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Novel techniques were used to determine when in the cell cycle of proliferating NIH 3T3 cells cellular Ras
and cyclin D1 are required. For comparison, in quiescent cells, all four of the inhibitors of cell cycle progression
tested (anti-Ras, anti-cyclin D1, serum removal, and cycloheximide) became ineffective at essentially the same
point in G, phase, approximately 4 h prior to the beginning of DNA synthesis. To extend these studies to cycling
cells, a time-lapse approach was used to determine the approximate cell cycle position of individual cells in an
asynchronous culture at the time of inhibitor treatment and then to determine the effects of the inhibitor upon
recipient cells. With this approach, anti-Ras antibody efficiently inhibited entry into S phase only when
introduced into cells prior to the preceding mitosis, several hours before the beginning of S phase. Anti-cyclin
D1, on the other hand, was an efficient inhibitor when introduced up until just before the initiation of DNA
synthesis. Cycloheximide treatment, like anti-cyclin D1 microinjection, was inhibitory throughout G, phase
(which lasts a total of 4 to 5 h in these cells). Finally, serum removal blocked entry into S phase only during
the first hour following mitosis. Kinetic analysis and a novel dual-labeling technique were used to confirm the
differences in cell cycle requirements for Ras, cyclin D1, and cycloheximide. These studies demonstrate a
fundamental difference in mitogenic signal transduction between quiescent and cycling NIH 3T3 cells and

reveal a sequence of signaling events required for cell cycle progression in proliferating NIH 3T3 cells.

The cell cycle requirements for peptide growth factors have
been demonstrated in cells rendered quiescent by growth fac-
tor deprivation (24). At a certain point following stimulation to
reenter the cell cycle, the continued presence of a variety of
growth factors became unnecessary for continuation through
G, phase and the initiation of DNA synthesis (25). This point
of commitment to cell cycle progression, termed the restriction
point, is generally observed several hours before the initiation
of S phase. The restriction point is thus defined as the last
point at which positive proliferative signals are required for
completion of the cell cycle. Interestingly, in quiescent cells the
restriction point is identical to the G, arrest point induced by
other conditions, including protein synthesis inhibitors and
amino acid deprivation (29).

While results obtained with quiescent cells are important,
there is reason to believe the situation might be different for
cells continuously progressing through the cell cycle. For ex-
ample, passage through G, phase in quiescent and proliferat-
ing cells exhibits several important molecular differences, in-
cluding expression of the cyclin-inhibitory protein p277 (3),
Cdc6 (42), and Fos and related proteins (14), and formation of
a complex between E2F and the retinoblastoma protein (Rb)-
related p130 (19, 34). In addition, the time required between
the restriction point and initiation of S phase (near 4 h in the
case of the cells used in this study) is nearly as long as the
entire G, phase when these cells are actively cycling. In cells
with a short G, phase, a prolonged period between completion
of all required signaling events and the initiation of S phase
would not appear warranted or perhaps even allowed. Indeed,
since the overall length of the cell cycle appears to depend in
large part on the length of the G, phase, it is likely that this cell
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cycle period must be compressed as much as possible for rapid
proliferation, potentially requiring the transfer of activities
present in the G, phase of quiescent cells to other cell cycle
periods when they continuously cycle (26).

Foremost among the positive proliferative signaling path-
ways in fibroblast-like cells is the one involving peptide growth
factors and cellular Ras (30). Upon binding to their receptors,
peptide growth factors initiate a cascade of signaling events
which leads to the activation of cellular Ras, which in turn
functions as a molecular switch to transmit mitogenic signals to
a cascade of cytoplasmic kinases (35), ultimately resulting in
the activation of mitogen-activated protein kinases (MAPKSs)
(20). MAPKs stimulate transcription factors which in many
cells turn on the expression of cyclin D1 (1). Cyclin D1 binds to
the cyclin-dependent kinases 4 and 6 to form an Rb kinase
(31). Upon phosphorylation, Rb loses its repressive activity for
the E2F-DP transcription factor complex, which then activates
transcription of many genes required for transition from G, to
S phase and for DNA replication (22). Therefore, cyclin D1 is
essential for G,/S transition in Rb-positive cells (17, 23). It is
believed that this molecular sequence forms a cascade vital to
the positive stimulation of cell cycle progression.

Because Ras and its downstream targets play a central role
in regulating mitogenic signaling within the cell, it is conceiv-
able that Ras plays a role in progression past the restriction
point. This has been verified by using microinjection of an
efficiently neutralizing anti-Ras antibody. While Ras activity is
required multiple times during the stimulation of quiescent
cells to proliferate, the final of these requirements appears to
be at or near the restriction point (5, 21, 38). In addition, cyclin
D1, the cyclin-inhibitory protein p27“7’ (32), and phosphory-
lation of Rb (41) have each been proposed to be critical for
passage through the restriction point.

Although it is apparent that growth factors and Ras activity
are required for proliferation in actively cycling cells (21, 27),
the timing of these requirements remains to be determined.
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Such analyses are complicated on one hand by the fact that cell
cycle synchronization induces alterations in cell cycle charac-
teristics and on the other hand by the difficulty in performing
cell cycle analyses without synchronization. Time-lapse analy-
ses have been used to determine in asynchronous cultures a
point in G, phase at which growth factors become unnecessary
for continued proliferation (15, 44). These studies avoided the
necessity of synchronization and perturbation of the cell cycle
resulting therefrom. We have extended these studies by using
time-lapse analyses combined with quantitative fluorescence
cytochemistry and microinjection to analyze the requirements
for signaling molecules in continuously proliferating cells. The
results reveal a requirement for positive signaling molecules
fundamentally different from that previously reported for qui-
escent cells.

