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A bistable Rb–E2F switch underlies the restriction point
Guang Yao1,2, Tae Jun Lee3, Seiichi Mori1,2, Joseph R. Nevins1,2,4, and Lingchong You1,3,4

The restriction point (R-point) marks the critical event when 
a mammalian cell commits to proliferation and becomes 
independent of growth stimulation. It is fundamental for 
normal differentiation and tissue homeostasis, and seems 
to be dysregulated in virtually all cancers1,2. Although the 
R-point has been linked to various activities involved in the 
regulation of G1–S transition of the mammalian cell cycle2–6, 
the underlying mechanism remains unclear1,7. Using single-
cell measurements, we show here that the Rb–E2F pathway 
functions as a bistable switch to convert graded serum inputs 
into all-or-none E2F responses. Once turned ON by sufficient 
serum stimulation, E2F can memorize and maintain this ON 
state independently of continuous serum stimulation. We 
further show that, at critical concentrations and duration of 
serum stimulation, bistable E2F activation correlates directly 
with the ability of a cell to traverse the R-point.

The concept of an R-point8 suggests that removal of growth stimuli 
before this point in the G1 phase of the cell cycle shifts a cell back to 
quiescence; after that, the cell cycle progresses independently of growth 
stimulation8,9. The key characteristic of the R-point is two-fold: first, an 
initial high threshold on growth stimulation is set to ensure prerequisites 
for fully executing proliferation are fulfilled; second, a low-maintenance 
mechanism ensures that the cell cycle is completed once initiated, even 
in the absence of sustained growth signals. This ‘high-threshold, low-
maintenance’ nature of the R-point is reminiscent of a bistable switch 
mechanism recently identified in several decision-making processes, 
including oocyte maturation and regulation of mitosis in frogs10,11, 
nutrient utilization in bacteria12 and the mating response in yeasts13. 
Control of the R-point in mammalian cells by a bistable mechanism 
was suggested by mathematical modelling analyses14–18, but has not been 
demonstrated experimentally.

Here we probe the bistable nature of the Rb–E2F pathway and its 
control of the R-point by examining the kinetic properties of E2F acti-
vation in response to serum stimulation. E2F is a transcriptional factor 
that can activate genes encoding proteins involved in DNA replica-
tion and cell-cycle progression3–5, and is essential in the regulation of 
cell proliferation19,20. Topologically, E2F functions as the output of the 

Rb–E2F signalling pathway and is involved in multiple positive-feed-
back loops (Fig. 1a). In quiescent cells, E2F is bound to and repressed 
by Rb. With sufficient growth stimulation, phosphorylation by Myc-
induced cyclin D (CycD)–Cdk4,6 removes Rb repression; Myc also 
induces E2F transcription21. Subsequently, E2F activates the transcrip-
tion of CycE, which forms a complex with Cdk2 to further remove 
Rb repression by phosphorylation, establishing a positive-feedback 
loop. E2F also activates its own transcription, constituting another 
positive-feedback loop. Regulation by positive feedback is a hallmark 
of a bistable switch22,23. Together, the two positive-feedback circuits 
described above and others not shown for simplicity (for example, that 
involving mutual inhibition between CycE–Cdk2 and p27Kip1) suggests 
the potential for the Rb–E2F pathway to generate bistability.

To analyse the dynamics of the Rb–E2F pathway, we first constructed 
a simple mathematical model composed of a system of coupled ordi-
nary differential equations (Supplementary Information, Tables S1–3). 
To reduce complexity and generate experimentally tractable predictions, 
this model was restricted to interactions involved in the cell cycle entry-
phase (Fig. 1a) and we chose to ignore downstream oscillation events. It 
was not intended to account for all aspects of the intricate regulation in 
the G1–S transition of the mammalian cell cycle. Rather, this simplified 
model was useful as framework for analysing the qualitative properties 
of the underlying control system.

Our model suggests that the Rb–E2F pathway may indeed gener-
ate bistability in E2F activation. It predicts that the serum concentra-
tion must reach a critical threshold (approximately 1% in this example, 
Fig. 1b) to activate E2F from its previous OFF state. Once turned ON, 
however, E2F can maintain this state even when the serum concentra-
tion falls below the initial threshold. Within a certain range of serum 
concentration (0.2–1%), the steady-state E2F level is bistable and can 
be either ON or OFF, depending on its previous state. In comparison, 
circuit components not regulated by positive-feedback (for example, 
CycD) are likely to be monostable, with their steady-state levels depend-
ent only on the final serum concentration (Fig. 1c).

To test the bistable E2F accumulation, we used a destabilized green 
fluorescent protein (d2GFP) reporter to probe the E2F transcriptional 
activity at the single-cell level. This d2GFP reporter, under the control of 
a cloned E2F promoter, was first stably integrated into the chromosome 
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of rat embryonic fibroblasts (REF52). We further established single-cell 
clones, each bearing the same E2F–d2GFP integration background, and 
also constructed a CycD–d2GFP reporter system in parallel to function 
as a negative control (Supplementary Information, Fig. S1). Both d2GFP 
reporter systems showed serum responses that were comparable to their 
endogenous counterparts, in their concentration-dependent and time-
course characteristics (Fig. 2d, e, Supplementary Information, Fig. S1).

We found that E2F accumulation had a bimodal distribution in a 
clonal cell population, a hallmark of a bistable system12,24. To test the 
model-predicted, steady-state characteristic of E2F activation, we 
stimulated quiescent cells with serum at different concentrations and 
measured E2F–d2GFP endpoint levels (see Methods). Figure 2a shows 
the E2F response to increasing concentrations of serum in four inde-
pendent cell clones assayed in parallel. At intermediate serum concen-
trations (in particular, 0.5–1%, although the exact distribution pattern 
varied between cell clones0, E2F–d2GFP distributions were ubiquitously 
bimodal. This bimodality suggests that the intrinsic ultrasensitive E2F 
activation responds to a specific range of serum stimulation. Outside 
this range, when serum concentrations were sufficiently low (<0.2%) or 
sufficiently high (>2%), the E2F–d2GFP levels were unimodally OFF or 
ON in all cell clones.

