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SUMMARY

Quiescence is a non-proliferative cellular state that is critical to tissue repair and regeneration. 

Although often described as the “G0 phase”, quiescence is not a single homogeneous state. As 

cells remain quiescent for longer durations, they move progressively “deeper” and display a 

reduced sensitivity to growth signals. Deep quiescent cells, unlike senescent cells, can still re-enter 

the cell cycle under physiological conditions. Mechanisms controlling quiescence depth are poorly 

understood, representing a currently underappreciated layer of complexity in growth control. Here 

we show that the activation threshold of a Retinoblastoma (Rb)-E2F network switch controls 

quiescence depth. Particularly, deeper quiescent cells feature a higher E2F switching threshold and 

exhibit a delayed traverse through the restriction point (R-point). We further show that different 

components of the Rb-E2F network can be experimentally perturbed, following computer model 

predictions, to coarse or fine tune the E2F switching threshold and drive cells into varying 

quiescence depths.

INTRODUCTION

Cellular quiescence is a “sleep-like” non-proliferative state associated with many cell types 

in the body (Cheung and Rando, 2013; Coller et al., 2006). It protects cells against stress and 

toxicity, which is especially important for long-lived cells such as adult stem cells (Cheung 

and Rando, 2013). Quiescence can revert to proliferation upon physiological growth signals 

such as serum stimulation; it is thus different from other non-proliferative states such as 

senescence and terminal differentiation, which are irreversibly arrested under physiological 

conditions. Inducing quiescent cells to re-enter the cell cycle is fundamental to tissue 

homeostasis and repair.
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Quiescence is often described as the G0 phase; however, it is not a single uniform state. 

Studies in the ‘70s and ‘80s showed that when fibroblasts and lymphocytes were kept longer 

under contact inhibition – a quiescence-inducing signal – cells moved progressively 

“deeper” into quiescence. Deep quiescent cells remained viable and metabolically active 

(Lemons et al., 2010; Soprano, 1994), but they underwent a longer pre-DNA-synthesis phase 

when re-entering the cell cycle (Augenlicht and Baserga, 1974; Brooks et al., 1984; Owen et 

al., 1989; Yanez and O’Farrell, 1989). Deep vs. shallow quiescence is also observed in vivo. 

In the liver after partial hepatectomy and in the salivary gland after isoproterenol 

stimulation, cells in older rats took a longer time to initiate DNA synthesis, behaving like 

deep quiescent cells (Adelman et al., 1972; Bucher, 1963). In contrast, in muscle and neural 

stem cells, GAlert and “primed” quiescent states were identified respectively, in which cells 

displayed an accelerated entry into the cell cycle upon stimulation, behaving like shallow 

quiescent cells (Llorens-Bobadilla et al., 2015; Rodgers et al., 2014). Abnormally deep or 

shallow quiescent states could conceivably lead to hypo- or hyper-proliferative diseases. Yet, 

little is known about what controls the depth of quiescence.

Deep quiescence was found correlated with reduced total RNA and protein content, 

increased chromatin condensation, and decreased transcription activities (Augenlicht and 

Baserga, 1974; Rossini et al., 1976). “Primed” quiescence and GAlert state, in contrast, were 

found associated with the upregulation of protein synthesis and mTORC1 activity (Llorens 

Bobadilla et al., 2015; Rodgers et al., 2014). Deep quiescent cells also exhibit greater 

expression changes of a transcriptional “quiescence program” than shallow quiescent cells 

(Coller et al., 2006), suggesting a possible mechanism regulating quiescence depth. Yet, it 

remains to be determined what gene activities in the quiescence program regulate quiescence 

depth, apart from those that are affected by quiescence-depth changes.

In this study we sought to develop a mechanistic model to explain and manipulate 

quiescence depth by focusing on a bistable Rb-E2F network switch (Yao et al., 2008; Yao et 

al.,2011). The pivotal role of the Rb-E2F pathway in cell proliferation has been well-

documented (Attwooll et al., 2004; DeGregori and Johnson, 2006; Frolov and Dyson, 2004; 

Nevins, 2001; Trimarchi and Lees, 2002). Activator E2Fs (E2F1–3a, E2F for short) are 

among the few genes that are both necessary and sufficient for quiescence exit: when E2F is 

knocked out, quiescent cells cannot re-enter the cell cycle (Wu et al., 2001); on the other 

hand, ectopic E2F expression alone can induce quiescent cells to enter S-phase (Johnson et 

al., 1993). Previously, we showed that the Rb-E2F pathway network functions as a bistable 

switch, converting graded and transient serum growth signals into an all-or-none E2F 

activity, which directly correlates with the all-or-none outcome of quiescence exit (Aguda, 

2015; Yao et al., 2008). Here, by coupling modeling and experiments, we show that the 

minimum serum concentration required to activate the RbE2F bistable switch (“E2F 

switching threshold” for short) defines quiescence depth. Deeper quiescent cells have a 

higher E2F switching threshold, require stronger growth stimulation to reenter the cell cycle, 

and exhibit a delayed commitment to quiescence exit. The E2F switching threshold model 

provides an integrated framework for both understanding and manipulating quiescence 

depth. Accordingly, we show that depending on their varying roles in modulating the E2F 

switching threshold, different components in the Rb-E2F network can be perturbed 
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following model guidance, to serve as coarse- and fine-tuning mechanisms to experimentally 

create quiescent states with varying depths in the cell.

RESULTS

Characterize cellular features associated with varying quiescence depth

To better understand cellular properties associated with different quiescence depths, we 

examined the speed and growth-stimulation requirement for cells to exit deep vs. shallow 

quiescence. First, consistent with earlier findings (Augenlicht and Baserga, 1974; Owen et 

al., 1989), we observed in our cell model rat embryonic fibroblasts (REF/E23 cells) that 

under longer-term contact inhibition (C.I.), cells moved into deeper quiescence. As seen in 

Figure 1A, observed at the indicated time points following serum stimulation, a smaller 

percentage of cells that were previously under longer-term C.I. (e.g., 11 vs. 5 days, 11D- vs. 