MATERIALS AND METHODS

Materials. Cy3-conjugated anti-rat immunoglobulin G (IgG), Cy2-conjugated
anti-rat IgG with minimal cross-reactivity against mouse IgG, Cy3-conjugated
anti-mouse IgG, and Cy3-conjugated anti-mouse IgG with minimal cross-reac-
tivity against rat IgG were purchased from Jackson ImmunoResearch (West
Grove, Pa.). Anti-ACTIVE MAPK polyclonal antibody was obtained from Pro-
mega (Madison, Wis.). Mouse monoclonal anti-mouse cyclin D1 antibody 72-
13G (Santa Cruz Biotechnology, Santa Cruz, Calif.) was used for all staining
applications. Nonimmune rat IgG was obtained from Sigma (St. Louis, Mo.).
[methyl->H]thymidine (80 Ci/mmol) was purchased from Amersham (Arlington
Heights, I11.). Autoradiography emulsion-type NTB2 was obtained from Eastman
Kodak Company (New York, N.Y.). DAPI (4',6-diamidino-2-phenylindole, di-
lactate) was a product of Molecular Probes (Eugene, Oreg.).

Antibody preparation. Hybridomas expressing neutralizing antibodies against
either Ras (Y13-259, rat IgG) or cyclin D1 (DCS-6, mouse IgG; a generous gift
from Michele Pagano) were grown in serum-free medium (Hybridoma-SFM;
Gibco BRL, Gaithersburg, Md.). Each secreted antibody was purified accord-
ingly, using ammonium sulfate precipitation followed by DEAE chromatography
(13). The purified antibodies were dialyzed against 25 mM Tris-HCI (pH 7.5) and
concentrated to 10 mg/ml in a Centricon 30 (Amicon, Bedford, Mass.). These
antibodies were used exclusively for microinjection.

Cell culture and microinjection. NIH 3T3 cells were maintained and made
quiescent as described elsewhere (11). To determine the requirement for protein
synthesis, cells were treated with 2 pM cycloheximide, which suppressed overall
protein synthesis by 95 to 98% (33). The antibodies indicated were injected into
cells grown on a coverslip as described previously (37).

Time-lapse video photography. Digital images were obtained with a charge-
coupled device (CCD) camera (Sony; Tokyo, Japan) attached to a frame capture
board controlled by the NIH Image program. Individual frames of 640 by 480
pixels were captured every 5 to 15 min. Up to 310 individual frames were
captured in a single stack, which was then replayed by the NIH Image program
at various speeds in the forward or backward direction to create a movie for
analysis. Images of cells were obtained with phase-contrast optics and a 4Xx
objective to allow analysis of the largest possible area of the coverslip. The area
of the coverslip to be analyzed was marked with two contiguous circles of varying
size by using a diamond object marker (Leitz). This allowed realignment of the
area of analysis and identification of individual cells following immunostaining,
DAPI staining, and/or autoradiography. When a second time-lapse analysis fol-
lowed microinjection, care was taken to ensure that the same area of the cov-
erslip and same alignment were viewed in each movie. Antibodies to be studied
were microinjected into all the cells, and only the cells, within the designated
circular area. In this way it was possible to follow the analysis from the beginning
and determine which cells had arisen from originally injected cells. The injection
was further confirmed by immunofluorescence staining for injected antibody.

To avoid possible complications with this constant illumination, several exper-
iments were duplicated with a similar approach except that the light was shut-
tered. In this case, the cells were illuminated only during the time of exposure,
less than 1 s every 10 min. These images were collected with a highly sensitive,
cooled CCD camera (Princeton Instrument) and controlled by the Metamorph
software package (Universal Imaging). Because of the sensitivity of the cooled
CCD camera, the cells were illuminated with extremely faint light. In these cases,
there is little possibility that the illumination of cells would have any effects on
the results obtained. In no case were the results obtained with the two methods
of illumination different.

Immunofluorescence staining and detection of DNA synthesis. For immuno-
staining, the cells were fixed with methanol for 5 min at —20°C. The cells were
rehydrated with phosphate-buffered saline (PBS) and blocked with PBS contain-
ing 3% (vol/vol) normal goat serum (Gibco BRL) for 1 h at room temperature.
The antibody solution was made in blocking solution. After incubation with
primary antibody for 1 h at room temperature or overnight at 4°C, the monolayer
was rinsed with PBS for 5 min thrice. The cells were incubated with fluoro-
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chrome-conjugated specific secondary antibody (1:1,000 dilution). After three
washes with PBS, cells were stained with DAPI (10 mg/ml) and mounted with
50% glycerol in PBS. To detect DNA synthesis, 5-bromo-2’-deoxyuridine (BrdU)
labeling was performed with a 5-Bromo-2'-deoxy-uridine Labeling and Detection
Kit IT (Boehringer Mannheim, Indianapolis, Ind.) according to the manufactur-
er’s instructions except that positive cells were visualized by Cy3-conjugated
anti-mouse IgG antibody. S phase was also detected by labeling with [*H]thymi-
dine followed by autoradiography as described before (11). Measurement of
immunofluorescence or DAPI signal was performed before autoradiography.

Measurement of fluorescent signal of each stained cell. A Leica model DM
900 fluorescent microscope was used to quantitate fluorescence intensity. The
filter cubes A, L4, and N2.1 were used to detect signals from DAPI, Cy2, and
Cy3, respectively. With those cubes, no significant crossover signal was detected.
Digital images were captured with a cooled (—25°C) CCD camera (Princeton
Instrument) controlled with Metamorph software. The exposure time was ad-
justed so that the brightest signal in the specimen gave less than 90% of the
maximum linear range for the camera (a gray scale of 0 to 4,096; 12-bit gray
scale). Integration of the fluorescence signal from each nucleus was obtained by
processing the image by using Metamorph analysis features.