E2F bimodality shows ‘all-or-none’ switching behaviour in its activation. 
That is, although individual cells responded to different strengths of serum 
stimulation, in one given cell, the steady-state level of E2F expression was 
either OFF or ON. Supporting this notion, increasing the serum concen-
tration caused a gradual decrease in the number of cells with E2F–d2GFP 
levels at the OFF state (Fig. 2a, left peak) and a corresponding increase in 
the number of cells with E2F–d2GFP level at the ON state (Fig. 2a, right 
peak). Few cells had E2F–d2GFP levels at intermediate states. In compari-
son, the expression of CycD–d2GFP was always unimodal under the same 
test conditions. Its steady-state level gradually increased as a function of 

serum concentration, without a clearly differentiated OFF or ON state 
(Fig. 2b). Therefore, it appears that the conversion from graded serum 
input into binary cellular responses is mediated by network modules topo-
logically located between CycD and E2F (Fig. 1a).

The bimodal E2F response in clonal populations probably resulted from 
the interplay between bistability in E2F activation (Fig. 1b) and stochastic-
ity in signalling dynamics. Such stochastic effects (or cellular noise) could 
arise from heterogeneity in the extracellular environment, small numbers 
of interacting molecules or perturbations by unaccounted-for cellular 
processes25–28. In contrast, CycD expression remained unimodal under 
cellular noise, which probably reflects its monostable nature (Fig. 1c). To 
explore the degree of stochasticity affecting E2F bimodal responses, we 
measured E2F responses in a same cell clone (no. 23). Measurements were 
repeated six times. Each time, we observed distinct bimodality in E2F 
responses, yet E2F distributions around the switching-point (between 
0.5%–1% serum) varied substantially from experiment to experiment 
(Supplementary Information, Fig. S3). The stochasticity evident in E2F 
and CycD responses underscores the importance to probe bistability at the 
single-cell level. In particular, cell-to-cell variation will cause a smoothed-
out transition between the OFF and ON states in population-averaged 
measurements (for example, real-time RT-PCR; Fig. 2d, e), a phenomenon 
described previously (for example, in the lactose utilization network of 
Escherichia coli)12. This averaging effect would obscure the ultrasensitive 
E2F response in individual cells (Figs 1b, 2a), as well as the distinct features 
of E2F and CycD activation observed with single-cell resolution.

We also found that E2F accumulation showed marked history-
dependence (hysteresis), another characteristic of a bistable switch. 
History-dependence is a property of a system whose output reacts with 
a delay to the input change, or does not return completely to its original 
level. This property is often examined by first inducing the output to a 
sufficiently high steady state with a strong input, and then reducing the 
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Figure 1 Simplified model of the bistable Rb–E2F switch. (a) The Rb–E2F 
circuit. E2F represents all E2F activators (E2F1, E2F2 and E2F3a). Rb 

represents all pocket proteins (Rb, p130 and p107). (b, c) Simulated steady-
state concentration-dependent responses of E2F and CycD to serum stimulation.
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input to low levels to analyse the new output steady states. In cell-cycle 
experiments, however, the short interval between cell divisions and the 
complex oscillation events do not allow measurement of output change 
between established steady states.

We probed the history-dependence of the Rb–E2F gene network by 
studying its influence on E2F accumulation with a serum pulse. Our 
model predicts that when quiescent cells are treated with serum at a low 
concentration, inadequate to activate proliferation (0.3%, Fig. 3b), the 
E2F level will remain in its OFF state; following a strong serum pulse 
(sufficient to activate the Rb–E2F bistable switch), the final E2F level in 
the same low-serum concentration (0.3%) will reach and stay at the ON 
state (Fig. 3a, b). This distinction in E2F activation, responding to the 
same final serum input, provides proof of its bistability. In comparison, 
regardless of the pulse-stimulation history, the final CycD level will be 
at the same state (Fig. 3b).

The predicted E2F history-dependence was indeed observed in our 
experiments. In particular, we compared E2F responses at a range of final 

serum inputs, with or without an initial strong serum pulse (20% for 
5 h). At final serum concentrations between 0.2% and 1%, E2F–d2GFP 
endpoint levels in most cells were found in the OFF state without the 
pulse stimulation (Fig. 3c, red curves), whereas they were in the ON state 
with the pulse stimulation (Fig. 3c, green curves). In contrast, the pres-
ence or absence of the initial serum pulse did not have a significant effect 
on the endpoint levels of the CycD–d2GFP control (Fig. 3c), consistent 
with the reported rapid turnover of CycD expression after withdrawal of 
growth factors29. As the same d2GFP reporter was used in both cases, the 
history-dependence of E2F, compared with CycD, probably reflects the 
inherent distinction in their transcription regulation by the underlying 
gene network (Fig. 1a). Consistently, the E2F history-dependence was 
observed at different measurement times with different synchronization 
methods (Supplementary Information, Fig. S4).

Furthermore, we found that the bistable E2F accumulation was 
directly correlated with the ability of a cell to traverse the R-point 
in response to graded serum inputs. Consistent with the R-point 
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Figure 2 Bimodal E2F expression in cultured mammalian cells. (a–c) Cells 
were serum-starved (0.02% BGS) for 1 day and subsequently stimulated with 
BGS at the indicated concentrations. Hydroxyurea was applied to synchronize 
cells at G1–S at the time of assay (24 h after serum-stimulation) and it did 
not seem to affect the endpoint responses of E2F or CycD (Supplementary 
Information, Fig. S2). Each histogram represents the d2GFP distribution from 
approximately 10,000 cells. Responses of E2F (a, lower panels) and CycD 
(b, lower panels) from four independent clones (Supplementary Information, 