5D-C.I. for short) initiated DNA synthesis and thus had positive incorporation of 5-

ethynyl-2’-deoxyuridine (EdU). The smaller EdU+% of 11D- vs. 5D-C.I. cells was not due 

to a subset of cells becoming irreversibly arrested or senescent (as these cells can all 

proliferate after replated at a non-C.I. condition, Figure 1B); it thus indicated that cells under 

longer C.I. (11D vs. 5D) were slower to enter S-phase upon stimulation. Consistently, while 

the majority of 5D-C.I. cells completed S-phase (reaching the maximum EdU intensity) by 

the 24th hour upon stimulation, 11D-C.I. cells continued to progress through S-phase 

between the 24th and 30th hour (indicated by the increasing EdU intensity). By the 30th hour, 

in comparison, many 5D-C.I. cells had already finished division (indicated by the 

appearance of the 2nd EdU+ peak on the left, Figure 1A).

Similarly, we observed that deeper quiescence can also be induced by longer-term serum 

starvation (STA). As seen in Figure 1C, when observed at various time points after serum 

stimulation of REF/E23 cells previously under STA for 2 or 4 days (2D- or 4D-STA), the 

EdU+% and mean EdU intensity (m) were both smaller in the 4D-STA cells than the 2D-

STA cells, suggesting a delayed entry of S-phase by cells under longer STA. Consistently, 

the time at which the majority of cells completed S-phase (reaching the maximum EdU 

intensity) was delayed in 4D-STA cells compared to that in 2D-STA cells (26 hr vs. 23 hr, 

Figure 1C). This delayed S-phase entry from deep quiescence in REF/E23 cells is also 

consistent with the previous observation in hematopoietic cells (Lum et al., 2005), where 

cells under longer-term STA entered S-phase later than those under shorter-term STA (but 

otherwise had similar rate of S-phase progression). Although being slow in re-entering S-

phase, deep quiescent cells under long-term STA (e.g., 12D) are fully reversible and become 

EdU+ following sufficient serum stimulation (Figure 1D), demonstrating that these cells 

were not senescent or dead.

Next, we found that deep quiescent cells required stronger growth stimulation to re-enter the 

cell cycle and initiate DNA synthesis compared to shallow quiescent cells. To drive a similar 

percentage of cells to exit quiescence (EdU+), serum concentrations required for 4D-STA 

deep quiescent cells were roughly twice what were required for 2D-STA shallow quiescent 

cells (Figures 1E and 1F). Correspondingly, upon stimulation with serum at the same 

concentration (0.8%), fewer 4D-STA cells re-entered the cell cycle as compared to 2D-STA 

cells (<15% vs. >40%, 72 hr, Figures 1E and 1F). Similarly, to drive cells out of deeper 
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quiescence under C.I., stronger serum stimulation was also required. For example, to drive a 

similar percentage of 7D- and 5D-C.I. cells to re-enter the cell cycle (EdU+), 10–20% and 

5% serum were needed, respectively (arrow pointed, Figure 1G). Consistently, given the 

same serum stimulation (e.g., 5%), fewer 7D-C.I. cells re-entered the cell cycle as compared 

to 5D-C.I. cells (Figure 1G).

Put together, we hereby describe quiescence as a heterogeneous cellular state with different 

depths (Figure 2A). Under either condition, STA and C.I., a) cells move progressively into 

deeper quiescence under longer-term treatment; b) exiting deeper quiescence requires 

stronger growth stimulation and longer time; and c) given the same growth stimulation at a 

non-saturating level, fewer deep quiescent cells exit quiescence than shallow ones.

Activation threshold of a bistable Rb-E2F network switch underlies quiescence depth

Given the quiescence-depth associated features characterized above, we next probed 

corresponding control mechanisms. Our earlier work has suggested that the activation of a 

bistable Rb-E2F network switch marks quiescence exit (Yao et al., 2008; Yao et al., 2011). 

The E2F-OFF and -ON states correspond to quiescence and proliferation, respectively 

(Figure 2A). Computationally, deeper quiescence is associated with an increased potential 

barrier to E2F activation and cell cycle entry and a decreased potential barrier for the reverse 

transition into quiescence, as shown in the quasi-potential landscape constructed based on 

stochastic model analysis (Figure 2A) (Ao, 2004; Balazsi et al., 2011; Wang et al., 2006; 

Xing, 2010; Zhou et al., 2012). We next tested experimentally whether the E2F switching 

threshold can serve as a metric for quiescence depth. If this is true, understanding what 

controls the E2F switching threshold could help us reveal what controls quiescence depth.

Indeed, we found that the E2F switching threshold was directly correlated with quiescence 

depth. Experimentally, we measured the E2F-ON/OFF status using a previously established 

E2F-GFP system (with an E2F1 promoter-driven destabilized GFP reporter stably integrated 

into the REF/E23 cell genome, see Methods). First, at the single-cell level, we found that 

switching E2F from the OFF to ON state was correlated with the exit from both deep and 

shallow quiescence (6D- and 2D-STA cells, respectively, Figure 2B). Second, consistent 

with exhibiting delayed DNA replication, deep quiescent cells exhibited delayed E2F 

activation. As seen in Figure 2C, following the same growth stimulation (2% serum), while 

shallow quiescent cells (2D-STA) activated E2F to its fully-ON level (indicated by a red 

arrow) by the 22nd hour, deep quiescent cells (6D-STA) took longer (by the 26th hour) to do 

so. Third, under the same growth stimulation (2% serum), a smaller percentage of deep vs. 

shallow quiescent cells was able to switch ON E2F (~73% of 6D-STA cells vs. ~87% of 2D-

STA cells, the 30th hour, Figure 2D), consistent with the notion that deep quiescent cells 

have a higher E2F switching threshold.

Model the control elements of E2F switching threshold and quiescence depth

Given that Rb-E2F bistable switch is an emergent systems property at the network level, we 

next examined network components that affect its switching threshold. Several cellular 

factors, including cyclin-dependant kinase (Cdk) 2, Cdk6, and Cdk inhibitor p21, have been 

found to play critical roles in the cell fate decision between quiescence and proliferation 
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(Laurenti et al., 2015; Overton et al., 2014; Spencer et al., 2013). Consistently, these factors 

are components of the Rb-E2F network switch and affect its switching dynamics (Yao, 2014; 

Zhang, 2013).

