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ABSTRACT 18 

The proper balance and transition between cellular quiescence and proliferation are 19 

critical to tissue homeostasis, and their deregulations are commonly found in many 20 

human diseases, including cancer and aging. Recent studies showed that the reentry of 21 

quiescent cells to the cell cycle is subjected to circadian regulation. However, the 22 

underlying mechanisms are largely unknown. Here, we report that two circadian 23 

proteins, Cryptochrome (Cry) and Rev-erb, deepen cellular quiescence in rat embryonic 24 

fibroblasts, resulting in stronger serum stimulation required for cells to exit quiescence 25 

and reenter the cell cycle. This finding was opposite from what we expected from the 26 

literature. By modeling a library of possible regulatory topologies linking Cry and Rev-27 

erb to a bistable Rb-E2f gene network switch that controls the quiescence-to-28 

proliferation transition and by experimentally testing model predictions, we found Cry 29 

and Rev-erb converge to downregulate Cyclin D/Cdk4,6 activity, leading to an 30 

ultrasensitive increase of the serum threshold to activate the Rb-E2f bistable switch. 31 

Our findings suggest a mechanistic role of circadian proteins in modulating the depth 32 

of cellular quiescence, which may have implications in the varying potentials of tissue 33 

repair and regeneration at different times of the day. 34 
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Significance Statement: Tissue homeostasis requires a proper balance between 40 

quiescence and proliferation. The quiescence-to-proliferation transition appears 41 

affected by the circadian clock: the rates to activate stem and progenitor cells to 42 

proliferate can vary diurnally. But the underlying molecular mechanisms are largely 43 

unknown. Here we show increasing circadian proteins Cry and Rev-erb pushed cells to 44 

deeper quiescence and become harder to transition into proliferation. Through 45 

exploratory model searches and experimental tests, we found Cry and Rev-erb converge 46 

to downregulate Cyclin D/Cdk4,6, which increases the activation threshold of a bistable 47 

Rb-E2f gene switch underlying quiescence exit. Our findings suggest novel and 48 

converging mechanistic roles of circadian proteins in regulating cellular quiescence 49 

depth and potentially varying abilities for tissue regeneration around the circadian clock. 50 

 51 

INTRODUCTION 52 

Upon growth signals, various types of quiescent cells (e.g., adult stem and progenitor 53 

cells) can reenter the cell cycle to proliferate. This quiescence-to-proliferation transition 54 

is fundamental to tissue homeostasis and repair [1-3]. This transition, as shown in recent 55 

studies, also appears to be affected by the circadian clock. For example, quiescent 56 

neural stem cells and progenitor cells initiate neurogenesis to produce new neurons in 57 

a circadian-dependent manner [4, 5]; similarly does the circadian activation of hair 58 

follicle stem cells for tissue renewal [6].   59 

Circadian clocks are present in cells throughout mammalian tissues. These 60 

clocks are cell-autonomous yet orchestrated by a master pacemaker in the 61 

hypothalamus [7-10]. Cellular circadian clocks are primarily driven by coupled 62 

negative feedback loops formed between a Bmal1/Clock heterodimer and its 63 

transcriptional targets: cryptochrome (Cry), period (Per), and Rev-erb, which in turn 64 

inhibit Bmal1/Clock [11]. In proliferating cells, several circadian proteins crosstalk to 65 

cell cycle proteins [12-15]. For example, Bmal1 represses the expression of Myc [16, 66 

17], a transcription factor that promotes cell proliferation; Rev-erb represses the 67 

expression of p21Cip1 (p21 for short) [18], a cyclin-dependent kinase (Cdk) inhibitor of 68 

G1 and S Cdks (Cdk4,6 and Cdk2); Bmal1/Clock activates Wee1 [19], leading to the 69 

suppression of Cyclin B1/Cdk1 activity that is critical to mitosis, while Cry does the 70 

opposite by inhibiting Wee1 [19]. These molecular interactions lead to the circadian 71 
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regulation of the proliferative cell cycle [17-20]. However, how the circadian clock 72 

regulates the transition to proliferation from quiescence remains largely unknown.  73 

Cellular quiescence is not a homogeneous state but heterogeneous [1, 21, 22]. 74 

The likelihood of quiescence-to-proliferation transition is reversely correlated with 75 

quiescence depth. Upon growth stimulation, cells at deeper quiescence are less likely 76 

to, and take longer time if they do, reenter the cell cycle and initiate DNA replication 77 

than cells at shallower quiescence [21, 23, 24]. Deeper quiescence is often observed in 78 

aging cells in the body [25, 26] or in cells remaining quiescent for longer durations in 79 

culture [21, 27]. Shallower quiescence is seen in stem cells responding to tissue injury 80 

[28, 29] or related systemic signals [30, 31]. 81 

We have shown recently that quiescence depth is regulated by an Rb-E2f 82 

bistable switch and its interacting pathways [21, 32, 33]. E2f transcription activators 83 

(E2f1-3a, referred to as E2f for short), by transactivating genes necessary for DNA 84 

synthesis and cell cycle progression, are both necessary and sufficient for cell cycle 85 

entry from quiescence [34, 35].  E2f is repressed by Rb family proteins (referred to as 86 

Rb for short) in quiescent cells and activated upon stimulation with serum growth 87 

factors. E2f activation upon serum stimulation is mediated by multiple positive 88 

feedbacks leading to the phosphorylation and inhibition of Rb by Cyclin D 89 

(CycD)/Cdk4,6 and Cyclin E (CycE)/Cdk2 complexes. These integrated positive 90 

feedbacks establish the bistability at the Rb-E2f gene network level, converting graded 91 

and transient growth signals into an all-or-none E2f activation [32, 36], which further 92 

triggers and couples with APC/CCDH1 inactivation via EMI1 and CycE/Cdk2, leading 93 

to an irreversible entry of the S-phase of the cell cycle and thus the quiescence-to-94 

proliferation transition [37, 38]. The serum threshold (i.e., minimum serum 95 

concentration) that activates the Rb-E2f bistable switch, the E2f-activation threshold 96 

for short, has been shown to determine quiescence depth [21]. 97 

 In this study, we examined the effects of two circadian proteins, Cry and Rev-98 

erb, on the cellular transition from quiescence to proliferation. We anticipated that Cry 99 

and Rev-erb activities, via their known roles in upregulating Myc and downregulating 100 

p21, respectively, might lead to shallower quiescence by reducing the E2f-activation 101 

threshold [21]. However, we observed the opposite in our experiments. Through a 102 

comprehensive modeling search and follow-up experiments, we found both Cry and 103 

Rev-erb play novel roles that converge to downregulate CycD/Cdk4,6 activity, leading 104 
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to an ultrasensitive increase of the E2f-activation threshold and quiescence depth.  105 

 106 

RESULTS 107 

Circadian protein Cry deepens cellular quiescence 108 

Earlier studies have suggested that Bmal1 inhibits Myc expression, and consistently, 109 

Cry upregulates Myc [16, 17]. As Myc promotes E2f activation [39], we tested the 110 

potential effect of Cry on the quiescence-to-proliferation transition. We started by 111 

applying a recently developed specific Cry agonist KL001 [40] to rat embryonic 112 

fibroblasts (REF/E23 cells). When treated with KL001 (≤ 40 µM, below its cytotoxicity 113 

level, Fig S1A), REF/E23 cells induced to quiescence by serum starvation did exhibit 114 

a modest but statistically significant increase of Myc protein (Fig. S2A); this increase, 115 

however, became insignificant when quiescent REF/E23 cells were stimulated to enter 116 

the cell cycle (10 and 14 hours after serum stimulation, Fig. S2B). Assuming the modest 117 

increase of Myc in quiescent cells might facilitate their E2f activation and transition 118 

into proliferation, we expected quiescence depth might be slightly reduced, if any, under 119 