Fig. 1) and an empty-vector control (c) to different concentrations of serum 
are shown. E2F–d2GFP (a, upper panel) and CycD–d2GFP (b, upper panel) 
reporter constructs are shown. (d, e) Comparison between population-
averaged d2GFP reporter levels in each cell clone in a and b (normalized 
to the autofluorescent background in c) and the endogenous E2F1 and 
CycD1 mRNA levels in REF52 cells at corresponding treatment conditions, 
measured by real-time RT-PCR (mean ± s. e. m., calculated from three 
replicates normalized to a loading control).
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concept, following an initial strong serum pulse (20% for 5 h in this 
case), most cells were able to enter the cell cycle at a final serum 
concentration as low as 0.2% (Fig. 4a, green arrow), as indicated 
by their incorporation of 5-bromodeoxyuridine (BrdU; Fig. 4a, 
magenta dots) during DNA replication at the S-phase. In compari-
son, without such pulse-stimulation, most cells remained quiescent 
(until treated with serum at concentrations greater than 1%; Fig. 4a, 
red arrow). The proportion of cells that passed the R-point (BrdU-
positive) correlated closely with the proportion of cells with E2F 
levels in the ON state, in the same concentration-dependant manner 
with a common bistable range (0.2–1%; Fig. 4b). This correlation 
was further confirmed at the single-cell level. That is, in a final 
serum gradient following an initial serum pulse, the very cells that 
had E2F expression in the activated state (Fig. 4c, y axis) were those 
able to pass the R-point (indicated by their increased DNA content 
to 3–4n, Fig. 4c, x axis).

Lastly, we found that the duration of serum stimulation required to 
turn ON the bistable Rb–E2F switch underlies the traverse through 
the R-point. A key characteristic of the Rb–E2F bistable switch, as 
indicated by the model, is that its activation requires a critical dura-
tion of strong serum stimulation (Tr; Fig. 5a). After this critical time, 
E2F steady-state becomes independent of sustained serum-stimula-
tion. This prediction was again confirmed in our experiments. When 
quiescent cells were treated with 20% serum for various durations, we 
found that a critical duration of 2–4 h was required to activate E2F 
expression and to drive R-point traverse in most cells (Fig. 5b). At the 
single-cell level, the critical duration of stimulation required for E2F 
activation (Fig. 5c, y axis) was found to underlie that required for pass-
ing the R-point (Fig. 5c, x axis). This result also suggests that traverse 
of the R-point is established when the Rb–E2F bistable switch is just 

turned ON (2–4 h for most cells in our cell lines; Fig. 5c), which could 
occur much earlier, before the E2F accumulation becomes noticeable 
(>10 hr, Supplementary Information, Fig. S1).

Control of the R-point at the G1–S transition of the mammalian 
cell cycle is a complex process, likely to involve many other regulatory 
activities not included in our model. Our work here, together with other 
studies, nevertheless suggests that the Rb–E2F bistable switch, by its 
unique properties, is fundamental in establishing the R-point. First, it 
is ‘indispensable’: the R-point control was lost completely in cells with 
knockout of all Rb family members30,31. In addition, the ability of a cell 
to pass the R-point to enter the cell cycle was completely blocked when 
all E2F activators were knocked out20. Second, it is ‘sufficient’: introduc-
ing E2F activity alone can induce quiescent cells to enter S-phase19. In 
addition, cells with E2F turned ON were the very ones that were able 
to pass the R-point, despite varying strengths and duration of growth 
stimulation (Figs 4, 5). To our knowledge, the Rb–E2F network is the 
only system identified in the mammalian cell-cycle machinery that is 
both indispensable and sufficient for the R-point control.

Our results indicate that the Rb–E2F pathway functions as a bistable 
switch in response to growth stimulation. The all-or-none and, especially, 
history-dependent switching behaviour of this gene network (in terms 
of E2F accumulation in each individual cell) provides a mechanistic 
explanation for the R-point concept. Our work provides a foundation for 
future studies that will carefully analyse   the contribution of individual 
components in the Rb–E2F gene network in achieving E2F bistability 
(for example, the relative contributions of Myc feed-forward regulation 
and E2F-coupled positive-feedbacks, see Supplementary Information 
Discussion and Supplementary Information, Fig. S6). Such studies will 
provide further detailed understanding how precisely the R-point is 
controlled in mammalian cells.�
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concentrations were as indicated. Each histogram represents d2GFP 
distribution from approximately 10,000 cells (E2F clone no. 23, CycD 
clone no. 5, Supplementary Information, Fig. S1) after baseline correction 
(Supplementary Information, Fig. S5). Cells were synchronized at G1–S by 
hydroxyurea at the time of assay (24 h after serum-stimulation).
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METHODS 
GFP reporter system. An expression cassette encoding a destabilized EGFP protein 
with a half-life of approximately 2 hr (d2GFP; Clontech) was cloned after promoters 
of E2F and CycD, as described in the Supplementary Information Methods.

Cell culture, synchronization and serum stimulation. Cells were regularly 
passed in Dulbecco’s Modified Eagle’s Medium (DMEM) medium (No. 31053, 
Gibco/Invitrogen) supplemented with 10% of bovine growth serum (BGS, 
No. SH30541 from Hyclone). Puromycin (2.5 μg ml–1) was added for the d2GFP 
reporter cell lines. In typical experiments, to measure the endpoint levels of E2F-
d2GFP or CycD–d2GFP responses, cells were first synchronized at the quiescent 
phase. To this end, growing cells were trypsinized, washed once with DMEM 
medium, resuspended in DMEM supplemented with 0.02% BGS (starvation 
medium), plated at a density of approximately 105 cells per well and cultured for 
1–2 days in 6-well cell culture plates (No. 353046, Falcon/BD Biosciences). For 

serum stimulation, starvation medium was replaced with DMEM medium con-
taining BGS at the indicated concentrations. Hydroxyurea (2 mM) or nocodazole 
(0.1 μg ml–1) was included in culture medium as indicated, to synchronize cells 
at the G1–S or G2–M phases, respectively. 

Flow cytometry. Cells (cultured in 6-well plate) were collected at the indicated 
times by trypsinization. For GFP-intensity measurement, cells were fixed directly 
with 1% formaldehyde in PBS. For GFP and 7-actinoactinomycin D (7-AAD) 
double detection, cells were first resuspended in 20 μl of BD Cytofix/Cytoperm 
Buffer (No. 554722, BD Biosciences), left at room temperature for 15 min, com-
bined with 200 μl of staining buffer (3% heat-inactivated FBS plus 0.09% sodium 
azide in PBS) and centrifuged at 960g for 2 min. Cells were subsequently resus-
pended with 20 μl of freezing buffer (10% DMSO and 90% heat-inactivated FBS), 
placed at –80°C for 1 h, thawed and immediately combined with staining buffer 
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of BrdU-positive cells (right). Data are mean ± s. e. m. of the proportion of 
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under treatment conditions described in a. (c) Single-cell level correlation. 
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with 7-AAD.
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and centrifuged, as above. Finally, cells were resuspended with 4 μl of 7-AAD 
in 200 μl of staining buffer. For each sample, approximately 10,000 cells were 
measured using a BD FACScan flow cytometer (BD Biosciences), and analysed 
using FlowJo software (v7.2, Tree Star).