In a previous study, we constructed a simple mathematical model for the Rb-E2F bistable 

switch (Yao et al., 2008). Here, we first extended this model to include Cdk inhibitors, 

whose effects were previously lumped inexplicitly into Cdk activities. Based on this 

extended model (Tables S1 and S2), we simulated the changes of E2F switching threshold 

resulting from the changes of model parameter values. To this end, for each given parameter 

change, simulations were run with constant serum inputs ranging from 0 to 20 (%), and the 

smallest serum input that resulted in an ultrasensitive switch of the steady-state E2F level 

from OFF to ON (from <0.001 to >0.1 nM, see Methods for details) was considered the E2F 

switching threshold. We found that 21 out of 26 model parameters – kM, kE, kCD, kCDS, 
kCE, kR, kI, kDP, kRE, kP, KP, KS, KE, KM, KCD, dM, dCD, dCE, dR, dRE and dI - were 

“sensitive” in that their variations (increase and/or decrease by a factor of up to 10) resulted 

in significant modulation of the E2F switching threshold (by a factor of more than 2.5 over 

the E2F switching threshold in the base model = 0.78, Figure 3A). The steeper the slope of a 

parameter-sensitivity curve, the larger the modulation of the E2F switching threshold (y-

axis, Figure 3A) with a given factor change of the parameter value (x-axis). That is, 

parameters with steep slopes function as strong “coarse tuning” modulators of the E2F 

switching threshold and quiescence depth, compared to parameters with low slopes (weak 

“fine tuning” modulators). The relationship between the 21 sensitive parameters and the Rb-

E2F network components (nodes or links) are shown in Figure 3B, together with the relative 

modulation strength of each parameter (modulator). The 21 modulators can be divided into 

two groups. Group I contained 13 parameters (labelled in the upper right quadrant, Figure 

3A), whose values when increased and decreased caused a higher and lower E2F switching 

threshold (and thus deep and shallow quiescence), respectively. Group II contained 8 

parameters (labelled in the lower right quadrant, Figure 3A), whose values when increased 

and decreased caused a lower and higher E2F switching threshold (and shallow and deep 

quiescence), respectively. Furthermore, parameter changes that caused a higher E2F 

switching threshold (top half, Figure 3A) all resulted in delayed E2F activation upon serum 

stimulation (Figures S1A and S1B), consistent with the delayed S-phase entry of deep 

quiescent cells. In summary, our model simulations suggest that many cellular factors can 

modulate quiescence depth with different efficacies, which are related to different roles of 

these factors in affecting the E2F switching threshold (as shown in several examples below).

Deep quiescent cells exhibit delayed traverse through the R-point

The modeling result that many cellular factors can affect quiescence depth is consistent with 

earlier reports that a large transcriptional program is associated with quiescence (Coller et 

al., 2006; Liu et al., 2007). In a parallel study, we are working to reverse engineer the 

endogenous quiescence regulatory network by statistical modeling of gene expression 

changes as cells move into deep quiescence (Fujimaki and Yao, unpublished). Separate from 

that, in this study we focused on investigating whether the E2F switching threshold model 

can help us better understand quiescence depth, and particularly, guide us to experimentally 

manipulate it.

Kwon et al. Page 5

Cell Rep. Author manuscript; available in PMC 2019 June 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



As shown in our earlier work (Yao et al., 2008), once the Rb-E2F bistable switch is activated 

following a serum pulse, the cell commits to cell cycle entry and passes the R-point; after 

committing, the cell cycle continues even when serum is removed. In our model simulations, 

all parameter changes that increased the E2F switching threshold (i.e., into deeper 

quiescence) increased the minimum serum-pulse duration required for a cell to turn ON the 

Rb-E2F bistable switch (i.e., the R-point, Figure 4A). This result held true when we 

considered cell-to-cell variations using more realistic stochastic simulations (Table S3). To 

experimentally compare the serum-duration requirement for exiting deep vs. shallow 

quiescence, we applied serum-pulse stimulations where serum starved quiescent cells were 

treated at a high serum level (20%) for different durations and then switched to a basal 

serum level (0.3%). The cells that eventually entered the cell cycle following a short serum 

pulse were identified by positive EdU incorporation. Consistent with the model prediction, 

we found that a longer serum pulse (6 vs. 4 hours) was required to drive a similar percentage 

(~40%) of 4D-STA deep vs. 2D-STA shallow quiescent cells to enter the cell cycle (EdU+ 

by the 44th hour, Figure 4B). Given the same serum pulse (4 hours), a smaller percentage of 

4D-STA vs. 2D-STA cells (25.2% vs. 40.1%) were able to enter the cell cycle (Figure 4B). 

These results suggest that in addition to the previously observed delay in S-phase entry, deep 

quiescent cells exhibit delayed cell cycle commitment at the R-point upon growth 

stimulation compared to shallow quiescent cells (Figure 4C).

Create deep quiescence experimentally by increasing E2F switching threshold

The ability to control quiescence depth has important implications, e.g., to drive stem cells 

into deep or shallow reservoirs with desired response rates to signals, or to potentially 

correct abnormal quiescent states in diseased cells. Therefore, here we asked whether we can 

experimentally manipulate the depth of quiescent cells by altering the E2F switching 

threshold. As a proof of principle, we first tested Rb family proteins (Rb for short) and Cdk 

inhibitors (CKI), which are expressed at high levels in quiescent cells (Cheng et al., 2000; 

Smith et al., 1996). Rb inhibit E2F; such inhibition is removed when Rb is phosphorylated 

by cyclin D (CycD)/Cdk4,6 and cyclin E (CycE)/Cdk2, which are in turn repressed by CKI 

(Figure 3B). In our model, increasing either kR or kI (synthesis rate constants of Rb and 

CKI, respectively) increased the E2F switching threshold (Figure 3A). Interestingly, 

increasing kI exhibited a stronger effect than increasing kR in this regard (steeper slope of 

the kI vs. kR curve, Figure 3A), consistent with that the ratio of unphosphorylated Rb over 

free form of E2F is more sensitive to enzymatic modifications (by Cyclin/Cdk) than de novo 
Rb synthesis (Figure S1E). When Cdk is sufficiently active, Rb even with increased 

synthesis will still be mostly phosphorylated over time, causing only minor changes to the 

E2F switching threshold. In comparison, an increased level of CKI blocks Cdk activity, 

leading to inefficient Rb phosphorylation and thus a noticeably higher E2F switching 

threshold. Consistently, the top parameters showing the highest slope steepness in Figure 3A 

(i.e., the strongest “coarse tuners”, kCDS, kP, dCD, KP, kDP, and KCD) all directly affect 

the effective Cyclin/Cdk activities and Rb phosphorylation status.