KL001 treatment. To our surprise, we found KL001 treatment deepened quiescence: 120 

with increasing KL001 doses, increasing serum concentrations were needed to drive 121 

similar percentages of cells to reenter the cell cycle (arrow pointed, ~45%; Fig. 1A, 122 

based on EdU incorporation, EdU+; Fig. S2C, based on the “On”-state of an E2f-GFP 123 

reporter, E2f-ON [32]). Consistently, when stimulated at a given serum concentration 124 

(e.g., 8% serum, Fig. 1A and S2C), the percentage of cells that reentered the cell cycle 125 

decreased with increasing KL001 doses.  126 

Similarly, quiescence deepened with the treatment of a different Cry agonist or 127 

with ectopic Cry1 expression. First, when REF/E23 cells were treated with the 2nd Cry 128 

agonist, KL002, increasing serum concentrations were needed to drive similar 129 

percentages of cells to reenter the cell cycle (Fig. S2D, based on EdU+%; Fig. S2E, 130 

based on E2f-ON%). Consistently, when stimulated at a given serum concentration, the 131 

percentage of cells that reentered the cell cycle decreased with increasing KL002 doses 132 

(Fig. S2 D and E).  Second, in quiescent REF/E23 cells transfected with a Cry1 vector 133 

and expressing ectopic Cry1 (albeit at a much lower level in quiescence than in growing 134 

condition, Fig. 1B), the percentage of cells that reentered the cell cycle (EdU+%) in 135 

response to serum stimulation decreased (p < 0.01) compared to that in the mCherry-136 
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transfection control (driven by the same CMV promoter, Fig. 1C). Our results from two 137 

Cry agonists and ectopic Cry expression, put together, suggested that Cry drove cells 138 

to deeper quiescence, instead of facilitating the quiescence-to-proliferation transition. 139 

 140 

 141 

Figure 1. Cry and Rev-erb drive cells to deeper quiescence. 142 
(A) Effect of Cry agonist KL001 on quiescence depth. REF/E23 cells were first induced to 143 
quiescence by serum starvation for 2 days, then treated with the agonist at the indicated 144 
concentrations in starvation medium for 1 day; cells were subsequently stimulated by switching to 145 
growth medium containing serum and agonist at the indicated concentrations for the indicated 146 
durations. This protocol, serum stimulation (STI) of 3-day quiescent cells under agonist treatment 147 
(STI.3dq/agonist for short), was used for all agonist-related tests in this study unless otherwise noted. 148 
Indicated to the right of individual histograms are the percentages of cells becoming EdU+ after 24 149 
hours of serum stimulation. Arrows indicate the approximate serum concentrations resulting in 150 
EdU+% = 45%. 151 
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(B) Ectopic Cry1 expression. Proliferating cells were transfected with a FLAG-tagged Cry1 vector 152 
or a mCherry control and then subjected to Western blot with a FLAG antibody. “Quiescence” 153 
indicates the Western blot performed in Cry1-transfected cells induced to quiescence by 2-day 154 
serum-starvation. 155 
(C) Effect of ectopic Cry1 on quiescence depth. Cry1- or mCherry-transfected cells were induced 156 
to quiescence by 2-day serum-starvation, stimulated with serum at the indicated concentrations for 157 
30 hours, and assayed for EdU+%. Error bar, SEM (n = 3). **p < 0.01, ***p<0.001 (1-tailed t-test; 158 
the same below). 159 
(D) Effect of Rev-erb agonist SR9009 on quiescence depth. Quiescent cells were serum stimulated 160 
following the STI.3dq/agonist protocol. Serum and SR9009 concentrations are as indicated. EdU+% 161 
at the 24-hour after serum stimulation are shown to the right of individual histograms. Arrows 162 
indicate the approximate serum concentrations leading to EdU+% = 45%. 163 
(E) Ectopic Rev-erbα expression. Proliferating cells were transfected with a Rev-erbα vector or a 164 
mCherry control and then subjected to Western blot with a Rev-erb antibody. “Quiescence” indicates 165 
the Western blot performed in Rev-erb-transfected cells induced to quiescence by 2-day serum-166 
starvation. 167 
(F) Effect of ectopic Rev-erb on quiescence depth. Rev-erb- or mCherry-transfected cells were 168 
induced to quiescence by 2-day serum-starvation, stimulated with serum at the indicated 169 
concentrations for 30 hours, and assayed for EdU+%. Error bar, SEM (n = 3). **p < 0.01. 170 
 171 

Circadian protein Rev-erb deepens cellular quiescence 172 

Next, we examined another link between circadian proteins and the Rb-E2f switch: 173 

Rev-erb inhibits the expression of Cdk inhibitor (CKI) p21 [18], while p21 was known 174 

to deepen quiescence by increasing the E2f-activation threshold [21]. Therefore, we 175 

expected Rev-erb to reduce the E2f-activation threshold and thus quiescence depth. 176 

When we treated REF/E23 cells with a Rev-erb agonist SR9009 (≤ 5 µM, below its 177 

cytotoxicity level, Fig S1B), we did observe a significant decrease of p21 protein level 178 

at intermediate and high SR9009 doses (4 and 5 µM) both in quiescence (Fig. S3A) and 179 

during cell cycle entry (10 and 14 hours after serum stimulation, Fig. S3B). However, 180 

SR9009-treated cells did not move to shallower quiescence but deeper: with increasing 181 

SR9009 doses, increasing serum concentrations were needed to drive similar 182 

percentages of cells to reenter the cell cycle (arrow pointed, ~45%; Fig. 1D, based on 183 

EdU+%; Fig. S3C, based on E2f-ON%). When stimulated with serum at a given 184 

concentration, the percentage of cells that reentered the cell cycle decreased with 185 

increasing SR9009 doses (Fig. 1D and Fig. S3C). Similarly, treating cells with the 2nd 186 

Rev-erb agonist, SR9011, also deepened quiescence (Fig. S3D and E). Consistent with 187 

the effects of Rev-erb agonists, ectopic Rev-erb expression deepened quiescence: in 188 

quiescent REF/E23 cells transfected with a Rev-erb vector and expressing ectopic Rev-189 

erb (albeit at a much lower level in quiescence than in growing condition, Fig. 1E), the 190 

percentage of cells that reentered the cell cycle (EdU+%) in response to serum 191 

stimulation decreased (p < 0.01) compared to that in the mCherry-transfection control 192 
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(driven by the same CMV promoter, Fig. 1F). Combining our results based on two 193 

agonists and ectopic expression, it suggested that Rev-erb drove cells to deeper 194 

quiescence instead of facilitating the quiescence-to-proliferation transition. 195 

 196 
Both Cry and Rev-erb downregulate CycD/Cdk4,6 to deepen quiescence as 197 

predicted by exploratory model search 198 

Circadian proteins Cry and Rev-erb both deepened quiescence unexpectedly, indicating 199 

certain mechanistic links were missing in our understanding between these circadian 200 

proteins and cellular quiescence. As our earlier studies showed that the E2f-activation 201 

threshold determines quiescence depth [21, 36], this threshold mechanism provides a 202 

likely target for circadian regulation. We therefore searched for the potential missing 203 

links connecting Cry and Rev-erb to the E2f-activation threshold. 204 

The Rb-E2f gene network is a complex system comprised of over 90 gene nodes 205 

involved in intertwined transcriptional controls and signaling cascades [41-45]. It 206 

would be time- and labor-intensive to test the candidate links one by one in experiments 207 

without first effectively narrowing down the candidates. To this end, we took advantage 208 

of our previously established mathematical model of the Rb-E2f bistable switch [32] 209 

and used computer simulation to predict the most likely missing link(s) responsible for 210 

the quiescence-deepening effects of Cry and Rev-erb. Our previous Rb-E2f bistable 211 

switch model considered five coarse-grained network modules: Myc, CycD/Cdk4,6, Rb, 212 