RESULTS

Determination of the restriction point in quiescent cells. For
the purposes of comparison with cycling cells, it was first nec-
essary to carefully determine the point at which various inhib-
itory treatments lose their ability to block cell cycle progression
following serum addition to quiescent cells. Quiescence was
induced by culture for 48 h in 0.5% serum. One set of these
plates was stimulated with serum and injected with anti-Ras
antibody Y13-259 at various times thereafter. Cells were
treated with tritiated thymidine immediately following injec-
tion until 24 h after the original addition of serum. Thus,
labeling of these cells with thymidine would indicate that the
injected antibody had failed to block cell cycle progression to
S phase. Thymidine labeling would indicate that the injection
had taken place after the critical point in G, phase at which
cellular Ras is last required prior to commitment to enter
DNA synthesis (Fig. 1E). In the second set of plates, tritiated
thymidine was added together with serum, and the cells were
fixed various times thereafter. In these plates, thymidine label-
ing would indicate that the cells had progressed into S phase by
the time of fixation (Fig. 1E). From the injected set of plates,
the point of Ras requirement following serum addition was
determined; from the second set of plates, the timing of entry
into S phase was determined.

Anti-Ras efficiently blocked thymidine labeling when in-
jected within 5 h of serum addition and inhibited by 50% entry
into S phase when injected near 8 h following serum addition.
In these cultures, half of the cells entered S phase near 12 h
following addition of serum (Fig. 1A). Thus, the last point at
which cellular Ras was required was approximately 4 h prior to
the initiation of S phase. For comparison, in the same exper-
iment, a third set of plates was treated as described above
except that anti-cyclin D1 antibody (from M. Pagano) was
injected instead of anti-Ras antibody. In these cultures, the
pattern of inhibition of entry into S phase was indistinguishable
from that observed with anti-Ras injection, indicating that
within the limits of this determination, the last requirement for
cyclin D1 prior to entry into S phase was identical to the last
point at which cellular Ras was required (Fig. 1A). Similar
analyses were performed to determine the last point at which
protein synthesis or serum was required by treatment with 2
wM cycloheximide (Fig. 1B) or by serum removal (Fig. 1C).
The timing of inhibition with these two treatments was indis-
tinguishable from the timing of inhibition by injected anti-Ras
or anti-cyclin D1 antibody.

Finally, the inhibition points identified above were com-
pared to the timing of appearance of cyclin D1 in the nuclei of
quiescent cells following treatment with serum. The level of
cyclin D1 in individual cells was determined by indirect immu-
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FIG. 1. Restriction point determination in quiescent cells. Inhibitory treat-
ments were applied at the indicated times following serum addition to quiescent
NIH 3T3 cells. Thymidine was added following antibody microinjection (or
addition of the inhibitor) until 24 h following the initial addition of serum to the
culture, at which time the cells were fixed and autoradiographed. The proportion
of cells which were labeled with thymidine following treatment is plotted versus
the time (in hours) following serum addition at which the injection (inhibitory
treatment) took place. To identify the time these cells first enter S phase, labeled
thymidine was added together with serum to a parallel set of cultures, which were
fixed at the indicated times. (A to C) In each experiment, an inhibitor as
indicated (solid circles in each panel) was analyzed together with anti-Ras in-
jection (O), while thymidine labeling (+) was performed in each experiment to
determine the timing of entry into S phase. (D) Accumulation of nuclear cyclin
D1 protein determined by antibody staining at the indicated times following
serum addition to quiescent cells, reported as the proportion of maximal anti-
body staining at each time point. For each point, the average of approximately
100 individual cells is given. (E) Procedures used. The top bar represents cell
cycle progression following serum addition from G, phase into S phase; the
restriction point (Rest. Pt.) is indicated together with DNA synthesis. The lower
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nofluorescence using anti-cyclin D1 at various times following
serum addition. The amounts of cyclin D1 were then deter-
mined by quantitating the fluorescence levels with a sensitive
CCD camera and image analysis using the Metamorph soft-
ware program. Nuclei were identified by DAPI staining, and
only fluorescence over the nuclei was measured. Numbers re-
ported represent the averages of approximately 300 cells. The
levels of cyclin D1 in these cultures began to increase at 5.5 h
following serum addition and reached a peak at 11 h, after
which the cyclin D1 returned to modest levels (Fig. 1D). Half-
maximal cyclin D1 levels were observed slightly after the time
of half-maximal inhibition by anti-Ras and anti-D1 (Fig. 1A
and D). It is not possible to determine the minimal level of
cyclin D1 required to promote cell cycle progression, and
therefore it is not possible to strictly relate the data on D1
levels to inhibition by anti-D1 antibody, but the timing of cyclin
D1 expression and the requirement for cyclin D1 as deter-
mined by antibody injections were similar. To confirm the
analyses described above, the total amount of cellular cyclin
D1 protein was determined at various times following serum
addition to quiescent NIH 3T3 cultures by Western analysis.
The total amounts of cellular cyclin D1 as determined by West-
ern analysis were similar to the results obtained as described
above with antibody staining (data not shown). The close cor-
relation between total cellular cyclin D1 protein and nuclear
staining confirms the quantitative nature of the fluorescence
staining measurements.