Our experimental results confirmed the model prediction that cells can be driven into deeper 

quiescence by higher levels of CKI and Rb. Taking advantage of our previously established 

dose-response-mapping approach (Wong et al., 2011a; Wong et al., 2011b), we examined the 
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changes of quiescence depth resulting from the ectopic expression of p21, a CKI that 

inhibits both CycD/Cdk4,6 and CycE/Cdk2 (Xiong et al., 1993), and p130 and pRb, two Rb 

family proteins that play critical roles at quiescence (Smith et al., 1996). Briefly, we 

transfected REF/E23 cells with expression vectors of p21, pRb, and p130. Transfected cells 

were brought to quiescence by serum starvation for 2 days. We next stimulated cells with 

serum (3% BGS), and measured the percentages of cells that were able to exit quiescence 

(EdU+) under the influence of ectopic p21, pRb, and p130. The introduced expression vector 

levels (y-axis, Figure 5A) were indicated by the fluorescence intensity associated with a co-

transfected mCherry vector in individual cells (as the amounts of two co-transfected vectors 

were linearly correlated, Figure S2). We found that with a medium-high level of introduced 

expression vectors (“M-H”, Figures 5A and 5B), p21, pRb, and p130 all led to deeper 

quiescence as indicated by reduced EdU+ levels upon serum stimulation compared to that of 

the mCherry-only control.

Furthermore, p21 caused a greater reduction in the EdU+ level than pRb and p130 did with 

the same level of transfected expression vectors (M-H and L/low, respectively, Figures 5A 

and 5B). This result was further confirmed when ectopic expression was quantified at the 

protein level using immunoflow cytometry (Figures S3), and normalized to either the 

percentage of cells with positive protein expression (Figure 5C) or the mean protein level 

(Figure 5D, as a ratio over endogenous expression). The experimental observations that p21 

was more effective than pRb and p130 in driving cells into deep quiescence were consistent 

with the stochastic simulation results based on the E2F switching threshold model (Figure 

5E), as well as over a separately measured time course (Figures 5F and 5G). Finally, we note 

that ectopic p21 expression under serum starvation drove cells into deep quiescence but not 

senescence, as those cells could still proliferate upon strong serum stimulation (Figure S4). 

Together, these results suggest that as the model predicted, cellular factors such as p21 and 

Rb can serve as coarse- and fine-tuning factors, respectively, to increase the E2F switching 

threshold and quiescence depth.

Create shallow quiescence experimentally by reducing E2F switching threshold

We next asked whether we can drive cells to shallow quiescence by altering the E2F 

switching threshold. In our model, increasing the synthesis rate constants of CycD and Myc 

(kCDS and kM, respectively) reduced the E2F switching threshold with high and low 

efficacies, respectively (steeper slope of the kCDS vs. kM curve, Figure 3A). 

Experimentally, we tested the influence of CycD and Myc on quiescence exit. We found that 

as the model predicted, the ectopic expression of CycD and Myc both led to shallow 

quiescence, and that CycD exhibited a stronger effect than Myc in this regard. As seen in 

Figures 6A and 6B, upon stimulation with 1% serum, both Myc-and CycD-expressing cells 

had higher EdU+ levels compared to that of mCherry-only control cells, and this effect was 

more significant with ectopic expression of CycD than Myc (given the same level of 

introduced expression vectors). When the serum concentration was increased to 2% (and 

more cells exited quiescence in the mCherry-only cells, Figure 6A), the weak boosting effect 

of Myc was buried but CycD was still able to increase the EdU+ level significantly over that 

of the mCherry control (Figures 6A and 6B).
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The greater effect of CycD vs. Myc in driving quiescent cells to a shallow state was further 

confirmed when ectopic expression was quantified at the protein level using immunoflow 

cytometry (Figures S5), and normalized to either the percentage of cells with positive 

protein expression (Figures S5D and S5G) or the mean protein level (Figure 6C, as a ratio 

over endogenous expression). This experimental observation was also qualitatively 

consistent with the simulation results based on the E2F switching threshold model (Figure 

6D). This greater efficacy of CycD vs. Myc in creating shallow quiescence is consistent with 

the findings that Myc alone (without cooperating with E2F, which is inactive at quiescence) 

is ineffective to activate E2F transcription (Leung et al., 2008) and that CycD counteracts 

p21 activity which is highly efficient in deepening quiescence (Figure 5). Together, our 

results suggest that cells can be driven to shallower quiescence by higher expression of 

CycD and Myc, which serve as coarse- and fine-tuning factors, respectively, to reduce the 

E2F switching threshold and quiescence depth.

DISCUSSION

The results of this study, particularly the strong model-experiment agreements in both 

driving cells into deep and shallow quiescence, suggest that our coarse-grained E2F 

switching threshold model represents an important mechanism controlling quiescence depth. 

In this regard, our work suggests that the effective Cyclin/Cdk activities and correspondingly 

the Rb phosphorylation status strongly affect the E2F switching threshold and quiescence 

depth, as shown in both our modeling analysis (Figure 3A, the top modulators) and 

experimental tests (Figures 5 and 6, coarse tuners p21 and CycD). These results are 

consistent with recent findings that Cdk and CKI activities play critical roles in determining 

the quiescence entry of individual cycling cells (e.g., Cdk2, p21) as well as the 

heterogeneous cell cycle entry of quiescent cells (e.g., Cdk6, p21) (Laurenti et al., 2015; 

Overton et al., 2014; Spencer et al., 2013).