Microscopy and immunostaining. For BrdU incorporation, cells were serum-
starved and stimulated as described above. BrdU (50 μM, No. 280879, Roche 
Applied Science) was included in the culture medium at the indicated times. 
Cells were fixed and permeabilized as described previously (Supplementary 
Information, ref. 5). Incorporated BrdU was detected using an anti-BrdU 
antibody (1:5, No. RPN202, Amersham Biosciences), followed by second-
ary antibody (Texas Red-conjugated anti-mouse, 1:500, No. TI-2000, Vector 
Laboratories), according to the manufacturer’s instructions. Cell nuclei were 
stained with DAPI (0.1  μg ml–1,  No. 236276, Roche Applied Science) and 
assayed using a Leica DMI 6000 B inverted fluorescent microscope. Images 
were taken using a Leica HC PLAN APO ×10/0.40 objective lens, with Semrock 
BrightLine filters for DAPI and Texas Red detections. All images were captured 
using a Hamamatsu ORCA-AG digital camera with Compix SimplePCI imag-
ing software (v6.0), with binning at 4, offset at 255, gain at 0, exposure at 0.04 s 
for DAPI and 0.6 s for Texas Red. Images were further adjusted for contrast in 
SimplePCI using × Squared method (with low to high range of 0–180). Three 
independent fields were counted for the percentage of BrdU positive cells 
under each treatment. 

For GFP detection, cells were serum starved in 0.02% BGS plus fibronectin 
(1  μg ml–1, No. F1141, Sigma) for 1.5 days in glass-bottom microwell dishes 
(No. P6G-1.5-20-F, MatTek), then further cultured in original starvation medium 
or 20% BGS for 19–22 hours. Cells were washed once with, and finally placed into 
PBS to minimize autofluorescence in growth medium, and assayed immediately 
using a Leica microscope as above. Images were taken using a Leica N PLAN L 
×20/0.40 objective lens with phase-contrast or a Semrock BrightLine GFP filter. 
All images were captured using a Hamamatsu camera as above, with binning at 
4, offset at 255, gain at 0, exposure at 0.01 s for phase images and 0.2–1.0 s for 
GFP images. Images were further adjusted for contrast in SimplePCI using a 
Normal Linear method.

Real time RT-PCR assay. Total RNA was collected using RNeasy Mini 
Kit (Qiagen) according to the manufacturer’s instructions. Quantitative, 
real time RT-PCR was performed with the ABI PRISM 7900HT Sequence 
Detection System (Applied Biosystems) with QuantiTect SYBR Green 
RT-PCR Kit (Qiagen) according to the manufacterer’s protocol. The same 
amount (50 ng) of RNA template was used for each assay. In addition, 
real time RT-PCR level of β-actin was used as an internal loading con-
trol. Primer sets for RT-PCR include 5’ttgacccctctggatttctg3’ 
and 5’ccctttggtctgctcaatgt3’ (for E2F1), 5’gcgtaccct-
gacaccaatct3’ and 5’ctcttcgcacttctgctcct3’ (for CycD1), 
5’gatctggcaccacaccttct3’ and 5’ggggtgttgaaggtct-
caaa3’ (mouse β-actin primers, verified for amplification efficiency and 
specificity in REF52 cells).

Model development. We developed a simplified mathematical model to account 
for the key interactions outlined in Figure 1B. For details see Supplementary 
Information Methods.

Note: Supplementary Information is available on the Nature Cell Biology website.
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(pulse strength, 20%, final serum concentration, 0.3%). When the pulse 
duration is shorter than Tr, the final E2F level will return to the OFF state (left 

inset); otherwise, the final E2F level will reach and stay at the same ON state, 
independent of sustained serum-stimulation (right inset). (b, c) Quiescent 
cells were stimulated with a serum pulse (20%) for the durations indicated, 
followed by incubation in 0.3% serum. Cells were synchronized at G2–M by 
nocodazole at time of assay (26 h). DNA content was labelled with 7-AAD.
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Figure S1 Establishment of single reporter cell clones. A. Flow cytometry 
of individual clone. Red curve, serum starved cells. Green curve, serum 
stimulated cells. Each curve represents d2GFP distribution from ~10,000 
cells. Missing clone numbers indicate those excluded initially by phase 
microscopy for nonhomogeneous morphology. B. Fluorescent microscopy 
of serum response of E2F-d2GFP and CycD-d2GFP cells. (Upper) One 
representative clone (E2F: #23, CycD: #5) of each reporter cell line was 
shown. For each clone, two independent fields were imaged at both serum 
starvation (0.02% BGS) and serum stimulation (20% BGS) conditions, with 
GFP image (left) and phase contrast (right). Fluorescent microscopy exposure 
time: E2F-d2GFP, 0.2 second; CycD-d2GFP, 1.0 second. (Lower) Direct 