Cell cycle characteristics of cycling NIH 3T3 cells. Any pre-
viously identified means of synchronizing continuously prolif-
erating cells would result in alterations of their cell cycle char-
acteristics. For example, mitotic shake-off of NIH 3T3 cells
resulted in a G, phase of near 10 h (unpublished data), while
the G, phase determined by time-lapse analysis was about 5 h
(see below). We therefore performed all studies without syn-
chronization. Instead, time-lapse analyses of an asynchronous
culture was used to identify the approximate cell cycle position
of individual cells. The time-lapse analysis made it possible to
determine how long prior to the termination of the experiment
an individual cell had passed through mitosis. This value,
termed the age of the cell, was used as an indication of the
approximate cell cycle position (Fig. 2) (44). To relate age with
cell cycle position, a culture was followed in time lapse for
more than 20 h, with the final 30 min in the presence of BrdU.
The cells were then fixed and stained with a fluorescent anti-
body against BrdU. The age of each cell was determined indi-
vidually by following that cell in the time-lapse movie begin-
ning at the time of fixation and running the movie backwards
until the cell could be observed to pass through mitosis (Fig. 2).
Labeling with BrdU would indicate that the cell had been in S
phase during the last 30 min. This approach allowed an analysis
of cells in all cell cycle phases at the same time.

To determine the age at the time of entry into S phase, we
grouped together all cells within a given age period and deter-
mined the proportion of these which remained unlabeled with
BrdU (Fig. 3A). Cells began to enter S phase within 4 h,

lines indicate progression of cells through the cell cycle. An open box indicates
the cell cycle point to which the cell had progressed, and a solid box indicates
thymidine labeling. (a) Treatment with inhibitors or injection of antibody. Cells
treated prior to the restriction point (arrow, top line) would be unable to
progress past the restriction point and thus unable to incorporate thymidine.
Treatment after the cells had passed the restriction point (arrow, lower line)
would be unable to inhibit entry into S phase and would result in thymidine
labeling of the cells. Direct labeling of cells at the time of serum addition (b)
would result in thymidine labeling of any cell in S phase at the time the cells were
fixed.
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FIG. 2. Time-lapse determination of approximate cell cycle position. The diagram illustrates the cycling characteristics of three typical cells in an asynchronous
culture. At the beginning of the time-lapse analysis, these cells were in G, G,, and S phases, respectively. The passage of these cells and their daughters through cell
cycle periods is illustrated, together with the position of the final mitosis prior to the BrdU labeling period at the termination of the experiment. The age is the time
between this final mitosis and the end of the BrdU labeling period, which is followed immediately by fixation of the cells. Labeling with BrdU identified the cell in S
phase at the end of the experiment, while unlabeled cells, which could be in G, or G, phase, were distinguished by cell age.

approximately half were labeled at 5 h, and most cells had
entered S phase within 7 h following mitosis. At 17 h following
mitosis (the average generation time of the culture), the pro-
portion of BrdU-labeled cells had declined to near zero (Fig.
3A). This indicates that cells from 4 to 7 h of age were in G,
phase, while G, phase was first observed in cells 11 to 12 h of
age. Cells weakly labeled with BrdU would have been in tran-
sitions to or from S phase at the time of labeling. Their ap-
pearance was taken as an indication of early and late S phase,
and they were observed with peaks at 5 and 10 h of age, which
indicates the general boundaries of S phase (Fig. 3B). While
the cycling characteristics of individual cells vary (with cell
cycle times of 13 to 23 h), the overall characteristics of the
entire culture were quite consistent between analyses. There-
fore, from 100 to 250 cells were analyzed in each experiment to
compensate for random variations between individual cells.
Ras and cyclin D1 requirements in cycling cells. To deter-
mine the cell cycle point at which Ras is required in prolifer-
ating NIH 3T3 cells, a culture was followed in two sequential
time-lapse movies of the same area of the coverslip. Anti-Ras
antibody was microinjected between the two movies into cells
in the area of analysis (localized within a circle scribed on the
back of the coverslip). The age of cells at the time of injection
was determined from the first movie, while the fate of injected
cells was determined from the second (Fig. 4D). For compar-
ison, the behavior of neighboring uninjected cells was also
determined. Surprisingly, almost all of the injected cells passed
through mitosis following anti-Ras injection, regardless of the
cell cycle position at the time of injection. To more carefully
analyze the data, the length of the cell cycle in which the
injection took place was calculated by determining the time of
the mitoses before and after injection for each cell (Fig. 4D).
The combined data from five separate, highly similar experi-

ments clearly indicate that while some injected as well as un-
injected cells were delayed in passage through mitosis follow-
ing treatment, most injected cells passed through the cell cycle
without delay compared to uninjected cells, regardless of the
cell cycle position at the time of injection (Fig. 4A).

These data were summarized by calculating the proportion
of cells with lengthened cell cycle times (greater than 30 h)
versus the age at the time of injection. The level of inhibition
was generally less than 20% even for cells soon after mitosis
(Fig. 4C). Surprisingly, these data indicate that there was no
requirement for cellular Ras during the first G, phase of the
cell cycle following injection in asynchronous NIH 3T3 cells.
This conclusion was apparent from the combined data and
from each of the five individual experiments. The effectiveness
of the injected antibody was confirmed by the fact that while
most all injected cells passed through one mitosis following
injection, very few cells passed through a second mitosis (Fig.
4C). Thus, anti-Ras was inhibitory for the progression of cy-
cling cells, but only if it was introduced into the cell prior to
mitosis, in the preceding cell cycle.