As a critical cellular state, quiescence is regulated by complex mechanisms beyond RbE2F, 

involving other pathways such as Notch-Hes1, p53, autophagy, microRNAs, DNA damage 

response, and metabolic and stress responses, and is regulated across transcriptional, 

translational, and epigenetic levels (Cheung and Rando, 2013; Yao, 2014). We propose that 

together these pathways form a quiescence regulatory network, in which the bistable 

module, the Rb-E2F switch, provides a necessary cellular mechanism to integrate and 

convert various graded (analog) growth-stimulating and -inhibitory signals into an all-or-

none digital output (E2F-OFF/ON) and cell-fate distinction (quiescence/proliferation) 

(Figure 2A). Other quiescence regulatory pathways, by impinging on and interacting with 

the Rb-E2F bistable module, regulate the E2F switching threshold and carry out cellular 

functions associated with the corresponding quiescence depth (Yao, 2014). In summary, we 

propose that the metric for deep vs. shallow quiescence in the cell is the E2F switching 

threshold, a dynamic network property beyond single isolated molecular players. Relatedly, 

in a parallel RNA-seq analysis we found that for example pRb (but not p21) expression 

significantly increased as REF/E23 cells move deep into quiescence; yet, pRb unlikely 

drives deep quiescence alone as many gene clusters were up or down regulated noticeably as 

well (Fujimaki, Bai, and Yao, unpublished). It is an interesting question what mechanisms 

differentiate deep quiescence, which is reversible to proliferation, from irreversibly arrested 
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states such as senescence and terminal differentiation. It is possible that when cells move 

into deeper and deeper quiescence, they eventually become irreversibly arrested when the 

progressively increasing E2F switching threshold exceeds physiological serum 

concentration. Consistent with this idea, the expression of Cdk inhibitors (e.g, p16 and p21) 

is greatly increased under senescence and terminal differentiation (Alcorta et al., 1996; Stein 

et al., 1999), which leads to a substantially increased E2F switching threshold (Figure 3A, 

the kI curve). Meanwhile, it has been observed that “irreversibly” arrested cells can become 

reversible by the forced expression of ectopic Cyclin/Cdks (Latella et al., 2001), which 

results in a decreased E2F switching threshold (Figure 3A). It has also been recently 

reported that quiescent fibroblast cells cultured for an extended period (100–150 days) 

eventually transitioned into senescence (Marthandan et al., 2014). However, accumulated 

DNA-damage during the long-term culture may cause mutations that were necessary for 

such a transition (Marthandan et al., 2014). Relatedly, it has been shown that Hes1, a Notch 

effector, maintains the reversibility of cellular quiescence against senescence (Sang et al., 

2008). Therefore, it remains possible that the transition from deep quiescence to senescence 

involves a certain discrete mechanism(s).

Maintaining appropriate quiescent states and depths is critical to the normal functions of 

various cell types and tissue homeostasis. Our work in this study helps establish an E2F 

switching threshold model that can serve as a mechanistic framework to integrate diverse 

quiescence regulatory activities, and based on which, to guide experimental manipulations of 

cellular quiescent states. Future studies of single-cell responses to growth signals using 

quantitative time-lapse analysis with microfluidics will help further better understand 

quiescence exit heterogeneity, which has been previously demonstrated in the exponential 

waiting-time behavior before activating the Rb-E2F switch (Lee et al., 2010) and has also 

been shown related to the cell growth status prior to quiescence entry (Wang et al., 2017). 

Meanwhile, investigating how the Rb-E2F switch interacts with other quiescence regulatory 

pathways is crucial for understanding quiescence depth determination in different cell types 

under different conditions. Further elucidating the nature of quiescence control and 

heterogeneity will provide the basis for future strategies to regulate the growth responses of 

quiescent cell reservoirs in vivo and to potentially re-establish normal quiescent states in 

diseased cells.

Modulating the activation thresholds of cellular network switches has broad implications. In 

addition to the Rb-E2F bistable switch that regulates cell cycle entry, other bistable and 

multistable network switches have been recently identified. For example, miR-200/ZEB and 

RKIP-BACH1 network switches play important roles in epithelial-to-mesenchymal 

transition and cancer metastasis (Hong et al., 2015; Jolly et al., 2016; Lee et al., 2014; Tian 

et al., 2013; Zhang et al., 2014). Factors in these networks have been identified to modulate 

the corresponding response thresholds to cellular and environmental signals, thereby 

affecting the proportion of cells in different network states. Meanwhile, quiescence-like 

growth-arrest states in bacterial and mammalian cells are often correlated with persistence or 

resistance to drug treatment (Pearl Mizrahi et al., 2016; Rotem et al., 2010; Sharma et al., 

2010). Identifying the effective modulators of activation/transition thresholds in the 

underlying regulatory networks may help reduce the stability of these drug-resistant states 

and enhance therapeutic efficacy.
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EXPERIMENTAL PROCEDURES

Cell culture, quiescence entry and exit.

REF/E23 cells were derived from rat embryonic fibroblasts REF52 cells as a single cell 

clone containing a stably integrated E2F1 promoter-driven destabilized GFP reporter (E2F-

GFP reporter for short) as previously described (Yao et al., 2008). Cells were maintained in 

DMEM (Gibco) supplemented with 10% of bovine growth serum (BGS; HyClone). Cells 

were regularly passed at a sub-confluent level. For quiescence entry by serum starvation, 

growing cells were trypsinized and seeded at about 105 cells per well in 6-well cell culture 

plates, washed twice with DMEM after cell attachment, and cultured in serum-starvation 

medium (0.02% BGS in DMEM) for 2–12 days. For quiescence entry by contact inhibition, 

growing cells were trypsinized and seeded at 4×105 cells (3× normal confluency) per well in 

12-well cell culture plates and cultured in DMEM containing 3% BGS for 2–6 days. For 

quiescence exit of serum-starved cells, cells were switched to DMEM containing BGS at 

indicated concentrations for indicated durations. For quiescence exit of contact-inhibited 

cells, cells were serum stimulated as above, with or without being replated at a non-contact 

inhibition condition as indicated.

E2F activity and cell proliferation (EdU incorporation) assays.

To measure E2F activity in individual cells, REF/E23 cells were collected at indicated time 

points by trypsinization, fixed with 1% formaldehyde, and measured for fluorescence 

intensity of the E2F-GFP reporter. For the cell proliferation assay, EdU (1 μM) was added to 

culture medium at the time of serum stimulation. When noted, nocodazole at the lowest 

effective dose (40 ng ml−1 and 100 ng ml−1 for serum stimulation at non-saturating (≤ 3%) 

and saturating (≥ 20%) levels, respectively) was applied to restrict cell division while 

minimizing cell detachment or death. Cells were trypsinized at indicated time points and 

subjected to Click-iT EdU assay according to the manufacturer’s protocol (Click-iT EdU 

Alexa Fluor 647 Flow Cytometry Kit, Invitrogen). In the dual GFP-EdU assay, to recover 

GFP fluorescence quenched by the Click-iT reaction, cells were stained with fluorescein-

conjugated GFP antibody (1:300, No. 600–102–215, Rockland) at 4°C overnight. 