E2f, and CycE/Cdk2 (Fig. 2A). Upon serum growth signals, Myc and CycD/Cdk4,6 are 213 

upregulated. Myc promotes E2f expression; CycD/Cdk4,6 phosphorylates Rb and 214 

partially de-represses E2f. E2f activates CycE/Cdk2, which further phosphorylates Rb 215 

and de-repress E2f, forming a positive feedback loop. E2f transactivates its own 216 

expression, forming another positive feedback loop that reinforces E2f activation. Next, 217 

we considered Cry or Rev-erb (the C/R module, Fig. 2A) might directly or indirectly 218 

interact with any or all of the five modules (i.e., five possible links), and exert one of 219 

three net effects (up-regulation, down-regulation, or no effect). For example, the two 220 

literature links we started the study with, Cry upregulating Myc and Rev-erb inhibiting 221 

p21, were reflected in C/R upregulating Myc and Cyclin/Cdk modules (CycD/Cdk4,6 222 

and CycE/Cdk2, via downregulating p21), respectively. Considering the possible 223 

combinations of 5 links with 3 effects each, 35 = 243 different topologies could be 224 

generated to connect C/R to the Rb-E2f switch.   225 
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 226 

 Figure 2. Modeling search for the missing links of how Cry and Rev-erb deepen quiescence. 227 
(A) Cry or Rev-erb (C/R) may crosstalk with any or all of the five Rb-E2f network modules, and 228 
each of the five links (1-5) can have one of the three possible net effects: upregulation, 229 
downregulation, and no-effect, thus generating 35 = 243 possible network topologies. 230 
(B) Model search and simulation. Each of the 243 models was simulated with 10,000 random 231 
parameter sets; with each parameter set, the model was evaluated according to two criteria: (i) E2f-232 
activation threshold a’ ≥ 3 (serum units); and (ii) bistability (as in the base model, E2f-activation 233 
threshold a > E2f-deactivation threshold d). S (x-axis), serum unit; E2f (y-axis), steady-state E2f 234 
level. Solid orange and blue curves indicate E2f serum-responses in the base model simulated from 235 
the quiescence and proliferation initial conditions, respectively. For simplicity, only the E2f serum-236 
response from quiescence simulated with one random parameter set (dashed orange curve) is shown. 237 
See Materials and methods for details. 238 
(C) Model ranking. The 243 models were ranked from left to right (x-axis) based on model success 239 
rate (y-axis), which indicated the percentage of events (random parameter sets) in which the model 240 
simulation outcome fulfilled the two criteria (i) and (ii). Simulation results with the C/R input level 241 
of 0.1 and 0.5 are shown at the top and bottom, respectively.  242 
(D) Link features of top-ranked models. (Top) Highest-ranked models with similar success rates at 243 
C/R = 0.1 and 0.5, respectively (red dots in C). The link features in each model are shown according 244 
to the upregulation (red), downregulation (blue), or no-effect (white) of the indicated target node by 245 
C/R. (Middle) Pie chart of the percentage of each link feature at the indicated target node among 246 
the combined 9 models (top). (Bottom) The average percentage of each link feature at the indicated 247 
target node between the two model groups (C/R = 0.1 and 0.5, respectively, top). Error bar, SD. 248 

 249 

We constructed a library of 243 ordinary differential equation (ODE) models to 250 

represent the 243 network topologies. Based on our experimental observations, we set 251 

two search criteria for the most likely missing link(s) between C/R and the Rb-E2f 252 

switch: (i) increasing the E2f-activation threshold, and (ii) maintaining the network 253 
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bistability. Specifically, for criterion i, we set the E2f-activation threshold to increase 254 

from 1.0 in the previous base model [32] to ≥ 3.0, since comparable EdU+% was 255 

obtained with 1% serum in the DMSO control and ~3% serum under KL001 and 256 

SR9009 treatments at intermediate doses (KL001, 30 µM; SR9009, 4 µM; Fig. 1A and 257 

D). Criterion ii was set because we expected the Rb-E2f bistable switch to remain 258 

critical to the proper quiescence-to-proliferation transition under circadian regulation; 259 

it was also consistent with the bimodal E2f expression observed under KL001 and 260 

SR9009 treatments (similar to the DMSO control, Fig. S2C and S3C).  261 

We subsequently simulated each of the 243 ODE models with a collection of 262 

random parameter sets. Each set contained 5 model parameters that dictated the 263 

strengths of the 5 links from C/R to Rb-E2f network modules (I1-5, Tables S1 and S2), 264 

with parameter values simultaneously and randomly selected within the numerical 265 

ranges as determined in our previous modeling studies [32, 46]. We then calculated the 266 

success rate of each of the 243 models in fulfilling the search criteria (i) and (ii) across 267 

the random parameter sets (Fig. 2B, see Materials and Methods for detail). In this regard, 268 

we also applied two different C/R input levels to account for relatively low and high 269 

agonist doses, respectively (Fig. 2C). The models with the highest success rates (i.e., 270 

most robust against parameter variations [46-48]) were considered the most likely 271 

explanations for how Cry and Rev-erb increased the E2f-activation threshold and 272 

deepened quiescence as we observed in experiments (Fig. 1A and D). 273 

We found the compositions of the top 10 models remained the same after 5,000 274 

random parameter sets at C/R = 0.1 (Table S3) and 3,750 parameter sets at C/R = 0.5 275 

(Table S4), respectively, suggesting the model search results were stabilized. As seen 276 

in Fig. 2C, the final model success rates (after 10,000 parameter sets) declined rapidly 277 

moving away from the top-ranked models at each C/R input level, suggesting that a 278 

limited number of model topologies were viable for the C/R activity to deepen 279 

quiescence. That said, no single model “winner” stood out. For example, the top 6 280 

models at C/R = 0.1 (red dots, Fig. 2C top panel) formed a cluster; within the cluster, 281 

any two neighboring models A and B exhibited similar success rates (s.r.), with the 282 

relative s.r. difference (s.r.A-s.r.B)/s.r.A < 10%. The same was true for the top 3 models 283 

at C/R = 0.5 (red dots, Fig 2C bottom). Comparing these top s.r. models (6 at C/R = 0.1; 284 

3 at C/R = 0.5), one uniquely shared feature became apparent: the downregulation of 285 

CycD/Cdk4,6 by C/R in every model (Fig. 2D). Alternatively, when we chose the 10 286 
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top-ranked models at each C/R input level (10 at C/R = 0.1; 10 at C/R = 0.5) as another 287 

high-s.r. model selection approach, CycD/Cdk4,6 downregulation by C/R was again the 288 

number one shared feature (Fig. S4). These model simulation results predicted that Cry 289 

and Rev-erb likely induced deep quiescence by primarily targeting and downregulating 290 

CycD/Cdk4,6 activity. We will further interpret these modeling results in Discussion. 291 

Experimental support for CycD/Cdk4,6 as the primary target of Cry and Rev-erb  292 

To test our model predictions, we measured the responses of CycD/Cdk4,6 complex 293 

components to Cry and Rev-erb and compared them to those of CycE/Cdk2 complex 294 

components. Specifically, following the same STI.3dq/agonist protocol (Fig. 1), we 295 

treated REF/E23 cells with Cry and Rev-erb agonists and measured the protein levels 296 

of D-type cyclins CycD1 and CycD3 (CycD2 is not expressed in REF/E23 cells [23]), 297 

Cdk4, and Cdk6, as well E-type cyclins (CycE1 and CycE2) and Cdk2 in quiescence 298 

and during cell cycle entry upon serum stimulation (Fig. 3). 299 

We observed a significant downregulation of each tested CycD/Cdk4,6 complex 300 

component in response to both the Cry agonist KL001 (Fig. 3A) and Rev-erb agonist 301 

SR9009 (Fig. 3B). This general pattern occurred across the three tested time points (0, 302 

10, and 14 hours upon serum stimulation), especially at the medium and high agonist 303 

doses (KL001, 30 and 40 µM; SR9009, 4 and 5 µM; see Discussion for the low dose). 304 