The cell cycle requirement for cyclin D1 was next deter-
mined by microinjecting a neutralizing, highly specific mono-
clonal antibody. The results from three highly similar (Fig. 4A)
experiments were combined to indicate that the inhibitory
characteristics of anti-cyclin D1 were quite different from those
of anti-Ras. Cells injected with anti-D1 within the first few
hours following mitosis were essentially all delayed in passage
through the current cell cycle compared to uninjected cells. By
8 h of age, however, the proportion of cells which were inhib-
ited in cell cycle passage by anti-D1 injection was low (Fig. 4B).
Summary of these data (Fig. 4C) shows that the inhibitory
behavior of injected anti-D1 was strikingly similar to the profile
of entry into S phase (Fig. 3A). Inhibition by anti-cyclin D1
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FIG. 3. Cell age and cell cycle position. Asynchronous NIH 3T3 cells were
followed for 20 h in time lapse, with the last 30 min in the presence of BrdU. The
age of each cell was determined from the time-lapse movie by measuring how
long before fixation each cell had passed through mitosis (Fig. 2). Cells in S phase
at the termination of the analysis were identified by staining with a fluorescent
antibody against BrdU. (A) Proportion of BrdU-unlabeled cells determined at
each hour of age; (B) total numbers of unlabeled (O), labeled (+), or weakly
labeled (@) cells in each hour shown separately. The peaks in weakly labeled cells
indicate entry into and from S phase.

antibody was high in the first 3 h following mitosis, when the
cells were all in G, phase. From 4 to 7 h after mitosis, the
proportion of cells in S phase increased, while inhibition by
anti-cyclin D1 decreased. Therefore, cyclin D1 was required
during G, phase of cycling NIH 3T3 cells and was apparently
required up until near the beginning of S phase. Clearly, cell
cycle progression in cycling cells is much different with respect
to molecular requirements from that in quiescent cells.
Based upon previous studies (7, 36), it would appear ex-
tremely unlikely that the delay in cell cycle inhibition by anti-
Ras compared to anti-D1 resulted from a delayed action of
anti-Ras antibody following introduction into the cell. To di-
rectly test this possibility, however, we determined how rapidly
anti-Ras antibody was able to block ERK phosphorylation
(one of the most rapid effects of Ras activity). Quiescent NTH
3T3 cells were injected with anti-Ras antibody and stimulated
with serum at various time thereafter. At 15 min following
serum addition, the cells were fixed and stained with an anti-
body which recognized only phosphorylated ERK proteins.
The anti-Ras antibody blocked serum-induced phosphoryla-
tion in all plates analyzed, including those cells which were
stimulated with serum immediately following antibody injec-
tion (Fig. 5). As a control, nonspecific immunoglobulin in-
jected at the same time had no inhibitory effects on ERK
phosphorylation (Fig. 5). Thus, the above results must not have
been due to delayed activity of injected anti-Ras antibody.
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FIG. 4. Requirement for Ras and cyclin D1 in cycling cells. Cycling NIH 3T3
cells received injections of anti-Ras antibody (A) or anti-cyclin D1 antibody (B).
The age of each injected cell is determined from a time-lapse analysis before
injection; the occurrence and time of mitosis after injection are determined from
a time-lapse analyses after injection. The length of the cell cycle is the time
between the mitoses before and after injection (D). The data for uninjected cells
(closed circles) are presented for comparison to the behavior of antibody-in-
jected cells (open circles). These data are the compiled data from multiple highly
consistent individual experiments. (C) Proportion of cells in each age period
which exhibited a delay in entry into mitosis (cell cycle time greater than 30 h)
following antibody injection presented in graph form. Note that in most cases
anti-Ras-injected cells divided without delay, while those injected with anti-cyclin
D1 during the G, period experienced a substantial delay in passage through
mitosis compared to uninjected cells. In panel D, the large horizontal arrows
indicate time-lapse analyses before and after microinjection of antibody. The
timing of typical mitoses is indicated, together with the determination of cell age
and the length of the cell cycle in which injection took place. Note that the
second mitosis following injection is efficiently inhibited by the injected antibody.
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FIG. 5. Rapid inhibition of ERK activation by injected anti-Ras. To demonstrate the speed at which injected anti-Ras antibody is able to neutralize cellular Ras,
quiescent NTH 3T3 cells were injected with anti-Ras antibody (left) or a nonspecific control antibody (right). Cells were then treated with serum immediately following
injection; after 15 min, the cells were fixed and stained with an antibody able to selectively recognize phosphorylated ERK, a downstream target of Ras activity. The
location of all cells within the field is revealed by a photograph of DAPI-stained nuclei (top row). Antibody-injected cells are revealed by staining with a fluorescent
antibody against the injected immunoglobulin (middle row). Note that most, but not all, cells at the left in each row were injected, while cells at the right were not
injected. The ability of the added serum to stimulate ERK activation is revealed by staining with an antibody labeled with a separate fluorochrome against the
phosphorylated ERK (bottom row). It can be seen that while the nonspecific antibody had no effect on ERK phosphorylation, the injected anti-Ras blocked this
phosphorylation even when injected immediately prior to a 15-min stimulation with serum.

Moreover, the effects of anti-Ras differed morphologically
from the effects of anti-cyclin D1. Even within the first cell
cycle period, the anti-Ras antibody caused the cells to flatten
and stop migrating. This fact is curious when it is considered
that these morphological changes did not lead to altered cell
cycle progression, while anti-cyclin D1, which did not cause
altered morphology or interfere with cellular migration, dra-
matically inhibited cell cycle progression when introduced
early in the cell cycle (data not shown).

Inhibition of cycling cells with cycloheximide and serum
removal. To determine the restriction point in cycling cells for
cycloheximide and serum removal, experiments similar to
those described above were performed. The results of two
separate experiments with each reagent were summarized and
compared to the results obtained as reported above with anti-
cyclin D1 (Fig. 4B). The inhibition characteristics of anti-D1
(Fig. 6A), cycloheximide (Fig. 6B), and entry into S phase (Fig.
3A) were indistinguishable within the level of accuracy possible
in these types of experiment. Cells within 3 h of mitosis were
essentially all inhibited in cell cycle progression by anti-cyclin
D1 or cycloheximide, while both inhibitors lost activity by the
time cells in the culture had entered S phase (Fig. 6B). On the
other hand, the inhibitory effect of serum removal was inter-
mediate between the effects of anti-Ras and anti-cyclin D1
inhibitions. In this case, cells were consistently and efficiently
inhibited only within the first hour following mitosis, after

which cell cycle inhibitions became minimal (Fig. 6C). In all
cases, few cells passed through a second mitosis following any
of these treatments, indicating that each was an efficient inhib-
itor of cell cycle progression in cycling cells. These results not
only emphasize the differences in cell cycle points of inhibition
in cycling compared to quiescent cells but also reveal differ-
ences even between separate inhibitors. It is apparent that a
complex signaling sequence operates to regulate cell cycle pro-
gression in cycling cells.