Approximately 10,000 cells from each sample were measured for GFP and/or EdU signal 

intensity using an LSR II flow cytometer (BD Biosciences), and the data were analyzed 

using FlowJo software (v. 10.0).

Transfection of expression vectors.

REF/E23 cells were maintained at sub-confluence and transfected with indicated expression 

vectors using a Neon electroporation system (Invitrogen) following the manufacturer’s 

instructions. Briefly, cells were electroporated with one 20-millisecond pulse at 1900 volts in 

a 100 μl Neon tip containing approximately 106 cells and 10 μg of plasmid DNA unless 

otherwise noted. Expression vectors used in this study all contained the same CMV 
promoter and essentially the same plasmid backbone (p21-pRc/CMV, a gift from William 

Kaelin via Addgene; pCDNA3-pRb, a gift from Joseph Nevins; pCMV-p130, from Origene; 

pCDNA3-FLAG-Myc and pCDNA3-FLAG-CycD1, from GenScript; pCMV-mCherry, a gift 

from Lingchong You).
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Immunoflow cytometry.

After Neon transfection of protein expression vectors, REF/E23 cells were recovered in 

DMEM containing 10% BGS for 1 day and subsequently switched to serum-starvation 

medium (0.02% BGS) for 2 days. Typically, cells were harvested by trypsinization, fixed 

with 4% formaldehyde in DPBS at room temperature (r.t.) for 15 minutes and permeabilized 

with 0.25% Triton X-100 in DPBS at r.t. for 5 minutes. Cells were then incubated at r.t. for 2 

hours with protein-specific primary antibodies (p21(c-19), No. sc-397, Santa Cruz Biotech 

(SCBT); p130(c-20), No. sc-317, SCBT; pRb(IF8), No. sc-102FITC, SCBT; and for FLAG-

Myc and FLAG-CycD1, DYKDDDDK Tag antibody [FITC], No. A01632, GenScript), and 

subsequently stained at r.t. for 2 hours with a FITC-conjugated secondary antibody (No. 

sc-2012, SCBT) when necessary and applicable. Antibody-stained cells were measured 

using an LSR II flow cytometer (BD Biosciences), and the data were analyzed using FlowJo 

software (v. 10.0).

Model simulations.

To simulate parameter-sensitivity curves, each of the model parameters (Table S2) were 

systematically “mutated” (increased or decreased from their base values by a factor up to 10, 

scanned in the logarithmic scale with 100 intervals) using the Parameter Scan function of 

COPASI (Hoops et al., 2006). Meanwhile, serum input concentration was varied in the range 

of 0 to 20 (%) with 4000 linear intervals. Simulations were carried out using the 

deterministic LSODA method in COPASI for a model time course of 1000 hours to ensure 

that the system reached a steady state. For a given parameter set, the switch of E2F steady 

state from OFF to ON was determined by passing a cut-off value of [E2F] ≥ 0.1 nM 

(compared with the mean steady-state values of the E2F-OFF and E2F-ON in the base 

model, 5.5 ×10−4 and 1.2 nM, respectively). The resultant parameter-sensitivity curve is 

essentially similar to a two-parameter bifurcation diagram, which shows how a bifurcation 

point in a one-parameter bifurcation analysis (serum threshold to switch E2F from OFF to 

ON) changes with variations of another model parameter (Figure S6A, examples generated 

using Oscill8, http://oscill8.sourceforge.net). Introducing cooperativity (Hill coefficient 

=1.5) into each Hill function term in the model (Table S1) did not change the qualitative 

behaviors of the bifurcation diagrams (Figure S6B).

To determine the traverse time of the R-point in a model with base or mutated parameters, a 

Parameter Scan was run in COPASI for serum-pulse duration (0–30 hours, with 1000 

intervals). The amplitude of the serum pulse was 20 (%); after the pulse duration, the serum 

input was reduced to a basal level within the bistable region (so that if E2F were switched 

ON, it remained ON at a steady state) (Figure S1D). The minimum pulse duration that 

switched the E2F steady state from OFF to ON corresponded to the traverse time of the R-

point. To determine the deactivation threshold of the Rb-E2F switch (the left boundary of the 

bistable region) in a model with base or mutated parameters, a Parameter Scan of serum 

input (0–20 %, with 1000 intervals) was run with the initial condition (model variable 

values) corresponding to the E2F-ON steady state. The serum input at which the E2F steady 

state (determined at the 1000th model hour) switched from ON to OFF was considered the 

deactivation threshold.
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To determine the percentage of quiescence-exit cells affected by mutated parameters, 

stochastic simulations were performed using the Gibson + Bruck method in COPASI. For 

each indicated value of parameters kR, kI, kM, and kCDS, the E2F-ON percentage was 

calculated as the percentage of events in 2000 stochastic simulations where the E2F level, 

following serum stimulation, reached beyond 0.5 nM by the end of a model time course of 

500 hours.

Quasi-potential landscape.

To calculate the quasi-potential landscape, simulations were performed based on a stochastic 

differential equation (SDE) version of the Rb-E2F switch model. To this end, we converted 

model parameter values and species concentrations in Tables S1 and S2 to molecule 

numbers, and adopted the chemical Langevin formulation:

Xi(t + τ) = Xi(t) + ∑
j = 1

M
v jia j[X(t)]τ + θ ∑

j = 1

M
v ji a j[X(t)]τ 1/2

γ + δωτ1/2

where at time t, Xi(t) denotes the molecule number of species i(i = 1,…,n) and X(t) = (X1(t),
…,Xn(t)) denotes the system state. The temporal evolution of the system state is calculated 

based on the rates aj[X(t)] (j = 1,…,M with the corresponding change of molecule number i 
described in vji. Factors γ and ω represent temporally uncorrelated, statistically independent 

normal Gaussian noise related to intrinsic and extrinsic noise, respectively, with θ and δ 
being scaling factors (θ =0.3, δ =25). To generate each curve in the quasi-potential 

landscape, stochastic simulations were run in 4,000 events (cells) for 3,000 model hours 

each to get a steady-state histogram of E2F molecule number, which was then fit with a 

smoothing spline model in Matlab to obtain corresponding probability distribution (pss). The 

quasi-potential is defined as U = − ln pss+ ln psaddle, where psaddle is the steady-state 

distribution at the saddle point (Xing, 2010). The resultant quasi-potential landscape 

corresponds to a one-dimensional projection on the E2F axis of the multidimensional Rb-

E2F network system, in which state transitions are affected by environmental signals as well 

as intrinsic and extrinsic noise.

