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Abstract

Cells switch between quiescence and proliferation states for maintaining tissue homeostasis

and regeneration. At the restriction point (R-point), cells become irreversibly committed to

the completion of the cell cycle independent of mitogen. The mechanism involving hyper-

phosphorylation of retinoblastoma (Rb) and activation of transcription factor E2F is linked to

the R-point passage. However, stress stimuli trigger exit from the cell cycle back to the mito-

gen-sensitive quiescent state after Rb hyper-phosphorylation but only until APC/CCdh1 inac-

tivation. In this study, we developed a mathematical model to investigate the reversible

transition between quiescence and proliferation in mammalian cells with respect to mitogen

and stress signals. The model integrates the current mechanistic knowledge and accounts

for the recent experimental observations with cells exiting quiescence and proliferating

cells. We show that Cyclin E:Cdk2 couples Rb-E2F and APC/CCdh1 bistable switches and

temporally segregates the R-point and the G1/S transition. A redox-dependent mutual

antagonism between APC/CCdh1 and its inhibitor Emi1 makes the inactivation of APC/CCdh1

bistable. We show that the levels of Cdk inhibitor (CKI) and mitogen control the reversible

transition between quiescence and proliferation. Further, we propose that shifting of the

mitogen-induced transcriptional program to G2-phase in proliferating cells might result in an

intermediate Cdk2 activity at the mitotic exit and in the immediate inactivation of APC/CCdh1.

Our study builds a coherent framework and generates hypotheses that can be further

explored by experiments.

Introduction

Tissue homeostasis depends on the ability of mammalian cells to reversibly switch between

quiescence (G0) and proliferation. Cells remain quiescent in the absence of mitogen, contact

inhibition and stress conditions. Under favorable conditions, cells exit quiescence and enter

the G1 phase of the cell cycle, and become committed to the completion of the cell cycle. The

decision to exit or enter quiescence is dysregulated in cancer and degenerative diseases[1, 2].

Therefore, understanding the molecular mechanisms that control the reversible transition

between quiescence and proliferation is crucial.
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A restriction point (R- point) in early G1 was defined based on pulsing the mitogen to

mitogen-starved cells (G0). It is the time point when cells become irreversibly committed to

the completion of the cell cycle in the absence of mitogen[3, 4]. The molecular mechanism

associated with the R-point includes the regulation of transcription factor E2F by a pocket pro-

tein retinoblastoma (Rb)[5–7]. In the canonical view, mitogen induced expression of Cyclin D

activates Cdk4 and Cdk6 (Cdk4/6)-dependent phosphorylation of Rb to release E2F[8–10]. In

turn, E2F promotes the expression of Cyclin E, which activates Cdk2-dependent hyper-phos-

phorylation of Rb and full release of E2F. The double negative feedback loop between Rb and

E2F mediated via Cdk2 is proposed to make the quiescence to proliferation decision bistable

that ensures irreversible commitment to proliferation[11]. However, this view is challenged by

the observations that hypo-phosphorylated/mono-phosphorylated Rb forms act as an inhibitor

of E2F and hyper-phosphorylation of Rb is required for the E2F activation[12–16]. Further,

the requirement of Cdk2 for the R-point passage is questioned by the observations that major

phosphorylation of Rb occurs after the R-point and Cyclin E accumulation is detectable only

after the R-point[17, 18]. However, it is also shown using the chemical genetics approach that

selective inhibition of Cdk2 blocks R-point passage[19].

On the other hand, in some cycling cells, the mitogen sensitive R-point is shown to operate

at the end of the preceding cell cycle (G2 phase) to control the proliferation to quiescence deci-

sion. In the presence of mitogen, cycling cells are found to bifurcate into two populations as

they exit mitosis[20]. The majority of cells (80%) immediately commit to the cell cycle since

they have Cdk2 activity at an intermediate level while other cells with low Cdk2 activity experi-

ence transient quiescence. In the absence of mitogen, cells exit mitosis with low Cdk2 activity

to enter quiescence state and require mitogen for the cell cycle re-entry. Whether the R-point

operates in the G1 or G2 phase is dependent on the cell type. The majority of cycling Swiss

3T3 cells exit mitosis with low Cdk2 activity (subjected to G1 R-point) compared to MCF10A

cells, which show intermediate Cdk2 activity (subjected to G2 R-point)[20]. The proliferation

to quiescence decision is controlled by the Cdk inhibitor p21. Endogenous DNA damage dur-

ing the S-phase is shown to induce the synthesis of p21 in cycling cells[21, 22].

