immu-
nofluorescence staining of cyclins E and A. Cyclin A immuno-
fluorescence positivity was used as a marker for cells collec-
tively in S, G2, and M phase. Simultaneous staining of cells for
both cyclins E and A allowed us, therefore, to draw inferences
concerning the temporality of cyclin E expression. We esti-
mated the time interval in S phase where cells expressed sig-
nificant levels of cyclin E by calculating the fraction of cyclin
A-positive cells that were also cyclin E positive (Table 1). We
have previously determined that for HDF, S phase takes 6 h
and G2 and M phase combined take 2 h. Therefore, the cyclin
A-positive interval can be estimated as being 8 h in duration.
We found that 30% of the cyclin A-positive cells were also
cyclin E positive, including cells weakly positive for cyclin E,
which represents a 2.4-h interval in S phase prior to complete
downregulation of cyclin E. However, if cells with very weak
cyclin E staining are excluded, the fraction of cyclin A-positive
cells concurrently positive for cyclin E drops to 10%. This
suggests that most of the cyclin E is downregulated during the
first hour of S phase. This conclusion is further supported by
the data presented in Fig. 6A, where cyclin A and E immuno-
fluorescence levels were correlated to the relative DNA con-
tent, based on DAPI fluorescence. As S phase proceeded,
represented by a doubling of the DNA content from 2C to 4C,
cyclin A immunofluorescence levels were found to gradually
increase, while cyclin E immunofluorescence levels were found
to be higher in late G1 and early S phase (2C to 3C) and to
decline as S phase proceeded (3C to 4C). In a much larger
sample, intensity of cyclin E staining exhibited an inverse re-
lationship to intensity of cyclin A staining, consistent with
downregulation of cyclin E during S phase (data not shown).
Examples of cells doubly stained for cyclins E and A and
demonstrating these trends are presented in Fig. 1B.

In the third method used to determine the timing of cyclin E
downregulation, we correlated cyclin A and E immunofluores-
cence to cell age (Fig. 6B). In Fig. 6B, the curve for the
percentage of cells positive for both cyclins E and A demon-
strates the kinetics by which cells enter S phase and the curve
for the percentage of cells positive for cyclin A but negative for
cyclin E demonstrates the kinetics by which cells downregulate
cyclin E. In cells with G1 periods of 6 to 15 h, cyclin E was
found to be completely downregulated 1 to 4 h after onset of
S phase. In cells with G1 periods of more than 15 h, cyclin E is
downregulated at a considerably slower rate.

DISCUSSION

Relationship of cyclin E accumulation to known cell cycle
landmarks. Progression through G1-pm is dependent on se-

FIG. 5. Inhibition of Cdk2 does not affect passage through R. HDF
were synchronized by serum starvation and then released in the pres-
ence of the Cdk2 inhibitor rescovitine (Rosc.). Roscovitine was re-
moved at various times, and passage through the R point was mea-
sured by subsequent serum-independent incorporation of BrdU.
Roscovitine-treated samples were normalized for recovery from rosco-
vitine by comparison to samples treated with roscovitine for the same
intervals but in the continuous presence of serum during the experi-
ment. Controls untreated with roscovitine were also assayed for R
point passage by serum removal after the same intervals. Other con-
trols shown are BrdU incorporation during continuous treatment with
roscovitine and in the absence of both serum and roscovitine. The y
axis represents the percentage of cells that had incorporated BrdU
because they entered S phase during the course of the experiment.
Error bars represent 1 standard deviation from the mean of three
independent determinations.

TABLE 1. Cyclin E in S phase

Parameter No. of cells % of total

DAPI staining 1,134 100
Cyclin A positivity 176 15.5
Cyclin A 1 E positivity 53 4.7

a HDF were fixed and double stained for cyclins E and A. A total of 1,134 cells
were analyzed. The proportion of cyclin A-positive cells represents cells in S, G2,
and M phase (mean time of 6 1 1 1 1 5 8 h). The fraction of cyclin A-positive
cells that are also positive for cyclin E corresponds to the duration of cyclin E
protein expression in S phase (30% of 8 h 5 2.4 h).
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rum or growth factors in the cell culture medium. The duration
of G1-pm is relatively constant (3 to 4 h) in most of the cells
studied to date (74, 75). Transition from G1-pm to G1-ps re-
flects passage through R. The duration of G1-ps, i.e., the time
period from R to entry into S phase, is highly variable among
the cells in a population, ranging from less than 1 h to more
than 20 h. Most of the variation in cell cycle length observed
when comparing cells in a population is believed to be a re-
flection of G1-ps variability (74, 75, 77). The basis for G1-ps
variability remains to be determined, but it has been suggested
that adjustment of cell size or cellular protein content could be
a factor (28, 71, 72, 75).