Statistics.

The indicated p values were obtained using Student’s t test unless otherwise noted (**, p < 

0.001; *, p < 0.01).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Measure dynamic features of deep vs. shallow quiescence.
(A-G) S-phase entry following serum stimulation of quiescent cells. Cells were induced to 

quiescence by contact inhibition (seeded at 3× normal confluency in 3% serum) for 5–11 

days (A,B,G) or serum starvation (cultured in 0.02% serum) for 2–12 days (C-F). At time 0, 

cells were stimulated with higher concentrations of serum as indicated or remained non-

stimulated (C.I. control in A, and STA control in C), and with EdU added to the culture 

medium. Cells were harvested at indicated time points afterwards and measured for their 

incorporated EdU intensity by flow cytometry. Each histogram represents the distribution of 
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EdU intensity (x-axis) from approximately 10,000 cells, with y-axis = cell number with the 

height of the (higher) mode normalized to 100%. For serum stimulation of C.I. cells, cells 

were either stimulated directly while remained at the C.I. condition (A,G) or first replated at 

a non-C.I. condition prior to serum stimulation (B), as indicated. (A,C) Percentage of EdU+ 

cells are shown; m = mean EdU intensity of EdU+ cells. Results from duplicate EdU assays 

are shown in C for each condition. (E,F) Cell division was restricted by low dose of 

nocodazole at the time of assay (see Methods). Percentages (mean ± s.e.m.) of EdU+ cells 

calculated in E (duplicates) are shown in F.
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Figure 2. Rb-E2F bistable switch underlies quiescence depth.
(A) E2F quasi-potential landscape and quiescence depth. For each landscape curve, potential 

values (y-axis) corresponding to given E2F molecule numbers (x-axis) were calculated 

based on stochastic simulations of the Rb-E2F bistable switch model (see Methods). The 

three quasipotential curves correspond to three different kI parameter values (kI = 0.15, 0.17, 

and 0.21 for green, orange, and red curves, respectively; serum concentration = 0.65). The 

E2F-OFF and E2F-ON states correspond to the E2F molecule numbers at the left and right 

potential troughs in each curve. Potential barrier for E2F activation ΔP = psaddle− pE2F− 

(psaddle and PE2F−OFF: the potential peak and trough corresponding to the saddle point and 

E2F-OFF state, respectively). Deep and shallow quiescent states have relatively higher and 

lower ΔP. (B) Single-cell correlation between the OFF/ON state of the Rb-E2F switch and 

cell quiescence/proliferation. REF/E23 cells containing a stably integrated E2F-GFP 

reporter were serum starved for 2 or 6 days and subsequently stimulated with 20% serum. 
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EdU was added to culture medium at the start of serum stimulation and cells were harvested 

for EdU assay 26 hours later. Each dot shows the E2F-GFP reporter activity (y-axis) and the 

incorporated EdU level (x-axis) of a single cell. To recover the GFP signal quenched by the 

Click-iT EdU reaction, the E2F-GFP activity was measured indirectly using a fluorescein-

conjugated GFP antibody (see Methods). (C,D) E2Factivity time courses. (C) Quiescent 

cells obtained by serum starvation for 2 or 6 days were stimulated with 2% serum. Cells 

were harvested at indicated time points after serum stimulation and measured for E2F-GFP 

reporter levels (triplicates). Each histogram represents the E2F-GFP distribution from 

approximately 10,000 cells (y-axis, the same as Figure 1). Dotted vertical lines indicate the 

separation between E2F-OFF and E2F-ON cells, which slightly shifted to the right in 6D- 

vs. 2D-STA cells due to increased auto fluorescence in cells under longer-term serum 

starvation. Red arrows indicate the fully-ON level of the E2F-GFP reporter. (D) Percentage 

(mean ± s.e.m.) of E2F-ON cells, calculated from corresponding E2F distributions in C. The 

dash lines between 0 and 22 hr data points are for the guide of eyes.
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Figure 3. In silico modulators of the E2F switching threshold.
(A) Parameter-sensitivity curves. X-axis = factor change of parameter value. Y-axis = E2F 

switching threshold (% serum). Both axes are in logarithmic scale. Parameters in parenthesis 

= repeated parameter labels of those in the lower right quadrant. dE indicates that dE was 

not considered as a sensitive parameter as increasing its value diminished the separation of 

E2F-ON and -OFF states (to < 10% of that in the base model) before affecting the E2F 

switching threshold significantly (i.e., with a factor change > 2.5). Parameter changes 

resulting in a higher E2F switching threshold (top half) also caused delayed E2F activation 

upon serum stimulation (see Figures S1A and S1B). (B) Modulators of the E2F switching 

threshold. Modulators (sensitive parameters) are labelled at their effective positions in the 

Rb-E2F pathway network. Green and red = increasing the parameter value decreased and 

increased the E2F switching threshold, respectively. Arrow and bar = increasing the 

parameter value positively and negatively affected the strength of the pointed node/link, 

respectively. Thickness of arrow/bar = parameter sensitivity when increasing the parameter 

value, as determined in the right half of A.
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Figure 4. Deep quiescent cells exhibit delayed passing of the R-point.
(A) Simulated traverse time of the R-point. (Left) Model simulation scheme to determine the 

time to traverse the R-point (R), which corresponds to the shortest duration of a given serum 

stimulation (20%) required to activate and sustain the ON-state of the Rb-E2F bistable 

switch. When the serum duration is shorter than R (upper left inset), the final E2F level will 

return to the OFF state after the serum input is reduced to a basal level (0.5%); otherwise, 

the final E2F level will reach and remain at the ON state, even after the serum input is 

reduced to the same basal level (upper right inset). (Right) Simulated R traverse time 