Direct comparison of the timing of Ras, cyclin D1, and
cycloheximide requirements. The above results reveal for the
first time differences in the cell cycle time at which Ras and
cyclin D1 are required in continuously proliferating cells. To
confirm this result, and to more accurately determine the dif-
ferences between these times, anti-Ras and anti-cyclin D1 were
each injected into several plates of asynchronous NIH 3T3
cells. After incubation for various lengths of time, individual
plates were then pulsed for 1 h with tritiated thymidine. The
cells were then fixed and stained for injected immunoglobulin
(to identify injected cells), followed by autoradiography to
detect cells in S phase. Little inhibition of thymidine labeling
was observed soon after either of these injections, since neither
antibody would be expected to interfere with an ongoing S
phase, and most labeling soon after injection would be by cells
already in S phase when injection took place. On the other
hand, with increasing incubation time between injection and
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FIG. 6. The restriction point in cycling cells. Asynchronous NIH 3T3 cultures
were treated with inhibitors as described in the legend to Fig. 3. The age (in
hours) at the time of treatment (as determined from a time-lapse analysis prior
to treatment) is plotted versus the ability of that treatment to delay passage
through the cell cycle and mitosis (as determined from a posttreatment time-
lapse analysis [Fig. 4D]). Results from multiple analyses for each inhibitor are
presented as the proportion of cells in each age period which experienced a delay
in entry into mitosis (*standard error). Both injection with anti-cyclin D1 (A)
and treatment with 2 pM cycloheximide (B) resulted in inhibition profiles which
were highly similar to each other and highly similar to the profile of entry of cells
into S phase (Fig. 3A), indicating that cells in G, phase are inhibited by both
treatments. In contrast, the profile of inhibition following serum removal (C) is
quite different from the other profiles and more similar to the profile of inhibi-
tion following anti-Ras antibody injection (Fig. 4).

thymidine labeling, cells synthesizing DNA at the time of in-
jection would complete S phase, such that new cells would be
required to initiate DNA synthesis if the proportion of labeled
cells were to be maintained. Inhibition of thymidine labeling in
this experiment would be seen most rapidly following injection
of an antibody able to immediately inhibit entry into S phase
(Fig. 7B). In individual experiments, anti-cyclin D1 reduced
the labeling of injected cells between 2 and 4 h sooner than did
injected anti-Ras. These results indicate that anti-Ras had to
be in the cells from 2 to 4 h longer than anti-cyclin D1 in order
to block entry into S phase (Fig. 7). In other words, anti-Ras
inhibited cell cycle progression 2 to 4 h prior to the point at
which anti-cyclin D1 was inhibitory.

In the above experiment, the time of anti-Ras and anti-cyclin
D1 inhibition were compared to each other, without direct
reference to the cell cycle. For example, the same result would
be obtained if the restriction point for Ras and cyclin D1 were
separated by 2 to 4 h in G, phase. Therefore, we designed a
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separate experimental strategy to directly determine the time
of inhibitor action relative to the beginning of S phase. A
double-labeling procedure was used to identify cells which
initiated a new cycle of DNA synthesis as follows. Cells were
pulsed for 1 h with BrdU, washed, and immediately pulsed with
tritiated thymidine for the next 5 h. A cell labeled with thymi-
dine but not with BrdU must have initiated a new cycle of
DNA synthesis during the 5 h of thymidine labeling following
removal of BrdU. To relate the point of Ras and protein
synthesis requirements to the beginning of S phase, cells were
injected with anti-Ras or treated with cycloheximide (2 nM)
and at various times thereafter were subjected to the double-
labeling procedure (Fig. 8B). With this protocol, approxi-
mately 15% of untreated cells scored positive for entry into S
phase at all times tested. (The slight underestimate from the
expected number was apparently due to the manipulations
required.) Cycloheximide treatment, as predicted based on the
above data, blocked entry into S phase almost immediately.
Even cells treated with cycloheximide immediately after re-
moval of BrdU were reduced to approximately half of the level
of untreated cells; cells were efficiently inhibited from entering
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FIG. 7. Kinetics of anti-Ras and anti-cyclin D1 inhibition. (A) To determine
the cell cycle time at which Ras is required in cycling cells compared to cyclin D1,
both antibodies were injected into several cultures of proliferating NIH 3T3 cells.
These cultures were then pulsed with thymidine for 1 h at various times there-
after, fixed, stained with fluorescent antibodies against the injected antibody, and
finally autoradiographed. The proportion of injected cells labeled with thymidine
is plotted versus the time following injection at which the cells were fixed. (B)
Results expected in a specific circumstance: when thymidine labeling followed
injection by 5 h. The cell cycle is represented by the top bar, which indicates each
cell cycle period and the points at which Ras and cyclin D1 are last required for
cell cycle progression. Below this bar, each circle represents the position of
individual cells in the cell cycle at the time of injection, horizontal lines represent
progress through the cell cycle, boxes indicate whether the cells were labeled
(filled box) or not (open box), and vertical lines indicate the points in the cell
cycle at which Ras or cyclin D1 is last required prior to entry into S phase.
Because the Ras requirement precedes mitosis, cells in G, and early S phase at
the time of injection become labeled following anti-Ras injection. Because anti-
cyclin D1 blocks cell cycle progression just prior to S phase, on the other hand,
only cells in early S phase at the time of injection are labeled following anti-cyclin
D1 injection. This results in a lower labeling efficiency 5 h following injection of
anti-cyclin D1 compared to anti-Ras.
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FIG. 8. Inhibition of initiation of S-phase by anti-Ras and cycloheximide. (A)
Cells which initiate a new S phase were identified by being pulsed with BrdU for
1 h, washed, and then pulsed with tritiated thymidine for 5 h. Cells labeled with
thymidine but not BrdU would have initiated S phase after removal of BrdU.
This procedure was used at various times after injection of anti-Ras or treatment
with cycloheximide (2 uM). The proportion of cells which initiated S phase is
plotted versus the time (in hours) of thymidine addition following injection or
treatment. Thus, the 0-h time point indicates that injection or treatment took
place immediately after BrdU removal and just before addition of thymidine. (B)
Results for one particular circumstance: when the 1-h BrdU labeling period
began immediately following injection or treatment (indicated as 1 h in panel A).
All representations are as in Fig. 7B except that the long hatched box represents
the thymidine labeling period and the short solid box represents the BrdU
labeling period (with empty boxes indicating unlabeled cells). A cell which
initiates S phase in this analysis must be negative for BrdU and positive for
thymidine labeling (indicated by an asterisk). Under these experimental condi-
tions, where treatment immediately precedes BrdU labeling, because cyclohex-
imide is inhibitory just prior to entry into S phase, essentially no cells scored
positive for entry into S phase. Cells in G, phase at the time of cycloheximide
treatment would be labeled with neither BrdU nor thymidine, while cells treated
in S phase would be labeled with both. Since the inhibition point for anti-Ras
precedes the beginning of S phase, on the other hand, cells in early to mid-G,
phase at the time of injection would fail to be labeled with BrdU but would pass
into S phase without inhibition and become labeled with thymidine. Such a cell
would score positive for entry into S phase following thymidine addition.