We have used time-lapse analysis in combination with im-
munocytochemistry analysis to estimate cyclin E levels in indi-
vidual unperturbed cells of an asynchronously growing popu-
lation. This strategy, by focusing on individual cells, allowed us
to determine the variability of cyclin E accumulation behavior
within the population. In addition, it allowed us to correlate
the kinetics of cyclin E accumulation and downregulation with
passage through the R point and entry into S phase. This is a
critical issue, since cyclin E accumulation and concomitant
activation of Cdk2 have been proposed to constitute the mo-
lecular basis for the R point phenomenon (9, 53, 77). Previous
studies have shown that cyclin E and its associated kinase
activity accumulate with kinetics consistent with a functional
relationship to the R point. The periodicity of cyclin E accu-
mulation in the cell cycle was first observed by Dulic et al. (11)
and has since been verified by a number of other investigators.
Using biochemical methods to determine mRNA and protein
levels, it was demonstrated that cyclin E protein is induced late
in G1, peaks at the G1/S transition, and is subsequently tar-

geted for degradation during S phase (31, 36, 47). However,
the methodologies employed in all of these studies, because
they rely on analysis of populations, only allow comparison of
population averages for any parameter. Information poten-
tially useful for establishing kinetic and functional relation-
ships is lost in this averaging process. Thus, it was not possible
to draw strong inferences from these studies concerning the
relationship of cyclin E accumulation to passage through the R
point or entry into S phase.

We showed that cyclin E protein begins to accumulate dur-
ing G1-ps. All cells younger than 3.5 h, i.e., G1-pm cells, were
found to be negative for cyclin E immunostaining. This finding
argues against the hypothesis that passage through the R point
is dependent on the accumulation of cyclin E but suggests that
passage through the R point is a prerequisite for accumulation
of cyclin E. The fact that cells are cyclin E negative when they
pass through R indicates that cyclin E is not the labile R point
protein defined by Pardee (48). One might argue that low
levels of cyclin E, undetectable by the methods employed, are
necessary and sufficient for passage through the R point. How-
ever, this is unlikely, since chemical inhibition of Cdk2 did not
significantly affect the kinetics of passage through the R point
(Fig. 5), although it completely blocked entry into S phase,
consistent with a replication initiation role for cyclin E. Fur-
thermore, we found that cyclin E accumulates at variable times
after passage through the R point, 2 to 5 h prior to entry into
S phase, and is rapidly downregulated after entry into S. Al-
though most of the cyclin E decline occurs during the first hour
of S phase, a residual level persists in the nucleus for a signif-
icantly longer time. These observations suggest that cyclin E
accumulation is likely to be closely linked to the mechanism

FIG. 6. Cyclin E is downregulated during the first half of S phase. Continuously cycling HDF were double immunofluorescence stained for
cyclins E and A. (A) The relative cyclin A level and cyclin E positivity were plotted against DNA content, as determined by intensity of DAPI
fluorescence, for individual cells. Cyclin E positivity is subdivided into four intensity classes, ranging from strong to negative. The 2C and 4C DNA
content levels are estimates based on minimal and maximal DAPI staining intensities, respectively. (B) Continuously cycling, TLV-analyzed HDF
were double immunofluorescence stained for both cyclins E and A. Cyclin A-positive cells were divided into two classes: those that were also
positive for cyclin E and those in which cyclin E had been downregulated (cyclin E-negative cells). Both classes of cyclin A-positive cells were
plotted as a function of relative cell age (time elapsed after the last mitosis). Cyclin A positivity is used as a marker for entry into S phase. The
curve corresponding to cyclin E-negative cells is shifted by 1 to 4 h compared to that corresponding to cyclin E-positive cells, suggesting that cyclin
E downregulation occurs shortly after entry into S phase. Curves were smoothed according to the three-point moving-average method. Percentages
refer to the percentage of the total of each class.
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that sets the length of G1-ps and triggers the G1/S phase tran-
sition and that cyclin E downregulation is activated upon entry
into S phase. In Fig. 7, we have incorporated this view of cyclin
E accumulation and downregulation into a schematic model of
the cell cycle.