Further, a recent finding by Cappell et al (2016) suggests that APC/CCdh1 inactivation at the

G1/S transition serves as a commitment point that prevents re-entry into quiescence. This is

based on the evidence that cells re-enter the quiescence state in the presence of stress after Rb

hyper-phosphorylation and before APC/CCdh1 inactivation. The cycling cells with intermedi-

ate Cdk2 activity immediately inactivate APC/CCdh1 and enter the S phase[23]. The molecular

mechanism proposed for the commitment at the G1/S boundary depends on the irreversible

inactivation of APC/CCdh1 by its inhibitor Emi1[23, 24]. Cyclin E:Cdk2 is shown to initiate

APC/CCdh1 inactivation before Emi1 promotes the accelerated inactivation. Studies have also

shown that the proliferation to quiescence decision is controlled by double negative feedback

loops between Cdk2 and p21, which control the degradation of p21 via the activation of two

ubiquitin ligases, CRL4Cdt2 and SCFSkp2[21, 25, 26]. The regulation of APC/CCdh1 and p21 is

linked via APC/CCdh1 dependent degradation of Skp2[27, 28]. Further, Dong et al (2014)

showed that the levels of E2F increase in Myc-dependent manner and crossing a E2F threshold

determines the cell cycle commitment. In this case, G1 Cyclins/Cdks control the timing of E2F

crossing the threshold[29]. However, the inhibition of Cdk2 blocks APC/CCdh1 inactivation

and the S-phase entry[23].

How these regulations depending on mitogen and stress are integrated is yet to emerge.

The complexity of the regulation coupled with different experimental set-up/cell type makes it

difficult to understand this problem by intuition alone. The mathematical modelling approach

provides a scope to develop a coherent framework that will help to generate hypotheses for fur-

ther exploration by experiments. Previous studies on mathematical modelling of R-point and
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G1/S transition have shown the bistable activation of E2F and inactivation of p21, respectively

[11, 21, 25]. R-point models show how cells emerging out of quiescence become mitogen inde-

pendent and G1/S transition models show how p21 controls heterogeneity in cycling and qui-

escence states. It is important to revisit these models in the light of newer findings[13, 23, 30–

33].

In this study, we developed a mathematical model to investigate the reversible transition

between quiescence and proliferation in mammalian cells. The model integrates the current

mechanistic knowledge and accounts for the recent experimental observations with cells

emerging out of quiescence and cycling cells. We propose model scenarios for the cell cycle

entry and exit with respect to mitogen and stress. We show that Cyclin E:Cdk2 couples Rb-

E2F and APC/CCdh1 bistable switches and temporally segregates the R-point and the G1/S

transition. A redox-dependent mutual antagonism between APC/CCdh1 and its inhibitor Emi1

can make the inactivation of APC/CCdh1 bistable.

Model description

The model proposed here incorporates all the essential features controlling the reversible tran-

sition between quiescence and proliferation. At the heart of quiescence to proliferation transi-

tion is the regulation of Myc, E2F, Rb, Cyclin D:Cdk4/6, Cyclin E:Cdk2, APC/CCdh1 and Cdk

inhibitors such as p27 and p21 (represented as CKI) (Fig 1). Mitogen stimulates early and late

phases of signalling events that promote Myc stabilization [34]. Though Myc is activated with

early phase of mitogen signalling, the synthesis of Myc-dependent proteins occurs only with

Fig 1. The molecular mechanism controlling the commitment points in the mid and late G1 phase of the mammalian cell cycle.

https://doi.org/10.1371/journal.pone.0198420.g001
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the late phase of mitogen signalling. This delay might be due to the presence of anti-prolifer-

ative signals, which have to be inhibited by the late phase of signalling. It is shown that

p53-controlled anti-proliferative genes are induced by the early phase of mitogen signalling.

This acts as restrain mechanism to prevent the commitment to the cell cycle until the late

phase of mitogen signalling[35]. We consider mitogen as an input to the model which pro-

motes Myc-dependent synthesis of Cyclin D, Cyclin E and E2F through the late phase of mito-

gen signalling.

In the model, Cyclin D:Cdk4/6 mono-phosphorylates Rb but this does not relieve the inhib-

itory effect of Rb on E2F. Rb inhibits E2F by forming a stoichiometric inhibitory complex (S1

Fig). Cyclin E:Cdk2 transforms the mono-phosphorylated form to hyper-phosphorylated

form [13]. The hyper-phosphorylation of Rb is required for relieving the Rb inhibition of E2F.

We also consider that Rb can be hyper-phosphorylated independent of mono-phosphorylation

(by higher levels of Cyclin E:Cdk2 or Cyclin A:Cdk2). The release of E2F promotes its own

synthesis and the synthesis of Cyclin E, Cyclin A and Emi1. This regulation raises interesting

questions such as how E2F might be activated initially and what sets the time window for the

hyper-phosphorylation of Rb. The hyper-phosphorylation of Rb/activation of E2F is controlled

by CKI, which forms complex with Cyclin D:Cdk4/6, Cyclin E:Cdk2 and Cyclin A:Cdk2[36].