S phase if treated with cycloheximide just prior to the 1-h BrdU
treatment. On the other hand, anti-Ras required longer to
inhibit entry into S phase. Cells injected immediately following
BrdU treatment exhibited little inhibition, while the number of
cells able to initiate S phase 4 h after anti-Ras injection was
reduced to approximately half of the level of untreated cells
(Fig. 8).

These data confirm previous results and indicate that while
cycloheximide blocks entry into S phase up until just prior to
the beginning of DNA synthesis, cellular Ras activity becomes
unnecessary to the cell several hours prior to the beginning of
S phase. Taken together these results confirm the difference
between cycling and quiescent cells and between the timing at
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which different inhibitory treatments block the progression of
cycling cells.

DISCUSSION

When serum is added to quiescent cells, it is continuously
required until the cells progress to a point in G, phase after
which the cells become committed to entry into S phase even
in the absence of serum (25). A number of other inhibitory
treatments also lose their ability to block entry into S phase at
this same point, several hours prior to the beginning of DNA
synthesis (5, 11, 12, 23, 26). Consistent with this pattern, we
found that injection of anti-Ras and anti-cyclin D1 antibodies
together with serum removal and cycloheximide treatment all
blocked entry into S phase following release from quiescence
at essentially the same point, approximately 4 h prior to the
beginning of S phase in these NIH 3T3 cells. It was the purpose
of this study to extend this type of analysis to cells continuously
passing through the cell cycle without introducing the pertur-
bations required for inducing cell synchrony. For this purpose,
the approximate cell cycle position of individual cells in an
asynchronous culture was determined by following them in
time-lapse prior to treatment or injection. This allowed deter-
mination of the age of each cell and therefore its approximate
cell cycle position without synchronization. In addition, time-
lapse analysis after injection allowed a determination of the
fate of injected cells.

Surprisingly, we found that the injected anti-Ras antibody
did not delay passage of injected cells through the next sched-
uled mitosis, regardless of the cell cycle position at the time of
injection. Efficient inhibition was eventually observed, but only
after each injected cell had passed through one mitosis. Thus,
in order to block entry into S phase, the anti-Ras antibody had
to be present within the cell prior to the preceding mitosis. By
contrast, anti-cyclin D1 antibody efficiently inhibited the num-
ber and timing of the next mitoses when introduced during G,
phase of asynchronous cells. Our concern that these differ-
ences might result from a delay in the ability of the injected
anti-Ras to neutralize cellular Ras activity following microin-
jection was unfounded, based on work performed here as well
as previous studies (7, 36). Another possibility is that Y13-259
could not rapidly neutralize Ras because a Ras effector mole-
cule, Raf-1, had already bound to Ras preventing antibody
binding. This, however, is not likely because of the following
lines of evidences. (i) The Raf-Ras complex has an off rate of
about 1 min in an equilibrium system (8). If this were the case
in vivo, injected anti-Ras antibody would quickly replace Raf
already bound to Ras. (ii) Binding of Raf to Ras does not
change the intrinsic GTPase activity of Ras (50% conversion of
GTP to GDP in about 30 min) (10) or slightly enhances it (40).
Because Raf would be released upon hydrolysis of the GTP
bound to Ras, the half-life of the Ras-Raf complex in Y13-259
injected cells could not be longer than 30 min. Once the Ras-
Raf complex dissociates, anti-Ras would be able to bind and
inactivate the Ras protein (9). (iii) The anti-Ras antibody Y13-
259 used here can inhibit the proliferation of oncogenic Ras-
transformed cells with kinetics similar to those of nontrans-
formed cells (35). Moreover, injection of anti-Ras antibody
into cells transformed by oncogenic Ras weas found to stop
migration within 15 min (unpublished data), despite the fact
that oncogenic Ras has very slow intrinsic GTPase activity, and
would be expected to be continuously bound to Raf protein
prior to injection of anti-Ras. Migration has previously been
shown to be dependent on Ras activity and to be stimulated by
oncogenic Ras (7). Therefore, even though Raf was in a com-
plex with Ras at the time of anti-Ras injection, the antibody
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was able to replace Raf and neutralize Ras activity in a time
frame much shorter than the delay in antibody neutralization
reported here. Binding of Ras to Raf could not, therefore,
account for the delay in cell cycle inhibition following anti-Ras
injection compared to anti-cyclin D1 injection. Thus, cellular
Ras and cyclin D1 were apparently required at different times
in cycling cells, while cycloheximide was similar to anti-cyclin
D1 and serum removal was intermediate between anti-Ras and
anti-cyclin D1.