This pattern of CycD/Cdk4,6 downregulation in response to Cry and Rev-erb agonists 305 

was in stark contrast to that of CycE/Cdk2 complex components, which exhibited non-306 

significant changes overall (Fig. 3). These experimental observations were in good 307 

agreement with our model simulation results (Fig. 2D and S4), showing a convergent 308 

downregulation of CycD/Cdk4,6 by Cry and Rev-erb.  309 

Similarly, we measured the responses of other proteins (Rb; Rb phosphatases 310 

PP1 and PP2A; Myc; CKIs p21, p27, and p16) in the Rb-E2f bistable switch network 311 

to Cry and Rev-erb agonists (Fig. S5). None of the observed responses, if any, would 312 

explain quiescence deepening (see Discussion). Put together, our experimental results 313 

supported the model-predicted unique role of CycD/Cdk4,6 as the convergent target of 314 

the circadian regulation by Cry and Rev-erb on quiescence depth. 315 
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 316 

Figure 3. Cry and Rev-erb downregulate protein components of CycD/Cdk4,6 but not 317 
CycE/Cdk2. 318 
The responses of individual protein components of CycD/Cdk4,6 and CycE/Cdk2 to the Cry agonist 319 
KL001 (A) and Rev-erb agonist SR9009 (B) at the indicated doses were measured following the 320 
STI.3dq/agonist protocol. Protein levels were measured by Western blot in quiescence (0 hr) and 321 
during cell cycle entry (10 and 14 hr after stimulated with 4% serum) and normalized to the 0-hr 322 
DMSO control. Error bar, SEM (n=2); *p < 0.05 (1-tailed t-test). 323 

 324 

DISCUSSION 325 

The circadian clock aligns diverse cellular functions to periodic daily environmental 326 

changes. In this study, we investigated the effects of two key circadian proteins, Cry 327 

and Rev-erb, on cellular quiescence. We found upregulating Cry and Rev-erb drove 328 

cells into deeper quiescence, opposite to what we had hypothesized based on literature. 329 

To identify the missing links in our understanding, we evaluated an assembly of 330 

potential network models and tested the converged predictions of the top-ranked models 331 

experimentally. Our results suggested that both Cry and Rev-erb deepen quiescence by 332 

primarily downregulating the CycD/Cdk4,6 complex components in the bistable Rb-333 

E2f gene network. 334 

Why does the CycD/Cdk4,6 module play a unique role, targeted by both Cry 335 

and Rev-erb, in mediating quiescence deepening? To move into deep quiescence, a cell 336 
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needs to increase its E2f-activation threshold while maintaining the Rb-E2f bistable 337 

switch for the proper quiescence-proliferation transition. In this regard, altering the 338 

activities of different Rb-E2f network modules has different consequences, depending 339 

on their positions and roles in the network (Fig. 2A). For example, changing Cyclin/Cdk 340 

activity has a stronger effect than changing Rb synthesis in increasing the E2f-341 

activation threshold (determined by the ratio of unphosphorylated Rb over free E2f) 342 

[21]. Between the two G1 Cyclin/Cdks, late G1 CycE/Cdk2 hyper-phosphorylates Rb, 343 

and CycE/Cdk2 downregulation is associated with cell cycle arrest or exit into 344 

quiescence in proliferating cells [49, 50]. To drive quiescent cells deeper by targeting 345 

CycE/Cdk2, however, can be problematic. This is because downregulating CycE/Cdk2 346 

weakens the mutual-inhibition (i.e., positive feedback) loop between Rb and E2f that is 347 

essential to the network bistability [46] and consequentially the proper quiescence-to-348 

proliferation transition. Similarly, targeting and inhibiting E2f to increase the E2f-349 

activation threshold could be problematic, as repressing E2f weakens both positive 350 

feedbacks (Rb-E2f mutual-inhibition and E2f auto-activation) in the Rb-E2f network 351 

underlying the network bistability. By contrast, CycD/Cdk4,6 is upstream of and not 352 

directly involved in the positive feedback loops between Rb and E2F (Fig. 2A). We 353 

therefore expect that targeting to inhibit CycD/Cdk4,6 can better divide and conquer 354 

the needs to both increase the E2f-activation threshold and maintain the Rb-E2f bistable 355 

switch. Consistently, Cdk6 expression level was found to regulate the quiescence depth 356 

of human hematopoietic stem cells and impact their long-term preservation [51].  357 

Relatedly, in proliferating cells, CycD level appears to reflect the protein 358 

synthesis rate of the mother cell, and the CycD level inherited from the mother cell is a 359 

key determinant of the proliferation-quiescence bifurcation of daughter cells [52, 53]. 360 

On another note, a recent study suggested that CycD/Cdk4,6 mono-phosphorylates but 361 

does not inhibit Rb, and it meanwhile activates CycE/Cdk2 via an unidentified 362 

mechanism [54]. Although this new finding and the classic model differ in whether 363 

CycD/Cdk4,6 directly inhibits Rb, they are consistent in the role of CycD/Cdk4,6 in 364 

leading to CycE/Cdk2 activation and initiating the positive mutual-inhibition loop 365 

between Rb and E2f, which eventually leads to E2f activation and the passage of the 366 

restriction point during the quiescence-to-proliferation transition [55-60]. 367 

 A closer look of CycD/Cdk4,6 responses to Cry and Rev-erb agonists showed 368 

that the protein levels of CycD1, CycD3, Cdk4, and Cdk6 decreased noticeably at the 369 
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medium and high doses of KL001 and SR9009, but not at their low doses (15 µM 370 

KL001, Fig. 3A; 2 µM SR9009, Fig. 3B). How would this result at low dose conditions 371 

explain the then still significantly deepened quiescence (Fig. 1A and D)? It turns out 372 

Rb phosphorylation can be ultrasensitive to CycD/Cdk4,6 activity. That is, a small 373 

downregulation of CycD/Cdk4,6 may cause a much larger decrease of Rb 374 

phosphorylation during cell cycle entry (see the 10- and 14-hr sim curves, Fig. 4A), as 375 

predicted by our Rb-E2f bistable switch model reflecting the phosphorylation-376 

dephosphorylation zero-order ultrasensitivity [61]. As a rough estimate, CycD/Cdk4,6 377 

activity under the low doses of KL001 and SR9009 was reduced by about 30% during 378 

cell cycle entry (considering joint cyclin, Cdk, and CKI levels, Table S5), which could 379 

result in an over 80% reduction of Rb phosphorylation based on model simulations (Fig. 380 

4A). We note that the estimate of CycD/Cdk4,6 was based on several assumptions 381 

(Table S5) and may not be accurate. That said, our experimental observations of the 382 

phospho-Rb level (S807/S811) across varying KL001 and SR9009 doses (low, medium, 383 

and high, Fig. 4 B and C) were in good agreement with the model predictions 384 

considering the estimated CycD/Cdk4,6 activities (Fig. 4A). This ultrasensitive 385 

decrease of Rb phosphorylation increased the E2f-activation threshold and thus 386 

deepened quiescence in our model, leading to noticeably fewer cells able to reenter the 387 

cell cycle upon serum stimulation (Fig. 4D).  388 

 389 

Figure 4. Ultrasensitive effects of CycD/Cdk4,6 on Rb phosphorylation and quiescence depth. 390 
(A) Relationship between CycD/Cdk4,6 (x-axis) and relative phospho-Rb = (phosphorylated 391 
Rb)/(total Rb) (y-axis). Model simulated results at the 10-hr (gray curve) and 14-hr (black curve) 392 
after serum stimulation are shown together with experimentally estimated data points (CycD/Cdk4,6, 393 
from Table S5; relative phospho-Rb, from C) under the treatments of KL001 (yellow squares) and 394 
SR9009 (red triangles) at the low (L), medium (M), and high (H) doses, respectively. 395 
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(B) Effects of Cry and Rev-erb agonists (KL001, top; SR9009, bottom) on Rb phosphorylation. 396 
Quiescent cells were serum (4%) stimulated following the STI.3dq/agonist protocol in the presence 397 
of agonists at the indicated concentrations. The levels of phosphorylated Rb protein (S807/S811) 398 
were measured by Western blot at the 0-, 10-, and 14-hr time points after serum stimulation.  399 
(C) Quantification of the relative phospho-Rb in response to Cry and Rev-erb agonists (KL001, left; 400 
SR9009, right). Levels of phosphorylated Rb and total Rb were quantified from Western blots as in 401 
B. The relative phospho-Rb value of the 14-hr DMSO control is set to 1.0. Error bar, SD. 402 
(D) Stochastic simulations of quiescence exit under the low doses of KL001 (15 µM) and SR9009 403 
(2 µM). In each panel with the indicated condition, 1000 cells were simulated according to the 404 
relative Phospho-Rb level (14 hr) as in B, and the distribution of simulated E2f molecule numbers 405 
at the 24-hr after stimulation (4% serum) are shown (x-axis).  406 
 407 