The physiological substrate(s) of cyclin E-dependent kinase
activity is still unknown. Cyclin E has been implicated in the
phosphorylation of pRb during late G1 phase and yet, it has
also been shown that cyclin E regulates a rate-limiting step in
entry into S phase that is distinct from pRb phosphorylation.
By using rat fibroblasts ectopically expressing the G1 cyclins in
a controlled manner, it was shown that premature expression
of cyclin D1 resulted in the immediate appearance of hyper-
phosphorylated pRb, while the premature expression of cyclin
E did not (56). In addition, using the same system, cyclin D1
expression led to rapid release of free E2F (38). On the other
hand, the phosphorylation of pRb that occurs during G1 and
results in the release of E2F activity has been proposed to be
performed in a sequential manner, first by cyclin D1-Cdk4
complexes and then by cyclin E-Cdk2 complexes, during late
G1 and early S phase. Consistent with this, it was recently
shown by inhibiting endogenous G1 cyclin-dependent kinase
activity, that cyclin D1-Cdk4,6 kinase activity alone, although
capable of partially phosphorylating pRb, is unable to fully
inactivate pRb in vivo. Additional phosphorylation by Cdk2
kinase was shown to be necessary for complete inactivation of
pRb and release of E2F activity, although that study did not
distinguish between requirements for cyclins E and A (39).
Recent findings suggest a model for pRb inactivation in which
sequential phosphorylation, first by cyclin D-Cdk4,6 and later
by cyclin E-cdk2, results in progressive loss of pRb functions as
cells move through G1 (20). According to this model, the first
step in pRb inactivation involves phosphorylation of the C-
terminal region of pRb by cyclin D-Cdk4,6, resulting in dis-
placement of histone deacetylase from the pocket and inhibi-
tion of active transcriptional repression exerted by the pocket.
In the next step, a serine residue in the pocket region is phos-
phorylated by cyclin E-Cdk2, resulting in pocket structure dis-
ruption and blocking of E2F inactivation (20). Our data argue
that cyclin E protein induction is more closely linked to initi-

ation of DNA replication than to passage through R. If cyclin
E-associated kinase activity is required for pRb inactivation,
this could imply that pRb inactivation, like cyclin E accumu-
lation, is coupled to the variability of G1-ps and not the mo-
lecular basis for passage through R. However, if cyclin E ac-
cumulation is critical for functional inactivation of pRb, it must
also be required for another aspect of G1/S regulation, since
Rb-negative cells have been shown to require cyclin E (47).
Furthermore, it has been shown that ectopic expression of
cyclin E can drive cells with constitutively active pRb into S
phase independent of E2F release (38). These data, in the
context of the current work, suggest an essential role for cyclin
E downstream of passage through R and more closely related
to events directly involved in initiation of DNA replication.
How pRb phosphorylation fits into this scheme is not yet clear.

Possible mechanisms of cyclin E accumulation. We show
here that cyclin E protein accumulates rapidly late in G1 phase,
approximately 2 h before entry into S phase. These results are
consistent with previous data showing that both cyclin E
mRNA and protein accumulate near the G1/S transition (11,
36). Whether accumulation of cyclin E protein occurs in re-
sponse to transcriptional induction or posttranscriptional reg-
ulation is not clear. The rapid induction of cyclin E protein in
late G1 has been suggested to be the result of a positive tran-
scriptional feedback loop. According to this model, the cyclin
E gene is under E2F transcriptional control. Thus, cyclin E
activity would stimulate induction of cyclin E transcription by
phosphorylation of pRb and the concomitant release of E2F
activity. Consistent with this, Rb2/2 mouse embryo fibroblasts
prematurely induce cyclin E mRNA (22). However, cells with
constitutively inactive pRb, such as HeLa cells, exhibit periodic
transcription of cyclin E mRNA, suggesting alternative tran-
scriptional regulation (36). It was shown by Oda et al. (44) that
cyclin E mRNA synthesis levels are fairly constant, even in G0,
and that protein levels are induced as a result of mRNA sta-
bilization at the G1/S transition. Possibly, cyclin E is regulated
by two mechanisms, both by pRb and other factors at the level
of transcription and by an additional mechanism that mediates
mRNA stabilization at the G1/S transition.