comparison of E2F-d2GFP and CycD-d2GFP cell serum responses, with 
same fields as above (serum stimulated) imaged with exposure time = 0.2 
second. See Methods for additional imaging details. C. Temporal responses 
of d2GFP reporter cell lines. Serum starved cells were stimulated with 10% 
BGS, harvested at indicated time points, and subjected to flow cytometry. 
GFP intensities were normalized by subtracting background autofluorescence 
(as measured in parental REF52 cells at each corresponding condition). 
Considering the time delay for GFP reporter protein translation and 
maturation, the half-maximum activation times (E2F-d2GFP, ~13 hr;  
CycD-d2GFP, ~6 hr) were consistent with the well-studied endogenous gene 
expression of E2F1 and CycD1.1,22,23 
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Figure S1. Establishment of single reporter cell clones. A. Flow cytometry of individual clone. Red curve, serum starved cells. 
Green curve, serum stimulated cells. Each curve represents d2GFP distribution from ~10,000 cells. Missing clone numbers indicate 
those excluded initially by phase microscopy for nonhomogeneous morphology. B. Fluorescent microscopy of serum response of 
E2F-d2GFP and CycD-d2GFP cells. (Upper) One representative clone (E2F: #23, CycD: #5) of each reporter cell line was shown. 
For each clone, two independent fields were imaged at both serum starvation (0.02% BGS) and serum stimulation (20% BGS) 
conditions, with GFP image (left) and phase contrast (right). Fluorescent microscopy exposure time: E2F-d2GFP, 0.2 second; CycD-
d2GFP, 1.0 second. (Lower) Direct comparison of E2F-d2GFP and CycD-d2GFP cell serum responses, with same fields as above 
(serum stimulated) imaged with exposure time = 0.2 second. See Methods for additional imaging details. C. Temporal responses of 
d2GFP reporter cell lines. Serum starved cells were stimulated with 10% BGS, harvested at indicated time points, and subjected to 
flow cytometry. GFP intensities were normalized by subtracting background autofluorescence (as measured in parental REF52 cells 
at each corresponding condition). Considering the time delay for GFP reporter protein translation and maturation, the half-maximum 
activation times (E2F-d2GFP, ~13 hr; CycD-d2GFP, ~6 hr) were consistent with the well-studied endogenous gene expression of 
E2F1 and CycD1.1,22,23  
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Figure S2 Serum dose response measurement with or without HU. 
Cells were serum starved at 0.02% BGS for 1 day and subsequently 
stimulated with BGS at indicated concentrations. To one half of 
the cells, Hydroxyurea (HU) was included in the culture medium 

throughout the serum stimulation process to synchronize cells at G1-S 
at time of assay (24 hr). To the other half of cells, HU was not applied. 
Each histogram represents the d2GFP distribution from ~10,000 
cells. 
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Figure S2. Serum dose response measurement with or without HU. Cells were serum starved at 0.02% BGS for 1 day and 
subsequently stimulated with BGS at indicated concentrations. To one half of the cells, Hydroxyurea (HU) was included in the 
culture medium throughout the serum stimulation process to synchronize cells at G1-S at time of assay (24 hr). To the other half of 
cells, HU was not applied. Each histogram represents the d2GFP distribution from ~10,000 cells.  
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Figure S3 Repeated measurements of E2F-d2GFP dose response. Cells from 
one single cell clone (#23) were tested at different days as indicated. At each 
test, cells were first synchronized to quiescence by serum starvation (0.02% 

BGS, 1~1.5 days), then stimulated with BGS at indicated concentrations for 
24~25 hours. GFP intensity was measured by flow cytometry. Each histogram 
represents the d2GFP distribution from ~10,000 cells.
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Figure S3. Repeated measurements of E2F-d2GFP dose response. Cells from one single cell clone (#23) were tested at different 
days as indicated. At each test, cells were first synchronized to quiescence by serum starvation (0.02% BGS, 1~1.5 days), then 
stimulated with BGS at indicated concentrations for 24~25 hours. GFP intensity was measured by flow cytometry. Each histogram 
represents the d2GFP distribution from ~10,000 cells.  
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Figure S4 E2F history dependence. Quiescent E2F-d2GFP and CycD-
d2GFP Cells were stimulated with BGS at indicated concentrations, 
with (green curves) or without (red curves) an initial strong serum 
pulse (20% for 5 hours). HU or nocodazole (as indicated) was applied 
to synchronize cells at the G1-S or G2-M phase. Each histogram 
represents the distribution of GFP signals from ~10,000 cells (E2F 
clone #23, CycD clone #5) after baseline correction (Figure S5), 
measured at 24 or 30 hours (as indicated) after serum stimulation. 

Regardless of synchronization method and time of measurement, 
at serum concentrations between 0.2% and 1.0%, the E2F-d2GFP 
signal in considerably larger amount of cells were at ON-state with the 
initial pulse stimulation (green), as compared to that without the pulse 
stimulation (red). In contrast, the CycD-d2GFP signal in cells with 
pulse stimulation (green) was at the same average level as that in cells 
without pulse stimulation (red), or reduced to even lower level probably 
due to drug toxicity and downstream gene regulation.  
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Figure S4. E2F history dependence. Quiescent E2F-d2GFP and CycD-d2GFP Cells were stimulated with BGS at indicated 
concentrations, with (green curves) or without (red curves) an initial strong serum pulse (20% for 5 hours). HU or nocodazole (as 
indicated) was applied to synchronize cells at the G1-S or G2-M phase. Each histogram represents the distribution of GFP signals 
from ~10,000 cells (E2F clone #23, CycD clone #5) after baseline correction (Figure S5), measured at 24 or 30 hours (as indicated) 
after serum stimulation. Regardless of synchronization method and time of measurement, at serum concentrations between 0.2% 
and 1.0%, the E2F-d2GFP signal in considerably larger amount of cells were at ON-state with the initial pulse stimulation (green), as 
compared to that without the pulse stimulation (red). In contrast, the CycD-d2GFP signal in cells with pulse stimulation (green) was 
at the same average level as that in cells without pulse stimulation (red), or reduced to even lower level probably due to drug toxicity 
and downstream gene regulation.   
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Figure S5 Baseline correction for pulse stimulation. In serum pulse 
stimulation protocol (as in Figure 3A), treatment with (green curves) 
or without (red curves) the initial serum pulse could lead to the 
difference in cellular physiological state, as reflected in the systematic 
discrepancy in cell side-scattering (SSC) (A). This physiological 
difference likely contributed to the baseline shift in both the E2F-
d2GFP and CycD-d2GFP levels, between cells with and without initial 
pulse stimulation (B). Other contributing factors might include the 