CycD/Cdk4,6 activity can be reduced by either downregulating CycD and 408 

Cdk4,6 or upregulating Cdk inhibitors (CKIs), including Cip/Kip proteins (most 409 

notably p21 and p27) and INK4 proteins (most notably p16). In REF/E23 cells treated 410 

with Cry and Rev-erb agonists, the p16 level did not change significantly while the 411 

levels of p21 and p27 mostly decreased but not increased (Fig. S5). These observations 412 

suggest that CKIs are not responsible for CycD/Cdk4,6 downregulation by Cry and 413 

Rev-erb. Since p16 is a marker of senescent cells, that it is not targeted and upregulated 414 

by circadian proteins in quiescent cells was anticipated. Yet, p21 and p27 could be 415 

viable options since they have been shown to drive deep quiescence in different 416 

contexts [21, 62]. We suspect that Cry and Rev-erb do not upregulate p21 and p27 to 417 

deepen quiescence is likely due to the specific regulatory mechanisms they employ to 418 

modulate the Rb-E2f bistable switch (see below).    419 

Our modeling and experimental study here identified two novel connections 420 

from circadian proteins Cry and Rev-erb converging to downregulate CycD/Cdk4,6. 421 

The natures of these two newly discovered links remain unknown, such as how Cry and 422 

Rev-erb simultaneously downregulate multiple components (CycD1, CycD3, Cdk4 and 423 

Cdk6), and whether such regulations are direct or indirect. Similarly, we observed that 424 

both Cry and Rev-erb agonists reduced total Rb protein level (which would not deepen 425 

quiescence) but did not change the levels of Rb phosphatases PP1 and PP2A (Fig. S5). 426 

How both Cry and Rev-erb converge to similar regulatory patterns targeting a common 427 

subset of Rb-E2f network components are interesting questions that we hope to address 428 

in future studies.  429 

 As circadian proteins, Cry and Rev-erb levels fluctuate diurnally. Given 430 

upregulating Cry and Rev-erb deepened quiescence as observed in this study, we 431 

speculated that cellular quiescence depth might fluctuate diurnally too. Indeed, this is 432 

what we observed: circadian changes in the rate of quiescence-to-proliferation 433 
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transition in REF/E23 cells upon growth stimulation (Fig. S6). Further studies are 434 

needed to test and confirm which CycD/Cdk4,6 components fluctuate accordingly and 435 

are responsible for this phenomenon. Also, studies are needed to answer whether 436 

circadian fluctuation of quiescence depth occurs in various body tissues, resulting in 437 

different rates of tissue repair and regeneration at different times of the day. We also 438 

anticipate the differences of targeting CycD/Cdk4,6 and CycE/Cdk2 in regulating 439 

quiescence depth, as found in this study, may have implications in the applications of 440 

Cdk4,6 and Cdk2 inhibitors in clinical settings.  441 
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MATERIALS AND METHODS 442 

Cell culture, quiescence induction and exit 443 

Rat embryonic fibroblasts REF52/E23 cells stably harboring an E2f1 promoter-driven 444 

destabilized GFP reporter were derived previously as in [32]. Cells were routinely 445 

passed at a sub-confluent level and cultured in Dulbecco’s Modified Eagle’s Medium 446 

(DMEM) (No. 31053, Gibco, Thermo Fisher) with 10% of bovine growth serum (BGS, 447 

No. SH30541, Hyclone, GE Healthcare). To induce quiescence, growing cells were 448 

seeded at around 105 cells per well in 6-well culture plates (No. 353046, Corning 449 

Falcon), washed twice with DMEM, followed by culture in serum-starvation medium 450 

(0.02% BGS in DMEM) for 2 days or as indicated. To induce quiescence exit, serum-451 

starvation medium was changed to serum-stimulation medium (DMEM containing 452 

serum at the indicated concentration), and cells were subsequently cultured for the 453 

indicated durations. 454 

Treatments of Cry and Rev-erb agonists 455 

Cry agonists KL001 (No. 233624, EMD Millipore) and KL002 (No. 13879, Cayman) 456 

and Rev-erb agonists SR9009 (No. 554726, Sigma-Aldrich) and SR9011 (No. 457 

SML2067, EMD Millipore) were applied by being included in serum starvation and 458 

stimulation media at the indicated times and concentrations. DMSO was used as a 459 

vehicle control. 460 

E2f activity and quiescence exit (EdU incorporation) Assays  461 

To measure E2f activity in individual cells, cells were harvested at the 24-hr time point 462 

after serum stimulation, fixed with 1% formaldehyde, and the fluorescence intensities 463 

of the E2f-GFP reporter in approximately 10,000 cells from each sample were measured 464 

using a LSR II flow cytometer (BD Bioscience). Flow cytometry data were analyzed 465 

using FlowJo software (v. 10.0). To assay for quiescence exit, EdU (2 µM) was added 466 

to serum-stimulation medium, and cells were collected at the indicated time points, 467 

followed by Click-iT EdU assay according to the manufacturer’s instruction. 468 

Ectopic expression 469 

Growing REF/E23 cells were kept at sub-confluence and transfected with pfmh-hCry1 470 

(a gift from Aziz Sancar; Addgene plasmid #25843) and pAdTrack-CMV FLAG Rev-471 

erbα expression vectors (a gift from Bert Vogelstein; Addgene plasmid #16405) for 472 
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ectopic expression of Cry1 and Rev-erbα, respectively, or with pCMV-mCherry (a gift 473 

from Lingchong You) as a control. Transfection was performed using Neon 474 

electroporation system (MPK5000, Invitrogen, Thermo Fisher) following the 475 

manufacturer’s protocol. Briefly, in each transfection, about 106 cells were 476 

electroporated with 10 μg of plasmid DNA at 1800 volts with two 20-millisecond pulses 477 

in a 100 μl Neon tip.  478 

Western blotting 479 

Cells were washed with DPBS once and then lysed in lysis buffer (50 mM Tris-HCl, 480 

pH 6.8, 2% sodium deoxycholate, 0.025% Bromophenol blue, 10% glycerol, 5% β-481 

Mercaptoethanol). Extracted proteins were separated using SDS-PAGE and transferred 482 

onto nitrocellulose membranes. Immunoblot analyses were performed using antibodies  483 

against c-Myc (#sc-40), Rb (#sc-74562), Cyclin D1 (#sc-8396), Cyclin E2 (#sc-484 

28351), Cdk2 (#sc-6248), Cdk4 (#sc-23896), p21 (#sc-53870), p27 (#sc-1641), PP1 485 