We consider that Cyclin E:Cdk2 is not only required for Rb hyper-phosphorylation but is also

required for APC/CCdh1 inactivation by phosphorylation. Further, Emi1 also inactivates APC/

CCdh1 by forming stoichiometric inhibitory complex (S2 Fig). Although Emi1 and Cyclin E

are E2F targets, Emi1 accumulates only in the late G1 phase. Such a delay in Emi1 accumula-

tion might be due to post-transcriptional/translational controls [37–39]. It has been proposed

that Emi1 can be a APC/CCdh1 target similar to Cyclin A[40]. Since Emi1 regulation in G1 is

largely unknown, we hypothesize that Emi1 is an APC/CCdh1 substrate and explore the dynam-

ical consequences (Fig 1). SCFSkp2 and CRL4Cdt2 target CKI for proteasome dependent degra-

dation in a Cdk2 dependent manner[41, 42]. The activation of these ubiquitin ligases occur

post-APC/CCdh1 inactivation since Skp2 is an APC/CCdh1 substrate and CRL4Cdt2 dependent

proteolysis is coupled to DNA replication via PCNA [27, 28, 43]. We consider that these ubi-

quitin ligases (represented as Ubl in the model) are directly regulated by APC/CCdh1 similar to

Skp2 regulation. We assume that the degradation of Cyclin E and E2F is promoted by the accu-

mulation of Cyclin A [44–46].

Multi-site phosphorylation and dephosphorylation of Rb and Cdh1 are described using

Michaelis-Menten kinetics and E2F dependent synthesis of components (Cyclin E, Cyclin A,

Emi1) are described by Hill equation (n = 1), while all other reactions are represented by the

law of mass action (see S1 Supporting information). The network was translated into a set of

non-linear ordinary differential equations (ODEs), which describes the dynamics of individual

components. Model parameter values were obtained by simulating the model to capture the sin-

gle-cell dynamics of reversible transition between quiescence and proliferation in the presence/

absence of mitogen and stress, and qualitative behavior of various perturbations [20, 23, 25, 29,

47] (see S1 Supporting information). We also performed one- and two-parameter bifurcation

analyses to study the effect of different parameter values. The equations and parameter values

are provided as part of the S1 Supporting information along with the XPPAUT codes. Models

were simulated numerically using XPPAUT, available from http://www.math.pitt.edu/~bard/

xpp/xpp.html, to obtain the temporal profiles and bifurcation diagrams.

Results

Different model scenarios were considered based on initial signals (“trigger”) for E2F activa-

tion. Earlier models consider that Cyclin D:Cdk4/6 dependent phosphorylation of Rb relieves
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some E2F that promotes its further increase and Cyclin E accumulation. However, recent evi-

dences show that Cyclin D:Cdk4/6 promotes the inhibition of E2F by Rb[13]. We explored

how Cyclin D and CKI control the Rb-E2F switch under this circumstance. In the presence of

mitogen, levels of Myc and Cyclin D increase (Fig 2A). Cyclin D overcomes the stoichiometric

inhibition by CKI leading to mono-phosphorylation of Rb. However, the Rb hyper-phosphor-

ylation can depend on the activation of existing Cyclin E:Cdk2 by the inactivation of CKI or/

and on Myc- dependent synthesis of Cyclin E[48]. Similarly, E2F activation after Rb hyper-

phosphorylation can depend on its initial levels at the time of Rb hyper-phosphorylation or/

and on Myc-dependent synthesis of E2F[29]. In the first scenario (no Myc-dependent synthe-

sis), Rb hyper-phosphorylation and E2F activation occur prior to the major accumulation of

Cyclin E and E2F (Fig 2A), which is consistent with the experimental observations by Ekholm

et al (2001). In the absence of Cyclin D, the exit from quiescence is blocked (Fig 2B). We also

analyzed the Cyclin D requirement post-G1 entry. Hitomi and Stacey (1999) analyzed at what

point in G1 the anti-Cyclin D antibody treatment becomes ineffective for cells emerging out of

Fig 2. Temporal dynamics of quiescence to proliferation in the presence of mitogens. (a) Wild type, (b) in the absence of Cyclin D (kscycdm = 0, kscycds = 0), (c)

inhibition of Cyclin D post-G1entry (kdcycd = 0.1) and (d) in the presence of stress (kscki = 0.6) before APC/CCdh1 inactivation. Simulations are shown for S = 1 (mitogen

level). The arrow represents the time of Cyclin D inhibition and exposure to stress.

https://doi.org/10.1371/journal.pone.0198420.g002
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quiescence and cycling cells. We found that the inhibition of Cyclin D (mimicking anti-Cyclin

D treatment) had no effect from the point when the Cyclin E exceeds CKI levels to sustain Rb

hyper-phosphorylation and E2F activation (Fig 2C). At very low CKI levels, this point coin-

cides with R-point when cells become independent of mitogen. Therefore, we conclude that

CKI levels determine whether mitogen withdrawal and Cyclin D inhibition become ineffective

at the same or different time points in the G1. Such difference has been reported for cells

emerging out of quiescence and cycling cells[47]. In the second scenario (E2F/Cyclin E is not

present initially), the E2F (and Cyclin E) accumulation and Rb hyper-phosphorylation are

delayed compared to the Cyclin D accumulation and Rb mono-phosphorylation (S3A Fig).