delay in GFP protein degradation, and residual growth factors not 
completely washed off, following the serum pulse. The autofluorescence 
background was unlikely a contributing factor because its levels were 
basically unchanged at all tested conditions, as measured with the 
parental REF52 cells (A). To correct for the systematic baseline shift, 
distribution curves with or without initial pulse stimulation (for both 
E2F-d2GFP and CycD-d2GFP) were aligned by their modes at the 
starvation condition (0.02% BGS), as shown in (C).  
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Figure S5. Baseline correction for pulse stimulation. In serum pulse stimulation protocol (as in Figure 3A), treatment with (green 
curves) or without (red curves) the initial serum pulse could lead to the difference in cellular physiological state, as reflected in the 
systematic discrepancy in cell side-scattering (SSC) (A). This physiological difference likely contributed to the baseline shift in both 
the E2F-d2GFP and CycD-d2GFP levels, between cells with and without initial pulse stimulation (B). Other contributing factors 
might include the delay in GFP protein degradation, and residual growth factors not completely washed off, following the serum 
pulse. The autofluorescence background was unlikely a contributing factor because its levels were basically unchanged at all tested 
conditions, as measured with the parental REF52 cells (A). To correct for the systematic baseline shift, distribution curves with or 
without initial pulse stimulation (for both E2F-d2GFP and CycD-d2GFP) were aligned by their modes at the starvation condition 
(0.02% BGS), as shown in (C).   
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Figure S6 Modulation of the R-point via positive feedback and  
feed-forward modules. A. The E2F positive feedback alone (without direct 
Myc modulation), if sufficiently strong, can generate a history-dependent 
bistable behavior. E2F can be at either high or low state depending on the 
input pattern. An initial serum pulse (10% for 6 hr) activates the system 
from the low state to the high state (green). Absence of the initial pulse 

maintains E2F at its low level (red). B. Modulation of the R-point via 
the E2F positive feedback module, evaluated by changing the feedback 
strength (α). C. Modulation of the R-point via the Myc feedforward 
module, evaluated by changing the feedforward strength (β). A ~ C. kEF 
(=0.28 µM/hr) and kb (=0.02 µM/hr) values were adjusted to maintain 
the default R-point value at 5 hours as in the base case.
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Figure S6. Modulation of the R-point via positive feedback and feed-forward modules. A. The E2F positive feedback alone (without 
direct Myc modulation), if sufficiently strong, can generate a history-dependent bistable behavior. E2F can be at either high or low 
state depending on the input pattern. An initial serum pulse (10% for 6 hr) activates the system from the low state to the high state 
(green). Absence of the initial pulse maintains E2F at its low level (red). B. Modulation of the R-point via the E2F positive feedback 
module, evaluated by changing the feedback strength (α). C. Modulation of the R-point via the Myc feedforward module, evaluated 
by changing the feedforward strength (β). A ~ C. kEF (=0.28 µM/hr) and kb (=0.02 µM/hr) values were adjusted to maintain the 
default R-point value at 5 hours as in the base case.  
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Table S1. The mathematical model for the Rb-E2F pathway. 
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Variables are: 

S: growth signals (e.g. serum) 
M: Myc 
E: E2F 
CD: CycD 
CE: CycE 
R: Rb 
RP: Phosphorylated Rb 
RE: Rb-E2F complex 
 

Initial condition: 
[Rb] = 0.55 µM; [Rbp] = [E2F] = [Myc] = [CycD] = [CycE] = 0 µM 
 

Underlying reactions for these ODEs are defined in Table S2. 
Parameters are defined in Table S3. 
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Table S2. Reaction kinetics for the model 
 
Reaction Kinetics Description and notes 

MS⎯→⎯*  
][

][
SK

Sk

S

M

+
 

Myc synthesis driven by growth signals 
(S) 

CDS⎯→⎯*  
][
][

SK
Sk

S

CDS

+
 

CycD synthesis driven by growth signals 

EEM⎯⎯ →⎯ ,*  

][
][

][
][

][
][

MK
Mk

EK
E

MK
Mk

M

b

EM
E

+
+

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+  

E2F synthesis by a synergy between Myc 
and E2F autocatalysis.  
Since neither Myc nor E2F forms a 
homodimer, we assumed no cooperativity 
in gene activation mediated by these 
factors, and used the Hill coefficient of 
1.0. Using Hill coefficient greater than 1.0 
will not change the qualitative behavior of 
system dynamics 

CEE⎯→⎯*  
][

][
EK

Ek

E

CE

+
 

CycE synthesis driven by E2F 

CDM⎯→⎯*  
][

][
MK

Mk

M

CD

+
 

CycD synthesis driven by Myc 

R⎯→⎯*  Rk  Constitutive Rb synthesis 

RPERE CECD +⎯⎯ →⎯ ,

][
]][[

][
]][[ 21

REK
RECEk

REK
RECDk

CE

P

CD

P

+
+

+ 
 

E2F dissociation from Rb-E2F complex 
by CycD- and CycE-mediated 
phosphorylation 

RERE ⎯→⎯+  ]][[ ERkRE  E2F titration by Rb via E2F-Rb complex 
formation 

RPR CECD ⎯⎯ →⎯ ,  
][
]][[

][
]][[ 21

RK
RCEk

RK
RCDk

CE

P

CD

P

+
+

+
 

Rb phosphorylation by CycD and CycE 

RRP ⎯→⎯  
][

][
RPK

RPk

RP

DP

+
 

Rb dephosphorylation 

*⎯→⎯M  ][MdM  Myc decay 

*⎯→⎯E  ][EdE  E2F decay 

*⎯→⎯CE  ][CEdCE  CycE decay 

*⎯→⎯CD  ][CDdCD  CycD decay 

*⎯→⎯R  ][RdR  Rb decay 

*⎯→⎯RP  ][RPdRP  Phosphorylated Rb decay 

*⎯→⎯RE  ][REdRE  Rb-E2F complex decay 
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Table S3. Parameters for the model 
 
Rate constants Parameter values, sources, and notes 

Ek  0.4 µM/hr 

Mk  1.0 µM/hr 

CDk  0.03 µM/hr 

CDSk  0.45 µM/hr 

Rk  0.18 µM/hr 

REk  180 µM/hr 

bk  0.003 µM/h
r 

SK  0.5 µM 

These values were adjusted together so that:  
(1) The maximum E2F level is higher than the maximum CycD level  
      (based on our experimental observations) 
(2) E2F activation threshold is about 1% serum 
(3) The simulated E2F level will be around the corresponding Michaelis-  
      Menten parameter (KE) 