(#sc-7482), and PP2A (#sc-13600) from Santa Cruz; Phospho-Rb (  S807/S811; 486 

#9308T), Cyclin D3 (#2936T), Cyclin E1 (#20808), and Cdk6 (#3136T) from Cell 487 

Signaling; p16 (#ab51243) from Abcam; Tubulin beta (#MAB3408) from EMD 488 

Millipore Corp; and GAPDH (#MA5-15738-D680) from Invitrogen. 489 

Model library generation and search 490 

Regulatory effects of Cry or Rev-erb ([CR] in Table S1) on a node x in the Rb-E2f 491 

network were modeled by adding m*w*[CR]/(I+[CR]) to the ODE d[x]/dt in our 492 

previously established Rb-E2f bistable switch model [19], with m = -1 (negative 493 

regulation), 0 (no regulation), or +1 (positive regulation); w = kx (matching the synthesis 494 

rate constant of x), and I being a random number uniformly distributed in the log range 495 

of 0.01~1.  496 

Each of the 35 = 243 models was simulated with the same set of 10,000 random 497 

parameter sets. With each parameter set, the activity of each node in the Rb-E2f network 498 

was simulated at 50 serum concentrations uniformly distributed in the log range 499 

between 0.01 and 20 (percent of serum, covering the conditions from serum starvation 500 

to saturation). To determine E2f bistability, at each serum concentration, the model with 501 

the initial condition (Table S1) corresponding to the quiescence state was simulated for 502 

1000 model hours to reach the “switch-On” steady state. The “switch-On” steady-state 503 
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values of individual nodes were then used as the initial condition of the proliferation 504 

state; the model was subsequently simulated for 1000 model hours to reach the “switch-505 

Off” steady state. Simulation results were analyzed using an “in-house” Perl script, 506 

according to the criteria developed in our previous work [46] to determine E2f 507 

bistability. All simulations were performed using COPASI [63]. 508 

Modeling phospho-Rb and CycD/Cdk4,6 downregulations 509 

To simulate the CycD/Cdk4,6 downregulation under Cry and Rev-erb agonists, the 510 

CycD/Cdk4,6 term ([CD], Table S1) in the base model of the Rb-E2f bistable switch 511 

[32] was multiplied with a scaling factor (α = 0.1~1); phosphorylated Rb ([RP], Table 512 

S1) and total Rb ([R]+[RE]+[RP], Table S1) were accordingly derived by model 513 

simulation. Reversely, given a decrease in relative phospho-Rb under Cry and Rev-erb 514 

agonists as measured in the experiment, the scaling factor α of [CD] was derived by 515 

simulation and then applied to simulate the E2f serum response. In the time course 516 

simulation of the base model, the 7-hr model time aligned with the 14-hr experimental 517 

time according to phospho-Rb and E2f-GFP dynamics following serum stimulation. 518 

Accordingly, time in all model simulations was adjusted by 7 hours (e.g., the 17-hr 519 

model time was used to simulate serum responses at the 24-hr). 520 

Stochastic simulation 521 

Similar to Ref. [64, 65], we built a Langevin-type stochastic differential equation (SDE) 522 

model based on the ODE model described in Table S1.  523 

  

where 𝑋𝑋(𝑡𝑡) = (𝑋𝑋1(𝑡𝑡), … ,𝑋𝑋𝑛𝑛(𝑡𝑡))  is the system state at time t.   is the molecule 524 

number of species 𝑖𝑖 (𝑖𝑖 = 1, … , 𝑛𝑛)  at time t. The time evolution of the system is 525 

measured based on the rates (𝑗𝑗 = 1, … ,𝑀𝑀) with the corresponding change of 526 

molecule number 𝑖𝑖  described in  . Factors   and   are two independent and 527 

uncorrelated Gaussian noises. In this equation, the first two terms indicate deterministic 528 

kinetics, the third and fourth terms represent intrinsic and extrinsic noise, respectively. 529 

  and   are scaling factors to adjust the levels of intrinsic and extrinsic noise, 530 

respectively (θ =0.45,δ =30). Units of model parameters and species concentrations in 531 

the ODE model (Table S2) were converted to molecule numbers. We considered the 532 

cell reenters the cell cycle with the E2f-ON state, when the E2f molecule number at the 533 
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24th hour after serum stimulation was larger than a cutoff value of 200. All SDEs were 534 

implemented and solved in Matlab. 535 

 536 

 537 

 538 

 539 
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 707 
Figure S1. Cytotoxicity of Cry and Rev-erb agonists in REF52/E23 cells. Cells were treated 708 
with Cry agonist KL001 (A) and Rev-erb agonist SR90009 (B), respectively, at the indicated 709 
concentrations for 48 hours (concentration = 0 being the DMSO vehicle control). Relative 710 
viability (y-axis) refers to the ratio of the live cell count in a treated sample over that in the DMSO 711 
control. Live cell count was determined by the PI fluorescence assay as previously described [66]. 712 
Error bar, SD (n = 3). 713 
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 715 

Figure S2. Cry agonists induce cells into deeper quiescence. 716 
(A-B) Effect of Cry agonist KL001 on Myc protein level. Quiescent cells were serum (4%) 717 
stimulated following the STI.3dq/agonist protocol in the presence of KL001 at the indicated 718 
concentrations. The protein levels of c-Myc were assessed by Western blot at (A) the 0 hr, i.e., in 719 
quiescent cells, and (B) the 10- and 14-hr time points after serum stimulation (STI). Error bar, SEM 720 
(n = 2). *p < 0.05. 721 
(C) Effect of KL001 on quiescence depth. Quiescent cells were serum stimulated following the 722 
STI.3dq/agonist protocol. Serum and KL001 concentrations are as indicated. The percentages of 723 
cells with E2f-ON at the 24-hr after serum stimulation are indicated to the right of individual 724 
histograms. Arrows indicate the approximate serum concentrations leading to E2f-ON% = 45%. 725 
(D-E) Effect of Cry agonist KL002 on quiescence depth. Quiescent cells were serum stimulated 726 
following the STI.3dq/agonist protocol. Serum and KL002 concentrations are as indicated. The 727 
EdU+% at the 30-hr (D) and the E2f-ON% at the 24-hr (E) after serum stimulation are indicated to 728 
the right of individual histograms. Arrows indicate the approximate serum concentrations leading 729 
to EdU+% (D) and E2f-ON% (E) = 45%, respectively. 730 
 731 
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 732 

Figure S3. Rev-erb agonists induce cells into deeper quiescence. 733 
(A-B) Effect of Rev-erb agonist SR9009 on p21 protein level. Quiescent cells were serum (4%) 734 
stimulated following the STI.3dq/agonist protocol in the presence of SR9009 at the indicated 735 
concentrations. The protein levels of p21 were measured by Western blot at (A) the 0 hr (i.e., in 736 
quiescent cells), and (B) the 10- and 14-hr after serum stimulation (STI). Error bar, SEM (n = 2). 737 
*p< 0.05. 738 
(C) Effect of SR9009 on quiescence depth. Quiescent cells were serum stimulated following the 739 
STI.3dq/agonist protocol. Serum and SR9009 concentrations are as indicated. E2f-ON% at the 24-740 
hr after serum stimulation are indicated to the right of individual histograms. Arrows indicate the 741 
approximate serum concentrations leading to E2f-ON% = 45%.  742 
(D-E) Effect of Rev-erb agonist SR9011 on quiescence depth. Quiescent cells were stimulated 743 
following the STI.3dq/agonist protocol. Serum and SR9011 concentrations are as indicated. The 744 
EdU+% at the 30-hr (D) and the E2f-ON% at the 24-hr (E) after serum stimulation are indicated to 745 
the right of individual histograms. Arrows indicate the approximate serum concentrations leading 746 
to EdU+% (D) and E2f-ON% (E) = 45%, respectively. 747 
 748 
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 749 
Figure S4. Link features of the 10 top-ranked models at each C/R level. (Top) The top 10 models 750 
at C/R = 0.1 and 0.5, respectively. The link features in each model are shown according to the 751 
upregulation (red), downregulation (blue), or no-effect (white) of the indicated target node by C/R. 752 
(Middle) Pie chart of the percentage of each link feature at the indicated target node among the 753 
combined 20 models (top). (Bottom) The average percentage of each link feature at the indicated 754 
target node between the two model groups (C/R = 0.1 and 0.5, respectively, top). Error bar, SD. 755 
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 756 