(according to the scheme on the left) in the base model (E2F switching threshold Th = 0.8) 

and with parameter “mutations” that doubled the E2F switching threshold (Th = 1.6). The 

order of parameters is the same as shown in the top half of Figure 3A. Parameter mutations 

resulting in Rb-E2F deactivation threshold > 0.5% are not shown. See also Figures S1C and 

S1D (for deterministic simulation) and Table S3 (for stochastic simulation). (B) 
Experimentally measured quiescence exit after short serum pulses. Quiescent cells obtained 

by serum starvation for 2 or 4 days were stimulated with strong serum pulses (20%, at 

indicated durations), followed by incubation at a basal serum level (0.3%). Cells were 

harvested at the 44th hour after serum stimulation and measured for EdU incorporation (six 

replicates in 4- or 6-hr pulse groups and duplicates in 0-hr pulse control groups). Each 

histogram represents the distribution of EdU intensity from approximately 10,000 cells (y-

axis, the same as Figure 1). Cell division was restricted by low dose of nocodazole at the 

time of assay (see Methods). (C) Time to traverse the R-point is dependent on quiescence 

depth. Following a given serum stimulation, the time to reach the R-point from deep 

quiescence (Tdeep) is longer than that from shallow quiescence (Tshallow).
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Figure 5. Experimentally create deep quiescence by increasing E2F switching threshold with 
Cdk inhibitor p21 and Rb family proteins.
(A) Quiescence exit affected by ectopic expression of p21, pRb and p130. Quiescent cells 

(2D-STA) containing transfected expression vectors were switched to media containing 3% 

BGS and EdU, and harvested 32 hours later for EdU incorporation assay. Cell division was 

restricted by low dose of nocodazole at the time of assay (see Methods). Y-axis = levels of 

the introduced expression vector in individual cells (indicated by the fluorescence intensity 

associated with the co-transfected mCherry vector; see also Figure S2). 0, L, and M-H = cell 

bins of non-transfected, with low and medium-high level of introduced expression vector, 

respectively. X-axis = EdU-incorporation intensity. (B) Quiescence-exit (EdU+) cell 

proportion (y-axis) as a function of expression vector level (x-axis). The EdU+ proportion 

was calculated from six replicate experiments as in A (with the average EdU+% at each 

expression vector level normalized to that of the mCherry-only control, see Table S4). Single 
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and double star signs (* and **) indicate statistical significance (p < 0.01 and p < 0.001, 

respectively) in one-sided t-test comparing the data point by the star sign and the text-

indicated data point (m, mCherry; R/p, pRb/p130). R/p, the difference from R/p is not 

statistically significant. Error bar, standard error of the mean. (C,D) Introduced expression 

vector levels (0, L, M-H) were converted to cell percentages with positive ectopic protein 

expression (C) and estimated exogenous protein levels (normalized by endogenous 

expression, D), respectively, as measured by immunoflow cytometry (see Figure S3 for 

detail). High ectopic p21 expression in quiescence did not cause irreversible arrest (see 

Figure S4). (E) Simulated quiescence exit affected by parameter changes. X-axis = relative 

parameter increase (Δ P/Pb = (P-Pb)/Pb, with P = parameter value and Pb = base value). Y-

axis = proportion of cells that were able to turn ON the Rb-E2F switch given a parameter 

change, calculated from 2,000 stochastic simulations. The cell proportion corresponding to 

the base parameter was normalized to 1.0. Serum input = 1.2 au (au = activation unit; 1 au = 

0.78, the E2F switching threshold in the base model). kR and kI, synthesis rate constants of 

Rb and p21, respectively. (F,G) Time course of quiescence-exit profiles. (Experiment) The 

EdU+ cell proportions with exogenously expressed pRb (F) or p21 (G) were measured at 

indicated time points upon serum stimulation of quiescent cells (2D-STA). Low and high 

serum = 0.8% and 3.0%, respectively. Cell division was restricted by low dose of nocodazole 

at the time of assay (see Methods). L, M, H: the same as in A; mC = mCherry-only control. 

(Simulation) E2F-ON cell proportions were calculated at indicated time points (t = model-

time unit of 50 hours) upon serum input (low and high serum = 0.96 and 1.01 au, 

respectively). Each data point reflects the result of 2,000 stochastic simulations. L, M, H for 

Rb (F): kR = 0.182, 0.184, 0.19, respectively. L, M, H for p21 (G): kI = 0.158, 0.167, 0.171, 

respectively. mC: kR = 0.18, kI = 0.15.
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Figure 6. Experimentally create shallow quiescence by decreasing E2F switching threshold with 
CycD and Myc.
(A) Quiescence exit affected by ectopic expression of CycD and Myc. Quiescent cells (2D-

STA) containing transfected expression vectors were switched to fresh media containing 

serum at the indicated concentrations and EdU, and harvested 24 hours later for EdU 

incorporation assay. Y-axis = levels of the introduced expression vector in individual cells 

(as in Figure 5A). 0, L, and M-H = cell bins of non-transfected, with low and medium-high 

level of introduced expression vector, respectively. X-axis = EdU-incorporation intensity. (B) 
Quiescence-exit (EdU+) cell proportion (y-axis) as a function of expression vector level (x-

axis). The EdU+ proportion was calculated from A for each expression vector level, and 

normalized to that of the mCherry-only control. (C) Expression vector levels in B were 

converted to estimated exogenous protein levels (normalized by endogenous expression) as 

measured by immunoflow cytometry (see Figure S5 for detail). Labels of 0, L, M-H in each 

curve correspond to the levels of introduced expression vectors. (D) Model simulated 

quiescence exit affected by parameter changes. X-axis = relative parameter increase, Y-axis 

= simulated proportion of cells that were able to turn ON the Rb-E2F switch given a 

parameter change, as in Figure 5E. The cell proportion corresponding to the base parameter 

was normalized to 1.0. Serum input = 0.92 and 1.0 au (for 1% and 2% BGS), respectively. 

kCDS and kM, synthesis rate constants of CycD and Myc, respectively.
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