CEk  0.35 µM/hr Assumed to be similar to  EFk

Md  0.7/hr Myc half-life = 60 min 9-11 

Ed  0.25/hr E2F half-life = 2~3 hr 12 

CDd  1.5/hr CycD half-life = 25~30 min 13, 14 

CEd  1.5/hr CycE half-life = 30 min 15, 16 

Rd  0.06/hr Rb half-life = 12 hours 17 

RPd  0.06/hr Assumed to be the same as  Rd

REd  0.03/hr Rb-E2F half-life = 6 hours: The Rb-E2F complex assumed to be more 
stable than Rb alone 18 

1Pk *,
*

2Pk 18/hr Typical value phosphorylation rate constant 19 is 3600/hr 

DPk * 3.6 µM/hr Typical value for dephosphorylation rate assuming a constant phosphatase
 concentration 19 is 720 μM/hr 

MK  0.15 µM Estimated based on measured Myc/Max –DNA dissociation constant 20 

EK  0.15 µM Assumed to be the same as KM

CDK  0.92 µM Experimentally measured 21, 22 

CEK  0.92 µM Assumed to be the same as CycD 

RPK  0.01 µM Typical value for Michaelis-Menten parameter for dephosphorylation 19 

 
* Typical values of phosphorylation and dephosphorylation rate constants results in a stiff model, 
which drastically slows down the calculation. We have found that the overall dynamics is insensitive 
to the overall rates of the phosphorylation and dephosphorylation reactions, as long as they are 
balanced. Thus we have reduced the corresponding rate constants by 200 fold to speed up calculation. 
Proportionally increasing these parameters has no significant impact on the overall system dynamics. 

 



© 2008 Nature Publishing Group 

 

Materials and Methods 

GFP reporter system. An expression cassette encoding a destabilized EGFP protein 

with ~ 2 hr half-life (d2GFP; Clontech, Mountain View, CA) was cloned downstream 

of the human E2F1 promoter1, and into a pQCXIP retroviral vector (Clontech, 

Mountain View, CA). This recombined retroviral construct was transfected into an 

ecotropic packaging cell line, Plat-E2. After 36 hours, the culture medium containing 

retrovirus particles was applied to infect REF-52 cells3. Stable E2F-d2GFP 

integrations were selected by puromycin resistance (2.5 µg/ml). In this E2F-d2GFP 

reporter system, the destabilized d2GFP, rather than standard GFP, was employed to 

better monitor the kinetics of E2F1 transcription (representing all E2F activators in 

this study). Furthermore, the pQCXIP retroviral vector features self-inactivated 5’ 

LTR promoter activity to minimize its transcriptional interference. In parallel, a 

CycD-d2GFP control system was constructed, differing only in the promoter 

sequence (CycD14 instead of E2F1). Next, single cell clones were established from 

both cell lines by fluorescence-activated cell sorting (FACS) of single cell into 96-

well plates, and subsequently expanded. These cell clones were further assayed with 

phase-contrast microscopy and flow cytometry; those that exhibited high degree of 

homogeneity (both at cell morphology and GFP signal distribution) were chosen for 

subsequent experiments.  

Cell culture, synchronization, and serum stimulation. Cells were regularly passed 

in Dulbecco's Modified Eagle's Medium (DMEM) medium (#31053, 

Gibco/Invitrogen, Carlsbad, CA) supplemented with 10% of bovine growth serum 

(BGS, #SH30541 from Hyclone, Logan, UT). Puromycin (2.5 µg/ml) was applied in 

addition for d2GFP reporter cell lines. In typical experiments to measure the endpoint 
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levels of E2F-d2GFP or CycD-d2GFP dose response, cells were first synchronized at 

the quiescent phase. To this end, growing cells were trypsinized, washed once with 

DMEM medium, and then resuspended in DMEM supplemented with 0.02% BGS 

(starvation medium), plated at a density of ~ 105 cells/well and cultured for 1~2 days 

in 6-well cell culture plates (#353046, Falcon/BD Biosciences, San Jose, CA). For 

serum stimulation, starvation medium was replaced with DMEM medium containing 

BGS at indicated concentrations. Hydroxyurea (HU; 2 mM) or nocodazole (0.1 µg/ml) 

was included in culture medium as indicated to synchronize cells at the G1-S or G2-

M phases, respectively.  

Flow cytometry. Cells (cultured in 6-well plate) were harvested at indicated times by 

trypsinization. For GFP intensity measurement, cells were fixed directly with 1% 

formaldehyde in PBS. For GFP and 7-AAD double detection, cells were first 

resuspended in 20 μl of BD Cytofix/Cytoperm Buffer (#554722, BD Biosciences, San 

Jose, CA), left at room temperature for 15 min, then combined with 200 μl of staining 

buffer (3% heat inactivated FBS plus 0.09% sodium azide in PBS) and spinned down. 

Cells were subsequently resuspended with 20 μl of freezing buffer (10% DMSO plus 

90% heat inactivated FBS), put at -80 °C for 1 hour, thawed, and promptly combined 

with staining buffer and spinned down as above. Finally, cells were resuspended with 

4 μl of 7-AAD in 200 μl of staining buffer. For each sample, typically ~10,000 cells 

were measured using a BD FACScan flow cytometer (BD Biosciences), and analyzed 

using FlowJo software (v7.2, Tree Star, Inc., Ashland, OR).  

Microscopy and immunostaining. For BrdU incorporation, cells were serum starved 

and stimulated as described above. BrdU at 50 µM (#280879, Roche Applied Science, 

Indianapolis, IN) was included in the culture medium at the indicated time frame. 
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Cells were fixed and permeabilized as previously described5. Incorporated BrdU was 

detected using anti-BrdU antibody (#RPN202, Amersham Biosciences, Piscataway, 

NJ), followed by secondary antibody (Texas Red-conjugated anti-mouse; #TI-2000, 

Vector Laboratories, Burlingame, CA), according to the manufacturers’ instructions. 