Figure S5. Western blot analysis of multiple Rb-E2f network proteins in response to Cry and 757 
Rev-erb agonists. 758 
The responses of indicated Rb-E2f network proteins to Cry agonist KL001 (A) and Rev-erb agonist 759 
SR9009 (B) at the indicated concentrations were measured following the STI.3dq/agonist protocol. 760 
Protein levels were measured by Western blot in quiescence (0 hr) and during cell cycle entry (10 761 
and 14 hr after stimulated with 4% serum) and normalized to the 0-hr DMSO control. Error bar, 762 
SEM (n=2); *p < 0.05. 763 
  764 
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 765 
 766 
 767 

 768 

Figure S6. Circadian changes of quiescence depth. 769 
Quiescent (2-day serum-starved) cells were circadian-synchronized with dexamethasone (Dex, 100 770 
nM) treatment for 2 hours followed by 12 hours of stabilization time (as in [67]). Cells were 771 
subsequently, and every 3 hours afterward, stimulated with serum (1% and 1.5%, respectively) for 772 
30 hours, followed by the measurement of EdU+%. Error bar, SEM (n≥2).  773 
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Table S1. Rb-E2f bistable switch model with circadian regulation. 774 

Table S2. Model parameters. 775 

Table S3. Ranking for the top 10 topologies at the low level of C/R (= 0.1).  776 

Table S4. Ranking for the top 10 topologies at the high level of C/R (= 0.5).  777 

Table S5. Estimation of CycD/Cdk4,6 activity under KL001 and SR9009 treatments. 778 
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Table S1. The Rb-E2f bistable switch model with circadian regulation (adapted from 
Ref. [1]). 
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𝑑𝑑[𝑅𝑅𝑅𝑅]
𝑑𝑑𝑑𝑑

=
𝑘𝑘𝑃𝑃1[𝐶𝐶𝐶𝐶][𝑅𝑅]
𝐾𝐾𝐶𝐶𝐶𝐶 + [𝑅𝑅]

+
𝑘𝑘𝑃𝑃2[𝐶𝐶𝐶𝐶][𝑅𝑅]
𝐾𝐾𝐶𝐶𝐶𝐶 + [𝑅𝑅]

+
𝑘𝑘𝑃𝑃1[𝐶𝐶𝐶𝐶][𝑅𝑅𝑅𝑅]
𝐾𝐾𝐶𝐶𝐶𝐶 + [𝑅𝑅𝑅𝑅]

+
𝑘𝑘𝑃𝑃2[𝐶𝐶𝐶𝐶][𝑅𝑅𝑅𝑅]
𝐾𝐾𝐶𝐶𝐶𝐶 + [𝑅𝑅𝑅𝑅]

−
𝑘𝑘𝐷𝐷𝐷𝐷[𝑅𝑅𝑅𝑅]
𝐾𝐾𝑅𝑅𝑅𝑅 + [𝑅𝑅𝑅𝑅]

− 𝑑𝑑𝑅𝑅𝑅𝑅[𝑅𝑅𝑅𝑅] 

𝑑𝑑[𝑅𝑅𝑅𝑅]
𝑑𝑑𝑑𝑑

= 𝑘𝑘𝑅𝑅𝑅𝑅[𝑅𝑅][𝐸𝐸] −
𝑘𝑘𝑃𝑃1[𝐶𝐶𝐶𝐶][𝑅𝑅𝑅𝑅]
𝐾𝐾𝐶𝐶𝐶𝐶 + [𝑅𝑅𝑅𝑅] −

𝑘𝑘𝑃𝑃2[𝐶𝐶𝐶𝐶][𝑅𝑅𝑅𝑅]
𝐾𝐾𝐶𝐶𝐶𝐶 + [𝑅𝑅𝑅𝑅] − 𝑑𝑑𝑅𝑅𝑅𝑅[𝑅𝑅𝑅𝑅] 

Variables: 
S: serum concentration 
M: Myc  
E: E2F 
CD: Cyclin D/Cdk4,6  
CE: Cyclin E/Cdk2 
R: Rb family proteins 
RP: Phosphorylated Rb  
RE: Rb-E2F complex  
CR: Cry or Rev-erb 

Initial condition: 
[M] = [E] = [CD] = [CE] =[R] = [RP] = 0 nM, [RE] = 0.55 nM, [CR] = 0.1 or 0.5 nM. 

Note: Model parameters are adapted from [1] and defined in Table S2 (including 
newly added parameters 𝑚𝑚1−5,𝑤𝑤1−5, and 𝐼𝐼1−5).  
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Table S2. Model parameters (adapted from Ref. [1]) 
Symbol Values Description 

𝑘𝑘𝑀𝑀 1.0 nM hr−1 Rate constant of Myc synthesis driven by growth factors 

𝑘𝑘𝐸𝐸 0.4 nM hr−1 Rate constant of E2F synthesis driven by Myc and E2F 

𝑘𝑘𝑏𝑏 0.003 nM hr−1 Rate constant of E2F synthesis driven by Myc alone 

𝑘𝑘𝐶𝐶𝐶𝐶 0.03 nM hr−1 Rate constant of CycD synthesis driven by Myc 

𝑘𝑘𝐶𝐶𝐶𝐶𝐶𝐶 0.45 nM hr−1 Rate constant of CycD synthesis driven by growth factors 

𝑘𝑘𝐶𝐶𝐶𝐶 0.35 nM hr−1 Rate constant of CycE synthesis driven by E2F 

𝑘𝑘𝑅𝑅 0.18 nM hr−1 Rate constant of Rb constitutive synthesis 

𝑘𝑘𝑃𝑃1 18 hr−1 Phosphorylation rate constant of Rb by CycD/Cdk4,6 
𝑘𝑘𝑃𝑃2 18 hr−1 Phosphorylation rate constant of Rb by CycE/Cdk2 

𝑘𝑘𝐷𝐷𝐷𝐷 3.6 nM hr−1 Dephosphorylation rate constant of Rb by phosphatases 

𝑘𝑘𝑅𝑅𝑅𝑅 180 nM-1 hr-1 Association rate constant of Rb and E2F 

𝐾𝐾𝑆𝑆 0.5 nM  

  

Michaelis-Menten parameter for CycD and Myc synthesis by growth factors 

𝐾𝐾𝐸𝐸  0.15 nM Michaelis-Menten parameter for CycE and E2F synthesis by E2F 

𝐾𝐾𝑀𝑀 0.15 nM Michaelis-Menten parameter for CycD and E2F synthesis by Myc 

𝐾𝐾𝑅𝑅𝑅𝑅 0.01 nM Michaelis-Menten parameter for Rb dephosphorylation 

𝐾𝐾𝐶𝐶𝐶𝐶  0.92 nM Michaelis-Menten parameter for Rb phosphorylation by CycD/Cdk4,6 

𝐾𝐾𝐶𝐶𝐶𝐶  0.92 nM Michaelis-Menten parameter for Rb phosphorylation by CycE/Cdk2 

𝑑𝑑𝑀𝑀 0.7 hr−1 Degradation rate constant of Myc 

𝑑𝑑𝐸𝐸 0.25 hr−1 Degradation rate constant of E2F 

𝑑𝑑𝐶𝐶𝐶𝐶 1.5 hr−1 Degradation rate constant of CycD 
𝑑𝑑𝐶𝐶𝐶𝐶  1.5 hr−1 Degradation rate constant of CycE 