This conclusion was confirmed with two separate experimen-
tal strategies. In the first, a kinetic labeling procedure was used
to determine the time required for each antibody to block
thymidine labeling in an asynchronous culture. In the second,
a novel BrdU-tritiated thymidine labeling sequence was uti-
lized to identify cells which initiate S phase within a given time
period. In both cases, the requirement for cellular Ras activity
was found to precede that for cyclin D1 or cycloheximide. For
example, it required almost 4 h for anti-Ras to block entry into
S phase by 50%, while cycloheximide (which functions at a
time similar to that of anti-cyclin D1) inhibited entry into S
phase almost immediately. Therefore, these data from three
separate techniques together indicate that in cycling NIH 3T3
cells, cellular Ras activity and cyclin D1 are required at distinct
cell cycle points.

The difference in timing of inhibition between cycling and
quiescent cells most probably results from the fact that stimu-
lation of quiescent cells with serum not only involves a stimu-
lation of cell cycle progression but also requires a change in
growth phase. This fact might also account for the long period
between (i) the point when all protein synthesis required for
the initiation of S phase is complete and (ii) the actual initia-
tion of DNA synthesis. Such a delay would apparently not be
tolerated in cycling cells with a short G, phase. Indeed, a short
delay between the cyclin D1 or the protein synthesis require-
ment and the beginning of S phase might be essential to reduce
the overall length of the cell cycle in rapidly proliferating cells.

The time at which serum is required in cycling NIH 3T3 cells
is slightly different from than for Ras. Serum was required
during early G, phase. Similar results have been obtained with
a time-lapse approach similar to the one used in this study (43,
44). In that work, the G, phase was divided into two parts by
the requirement for serum. The fact that anti-Ras and serum
removal have profiles of inhibition in cycling cells which show
subtle but important differences indicates that Ras must not be
the only important target of serum stimulation. Thus, another
signaling pathway induced by serum, which is distinct from the
Ras pathway, is apparently required after Ras activity becomes
unnecessary for continued cell cycle progression. This alterna-
tive pathway might control the stability of cyclin D1. Serum
withdrawal is reported to activate the calpain-dependent deg-
radation of cyclin D1 protein (2). In addition, the phosphati-
dylinositol 3-kinase-Akt-glycogen synthase kinase-33 pathway
has been shown to involve posttranslational control of cyclin
D1 protein stability (4). Phosphatidylinositol 3-kinase is acti-
vated by Ras through direct interaction with its catalytic sub-
unit, p110 (28). However, it can also be activated indepen-
dently of Ras through interaction of its regulatory subunit with
the growth factor receptor (39). Thus, it is possible that the
continued presence of activated growth factor receptors can
stabilize cyclin D1 proteins, or promote their continued syn-
thesis, even in the absence of Ras activity.

Cyclin D1, however, is not the only target of growth factor
action. Cell cycle progression requires a number of other sig-
naling activities, including the suppression of cyclin-inhibitory
proteins, the activation and coordination of multiple MAPK
pathways, the activation of transcription factors, the regulation
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of other small G proteins such as those involved in controlling
the cytoskeleton, and controls over translation and apoptosis.
It will be essential to consider a variety of other signaling
molecules before we are able to fully understand these results.
Moreover, the cyclin D family contains three members, at least
two of which are likely to be expressed in fibroblastic cells. The
anti-cyclin D1 antibody used here has been shown in previous
studies to be highly specific for the D1 isoform in neutralizing
activity (18). The potential role of other cyclin D molecules will
also have to be determined by future experimentation.

These data, therefore, provide novel insight into the control
of cell cycle progression in actively cycling cells. Cellular Ras
activity is required prior to mitosis to allow a cell to make a
commitment to progress through the entire subsequent cell
cycle, while cyclin D1 activity is required for the G,/S-phase
transition. These data suggest the following model for control
of cell cycle progression in continuously cycling cells. Contin-
ued cell cycle progression requires the presence of growth
factors and other appropriate proliferative conditions. These
conditions are communicated to the cell, at least in part,
through the activation of cellular Ras. In a cell with a relatively
short G, phase, such as the NIH 3T3 cells studied here, Ras
must become activated during G, phase to allow the cell to
proceed into the next cell cycle after passage through mitosis.
Since Ras activity becomes largely unnecessary by the time a
cell has passed through mitosis, it must stimulate the produc-
tion of another molecule(s) whose continued production is
independent of continued Ras activity and which is required
until the cell begins DNA synthesis, after which completion of
the cell cycle is normally ensured. The data suggest the possi-
bility that cyclin D1 is this downstream target of Ras. It is
reported to be stimulated by Ras activity (1, 6, 16, 27), and
these studies demonstrate that it is required through G, phase.
This possibility is supported by data which indicate that cyclin
D1 is induced during G, phase of the NIH 3T3 cell cycle in a
Ras-dependent manner. This expression of cyclin D1 then con-
tinues independently of Ras for over 6 h and is required for
initiation of S phase (unpublished data).
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