DAPI (#236276, Roche Applied Science) at 0.1 µg/ml was applied to stain the cell 

nucleus. Cells were assayed using a Leica DMI 6000 B inverted fluorescent 

microscope. Images were taken using a Leica HC PLAN APO 10x/0.40 objective lens, 

with Semrock BrightLine filters for DAPI and Texas Red detections. All images were 

captured using a Hamamatsu ORCA-AG digital camera with Compix SimplePCI 

imaging software (v6.0), with binning = 4, offset = 255, gain = 0, exposure = 0.04 

second for DAPI and 0.6 second for Texas Red. Images were further adjusted for 

contrast in SimplePCI using x Squared method (with low ~ high range of 0 ~ 180). 

Three independent fields were counted for the percentage of BrdU positive cells 

under each treatment.  

For GFP detection, cells were serum starved in 0.02% BGS plus 1 µg/ml 

fibronectin (#F1141, Sigma, St. Louis, MO) for 1.5 days in glass-bottom microwell 

dishes (#P6G-1.5-20-F, MatTek Corp., Ashland, MA), then further cultured in 

original starvation medium or 20% BGS for 19~22 hours. Cells were washed once 

with, and finally placed into PBS to minimize autofluorescence in growth medium, 

and assayed immediately using a Leica microscope as above. Images were taken 

using a Leica N PLAN L 20x/0.40 objective lens, with phase contrast or a Semrock 

BrightLine GFP filter. All images were captured using a Hamamatsu camera as above, 

with binning = 4, offset = 255, gain = 0, exposure = 0.01 second for phase images and 

0.2 ~ 1.0 second for GFP images. Phase images and selected GFP images (as 
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indicated) were further adjusted for contrast in SimplePCI using a Normal Linear 

method.  

Real time RT-PCR assay. Total RNA was collected using RNeasy Mini Kit (Qiagen, 

Valencia, CA) according to the manufacturer’s instructions. Quantitative, real time 

RT-PCR was performed with the ABI PRISM 7900HT Sequence Detection System 

(Applied Biosystems, Foster City, CA) with QuantiTect SYBR Green RT-PCR Kit 

(Qiagen) following the manufacterer’s protocol. Same amount (50 ng) of RNA 

template was used for each assay. In addition, real time RT-PCR level of β-actin was 

employed as an internal loading control. Primer sets for RT-PCR include 

5'TTGACCCCTCTGGATTTCTG3' and 5'CCCTTTGGTCTGCTCAATGT3' (for 

E2F1), 5'GCGTACCCTGACACCAATCT3' and 5'CTCTTCGCACTTCTGCTCCT3' 

(for CycD1), 5'GATCTGGCACCACACCTTCT3' and 

5'GGGGTGTTGAAGGTCTCAAA3' (mouse β-actin primers, verified for 

amplification efficiency and specificity in REF52 cells). 

Model development. We developed a simplified mathematical model to account for 

the key interactions outlined in Figure 1B. Our model consists of a set of ordinary 

differential equations (ODEs) as listed in Table S1. These ODEs were based on 

kinetics and parameters as shown in Tables S2 and S3. Great care has been taken to 

estimate basic modeling parameters.  Some parameters (e.g., Michaelis-Menten 

constants and decay rate constants) were obtained from the literature. Some 

parameters (e.g, maximum phosphorylation and dephosphorylation rate constants) 

were estimated based on typical values for related or similar kinetic processes. The 

remaining free parameters (synthesis rates of various components) were constrained 

with our own measurements. For parameter adjustments and time-course simulations, 
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we used Dynetica, a graphics-based, integrated simulation platform6. We then 

implemented our model in ‘XPP-AUTO’ to perform bifurcation analysis7, 8.  

In developing our model, we focused on the role of the Rb-E2F circuit in 

governing cell cycle entry. As such, our model accounted for cellular dynamics prior 

to the G1-S transition and neglected downstream gene regulations. Furthermore, we 

used E2F to generalize all E2F activators (E2F1, E2F2, and E2F3a), and used Rb to 

represent all pocket proteins (Rb, p107, and p130). In addition, the inhibitory 

activities of CKIs were lumped into the phosphorylation rate constants of Cyclin-cdk 

complexes. These simplifications reduced the intricate regulatory network of cell 

cycle entry to an experimentally tractable model.  
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Supplementary Discussion 

Dissecting contributions of Myc feedforward and E2F positive feedback to R-

point control. The contribution of Myc towards E2F activation can potentially be 

represented in several ways. In Case I, the synergy between E2F and Myc is 

accounted for by E2F positive feedback coupled with a feed-forward motif (initiating 

from Myc) as an “AND” gate in terms of its output (E2F). Also Myc contributes to 

E2F activation through a basal term. This corresponds to the base case used in our 

mathematical model (Table S2).  

1) E2F synthesis rate = 
][

][
][

][
][ MK

Mk
EK

E
MK

Mk
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b

EM
E +

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

 

In Case 2, we assume the E2F positive feedback is not directly affected by 

Myc but has a maximum strength equivalent to the base case. Consistent with 

intuition, the positive feedback alone can result in history-dependent switching 

behavior as shown in Supplementary Figure 6A. 

2) E2F synthesis rate = b
E

E k
EK

Ek +⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+ ][

][  

The positive feedback module and the feed-forward module in Case 1 are 

intricately intertwined, rendering perturbations and interpretation of individual 

modules extremely challenging. To gain initial insight into Myc’s contribution to E2F 

activation, we decouple the Myc input from the E2F positive feedback (Case 3). We 

assume that E2F synergy can be accounted for by using an “OR”, where the total 

synthesis rate is a weighted sum of the E2F positive feedback and the Myc input.  
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This formulation provides a simple way to dissect in silico how the Myc 

input and positive feedback may individually contribute to modulation of the R-point 

behavior (here defined as the minimum serum duration to enable E2F activation). The 

contribution of the positive feedback can be evaluated by changing α, which 

modulates the positive feedback strength. The contribution of the Myc input can be 

modulated by changing β. As shown in Supplementary Figure 6B and 6C, both the 

positive feedback and Myc input can significantly change the R-point. In particular, 

sufficiently strong Myc input can lead to a monostable system (eliminating R-point), 

and the R-point increases with decreasing Myc input. However, the system will still 

maintain an R-point even without the Myc input. Also, we note that the R-point is in 

fact highly sensitive to the strength of the positive feedback when the latter is weak 

(small α). 
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