Cyclin E downregulation. Cyclin E has previously been
shown to be downregulated during S phase, but it has not been
possible to determine the precise kinetics of this process using
biochemical approaches. We have used the following three
independent methods to study the downregulation of cyclin E
protein levels: (i) calculation of the fraction of cyclin A-posi-
tive cells that are also positive for cyclin E, (ii) correlation of
cyclin E protein levels with DNA content, and (iii) correlation
of cyclin A and E positivity and exclusively cyclin A positivity
with cell age. Our finding that cyclin E is downregulated 1 to
2 h after entry into S phase is generally consistent with previous
investigations (11, 31, 47) but provides a surprisingly narrow
window for cyclin E persistence during S phase. The mecha-
nism of downregulation of cyclin E is, however, not fully un-
derstood. The periodic accumulation of cyclin E mRNA (11),
coupled with the short half-life of cyclin E protein (47, 68), is
certainly likely to be a factor. In this regard, cyclin E has been
shown to be a target of the ubiquitin-proteasome pathway (68).
Unlike mitotic cyclins, which contain a destruction box, or
yeast G1 cyclins, which contain distinct PEST sequences and
multiple phosphorylation sites (35, 67) targeting them for ubiq-

FIG. 7. Schematic representation of cyclin E accumulation and
downregulation and the relationship to R for serum dependence and
initiation of S phase. Analysis of individual cells suggests that cyclin E
accumulation correlates much more with entry into S phase than with
passage through R. M, M phase.
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uitin-mediated degradation, cyclin E appears to be targeted for
degradation by autophosphorylation on a specific residue,
Thr380 (68). This pathway mediates the degradation of cyclin
E that is unbound to Cdk2. It has been proposed that the
striking periodicity of cyclin E accumulation is the result of a
self-regulated negative feedback loop in which activation of
cyclin E-Cdk2 complexes at the G1/S transition leads to prompt
proteolytic targeting of cyclin E (68). Our data, which show an
inverse relationship between the cyclin E and A proteins in
individual cells, suggest that cyclin A accumulation and cyclin
A-controlled Cdk2 activity might have a role in the degrada-
tion of cyclin E, possibly by phosphorylation of cyclin E on
Thr380. Additionally, we have observed that cyclins E and A
are colocalized during a short period of S phase, implying that
the two protein complexes interact physically (data not shown).
Thus, cyclin E might be targeted for degradation by both au-
tophosphorylation and cyclin A-dependent phosphorylation.

Cyclin E and cancer. The periodic appearance and rapid
degradation of cyclin E suggest that strict regulation of the
cyclin E protein level may be important. Deregulation of cyclin
E protein levels has been suggested to be involved in the
development of human cancers. Cyclin E was found to be
overexpressed in breast carcinomas and breast tumor cell lines
(26, 27), as well as in other cancers (15). Additionally, a high
cyclin E level was shown to be a prognostic marker for poor
outcome in breast cancer, particularly when correlated with a
low p27 level (52). p27 is an inhibitor of cyclin E-Cdk2 kinase
activity (56, 63). We have recently observed that cyclin E pro-
tein is present during a longer period of the cell cycle in
transformed cells (unpublished data). Thus, persistence of cy-
clin E into S phase or later in the cell cycle may lead to
impairment of normal regulatory functions, possibly leading to
genetic instability and, ultimately, malignancy. Consistent with
this idea, ectopic expression of cyclin E induced significant
levels of aneuploidy in both fibroblasts and epithelial cells (59).

Advantages and disadvantages of single-cell analysis. Time-
lapse recordings of cells in culture enable analysis of individual
cells of an unperturbed, asynchronously growing population.
This method is a powerful tool for detailed kinetic analysis of
transition events in the cell cycle because, unlike synchroniza-
tion procedures, it addresses the problem of intercellular vari-
ability in cell cycle times, particularly G1 variability. The major
methodological drawback in the use of immunocytochemistry
for determination of protein levels is that it is only semiquan-
titative. Although there is a rough correlation between protein
content and immunostaining intensity, epitope availability, on
which immunostaining is highly dependent, is often sensitive to
variation in fixation and other parameters of sample prepara-
tion. However, the fact that cyclin E could be detected during
G1-pm when cyclin E was ectopically expressed makes it un-
likely that epitope masking is a factor in this analysis. We
cannot rule out the possibility that cyclin E is expressed at
functional levels during G1-pm but below the limit of detec-
tion. However, the fact that cyclin E accumulates to detectable
levels with kinetics linked to the initiation of DNA replication
rather than passage through R argues against a close mecha-
nistic relationship.

We have made a semiquantitative estimate of protein con-
tent based on measurements of immunostaining intensity
using the following two different methods: (i) cytometric mea-

surement of immunoperoxidase-stained cells and (ii) determi-
nation of immunofluorescence intensity. For immunofluores-
cence staining, we used two different methods of fixation:
methanol-acetone and paraformaldehyde. The results obtained
by these different methods were in good agreement, supporting
the validity of the approach when samples of sufficient size are
analyzed.
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