𝑑𝑑𝑅𝑅 0.06 hr−1 Degradation rate constant of Rb 

𝑑𝑑𝑅𝑅𝑅𝑅 0.06 hr−1 Degradation rate constant of phosphorylated Rb 

𝑑𝑑𝑅𝑅𝑅𝑅  0.03 hr−1 Degradation rate constant of Rb-E2F complex 

𝑚𝑚1 0, −1, or +1 CR activate, inhibit, or have no effect on M 

𝑚𝑚2 0, −1, or +1 CR activate, inhibit, or have no effect on CD 

𝑚𝑚3 0, −1, or +1 CR activate, inhibit, or have no effect on R 

𝑚𝑚4 0, −1, or +1 CR activate, inhibit, or have no effect on CE 

𝑚𝑚5 0, −1, or +1 CR activate, inhibit, or have no effect on E 

𝑤𝑤1 1.0 nM hr−1 Rate constant of CR effect on M (matching the 𝑘𝑘𝑚𝑚 value) 
  𝑤𝑤2 0.45 nM hr−1 Rate constant of CR effect on CD (matching the 𝑘𝑘𝐶𝐶𝐶𝐶𝐶𝐶 value) 

𝑤𝑤3 0.18 nM hr−1 Rate constant of CR effect on R (matching the 𝑘𝑘𝑅𝑅 value) 
𝑤𝑤4 0.35 nM hr−1 Rate constant of CR effect on CE (matching the 𝑘𝑘𝐶𝐶𝐶𝐶 value) 

𝑤𝑤5 0.4 nM hr−1 Rate constant of CR effect on E (matching the 𝑘𝑘𝐸𝐸 value) 

𝐼𝐼1 0.01 ~ 1 nM Random Michaelis-Menten parameter for CR effect on M 

𝐼𝐼2 0.01 ~ 1 nM Random Michaelis-Menten parameter for CR effect on CD 

𝐼𝐼3 0.01 ~ 1 nM Random Michaelis-Menten parameter for CR effect on R 

𝐼𝐼4 0.01 ~ 1 nM Random Michaelis-Menten parameter for CR effect on CE 

𝐼𝐼5 0.01 ~ 1 nM Random Michaelis-Menten parameter for CR effect on E 
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Table S3. Ranking of the top 10 topologies at the low level of C/R (= 0.1). 

 
A total of 10,000 model simulations (Sim) were evenly divided into 8 bins (1250 Sim in each bin). 
The ranking of each topology (model number shown in the 1st column) was updated after each bin 
addition (i.e., after 1250, 2500, …, 10,000 Sim). 

 
 
Table S4. Ranking of the top 10 topologies at the high level of C/R (= 0.5).  
 
Topology 1250 

Sim 
2500 
Sim 

3750 
Sim 

5000 
Sim 

6250 
Sim 

7500 
Sim 

8750 
Sim 

10,000 
Sim 

#229 2 2 1 1 1 1 1 1 
#241 1 1 2 2 2 2 2 2 
#220 3 3 3 3 3 3 3 3 
#235 5 5 5 5 5 4 4 4 
#136 4 4 4 4 4 5 5 5 
#55 6 6 6 6 6 6 6 6 
#65 8 7 7 7 7 7 7 7 
#227 7 8 8 8 8 8 8 8 
#146 10 9 10 9 9 9 9 9 
#233 9 10 11 10 10 10 10 10 
 
See Table S3 legend for detail. 
  

Topology 1250 
Sim 

2500 
Sim 

3750 
Sim 

5000 
Sim 

6250 
Sim 

7500 
Sim 

8750 
Sim 

10,000 
Sim 

#64 1 1 2 2 1 1 2 1 
#226 2 2 1 1 2 2 1 2 
#217 4 4 3 3 3 5 3 3 
#145 3 5 5 5 5 3 4 4 
#55 5 3 4 4 4 4 5 5 
#136 6 6 6 6 6 6 6 6 
#93 7 7 8 9 7 7 7 7 
#12 8 9 9 11 9 8 8 8 
#3 10 8 7 7 8 9 9 9 
#235 9 13 11 8 10 10 10 10 
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Table S5. Estimation of CycD/Cdk4,6 activity under KL001 and SR9009 treatments.  

 
The protein levels of CycD1, CycD3, Cdk4, Cdk6, p21, p27, and p16 were derived from Western 
blot as in Fig. 3 and S5 and averaged over 10 and 14 hr in each of the two replicates (rep 1 and 2). 
The joint activity (JA) of CycD/Cdk4,6 was assumed to be positively proportional to the 
combined levels of CycD and Cdk4,6 components and negatively proportional to the combined 
level of CKI components, JA = (CycD1+CycD3)(Cdk4+Cdk6)/(p16+p21+p27). Next, JA was 
adjusted (JA’) according to the relative gene expression level of each component (estimated from 
Ref. [2] based on the RNA-seq data in growing REF/E23 cells). The mean JA’ value was obtained 
by averaging over rep 1 and 2 at each treatment condition and subsequently normalized to the 
DMSO control. (sd, standard deviation).      
 
   

KL001
treatment (rep 1) CycD1 CycD3 Cdk4 Cdk6 p21 p27 p16 JA (w/o adj. exp) JA' (w/ adj. exp) Mean JA' sd normalized JA' sd
DMSO 3.59 0.90 1.22 2.29 1.33 1.91 1.33 2.58 4.66 4.96 0.43 1.00 0.00
KL001 15uM 3.15 0.71 1.14 1.43 1.13 1.58 1.53 1.76 3.99 3.88 0.16 0.78 0.07
KL001 30uM 2.53 0.53 1.18 1.14 1.01 1.54 1.56 1.30 3.38 3.51 0.18 0.71 0.07
KL001 40uM 1.67 0.47 0.90 0.47 0.99 1.37 1.45 0.57 1.92 1.60 0.45 0.32 0.10
treatment (rep 2) CycD1 CycD3 CDK4 CDK6 p21 p27 p16 JA (w/o adj. exp) JA' (w/ adj. exp)  
DMSO 2.61 1.23 1.42 2.29 1.34 1.39 1.29 2.66 5.26
KL001 15uM 1.94 0.95 1.32 1.72 1.18 1.23 1.55 1.66 3.77
KL001 30uM 1.30 0.94 1.42 1.25 0.94 1.21 1.55 1.21 3.63
KL001 40uM 0.78 0.75 0.67 0.48 0.99 1.00 1.33 0.40 1.28

SR9009
treatment (rep 1) CycD1 CycD3 Cdk4 Cdk6 p21 p27 p16 JA (w/o adj. exp) JA' (w/ adj. exp) Mean JA' sd normalized JA' sd
DMSO 4.10 1.27 1.53 1.59 1.45 1.11 2.39 2.53 6.03 5.77 0.37 1.00 0.00
SR9009 2uM 4.65 0.97 1.12 1.15 1.71 0.85 2.52 1.89 4.17 3.95 0.30 0.69 0.07
SR9009 4uM 0.47 0.37 0.56 0.44 0.70 0.42 2.70 0.16 0.52 0.50 0.02 0.09 0.01
SR9009 5uM 0.22 0.31 0.52 0.32 0.61 0.38 2.54 0.09 0.34 0.31 0.05 0.06 0.01
treatment (rep 2) CycD1 CycD3 CDK4 CDK6 p21 p27 p16 JA (w/o adj. exp) JA' (w/ adj. exp)  
DMSO 3.83 1.20 1.46 1.36 1.69 1.06 1.82 2.33 5.50
SR9009 2uM 4.45 0.91 1.08 0.92 2.03 0.74 2.03 1.68 3.74
SR9009 4uM 0.49 0.28 0.52 0.26 0.78 0.49 1.84 0.14 0.49
SR9009 5uM 0.20 0.16 0.49 0.21 0.72 0.42 1.41 0.07 0.27

Gene expression (estimated from Ref [2])
CycD1 CycD3 Cdk4 Cdk6 p21 p27 p16

relative expression 0.64 1.00 0.89 0.03 0.30 0.10 0.15
sd 0.00013 0 0.00023 2.2E-05 0.00012 2.4E-05 8.1E-05
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