The exit from quiescence becomes independent of Cyclin D (S3B Fig). The location of the

mitogen sensitive R-point in these two model scenarios will differ if Rb hyper-phosphorylation

and E2F activation is required for the passage of R-point.

Further, we show that a rise in Cyclin E:Cdk2 activity (in E2F-dependent manner) initiates

APC/CCdh1 inactivation and accumulation of Emi1. The upregulation of Emi1 leads to acceler-

ated inactivation of APC/CCdh1 and degradation of CKI (Fig 2A). Here, the temporal separa-

tion between Rb hyper-phosphorylation and APC/CCdh1 inactivation is achieved due to the

low and high Cdk2 threshold requirement for the substrates, respectively. A slow rise in Cyclin

E:Cdk2 activity is important for separating these two phases. A step-wise inactivation of APC/

CCdh1 is achieved by coupling Emi1 accumulation to the Cyclin E:Cdk2 activity dependent

inhibition of APC/CCdh1. In the presence of stress signals prior to the inactivation APC/CCdh1,

CKI levels increase leading to inactivation of Cyclin E:Cdk2 and Rb dephosphorylation (Fig

2D). On the other hand, APC/CCdh1 inactivation leads to an increase in the degradation rate of

CKI in the S-phase, which counteracts the CKI accumulation in the presence of stress making

the G1/S transition irreversible (S4 Fig). In the absence of Emi1, APC/CCdh1 inactivation slows

down (Fig 3, solid line) and the inhibition of Cdk2 leads to the re-activation of APC/CCdh1

(Fig 3, dashed line). This is consistent with the experimental observation by Cappell et al
(2016).

Fig 3. The dynamics of APC/CCdh1 inactivation in the absence of Emi1. The dynamics is shown in the absence (solid

line) and presence (dashed line) of Cdk2 inhibition (ksemi1 = 0, kdcyce = 0.01, kdcyca = 0.01). Simulations are shown for

S = 1 (mitogen level). The arrow represents the time of Cdk2 inhibition.

https://doi.org/10.1371/journal.pone.0198420.g003
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We performed the one-parameter bifurcation analysis of Rb-E2F regulation to understand

the reversible transition between quiescence and proliferation. We show that the hyper-phos-

phorylation of Rb/activation of E2F is irreversible with respect to mitogen as observed previ-

ously [11](Fig 4A). At higher levels of mitogen, the system is monostable (high E2F state),

while at low/intermediate levels of mitogen, the system is bistable (low and high E2F states co-

exist). We studied the effect of increasing the CKI levels by performing the two-parameter

bifurcation analysis. With increase in the CKI levels, as observed in the presence of stress, the

system transits from a high E2F state via bistable region to a low E2F state (shown by an arrow

in Fig 4B). However, this can be counteracted by increasing the levels of mitogen, which over-

comes the CKI stoichiometric inhibition. In the absence of CKI, the system is bistable only for

very low levels of mitogen and for intermediate and high levels of mitogen the system is in

high E2F state. We also studied the sensitivity of Rb inactivation/E2F activation threshold to

5-fold change in parameter values by performing two-parameter bifurcation analyses. The Rb

inactivation threshold is most sensitive (steep change in threshold for a small fold change in

parameter values) to synthesis/degradation rate of cyclin E (kscyceb, kdcyce) and E2F (kse2fb,

kde2f), and Rb total (S5 Fig). Further, the Rb inactivation threshold changes gradually (higher

slope) with respect to CKI total and degradation rate of Cyclin D (kdcycd). On the other hand,

the Rb activation/E2F inactivation threshold is sensitive (for less than 5-fold change) to the

dephosphorylation rate of Rb (kdprbp) and shifts to the right (a positive value) bringing mitogen

dependence with increase in kdprbp.

Further, we performed the bifurcation analysis of APC/CCdh1 regulation at the G1/S transi-

tion. Fig 5A shows that the Cyclin E:Cdk2 activity initiates APC/CCdh1 inactivation but is not

required to maintain its inhibition. This depends on the Emi1 accumulation, which is irrevers-

ible with respect to Cyclin E:Cdk2 (Fig 5B). We also studied the sensitivity of APC/CCdh1 inac-

tivation threshold to 5-fold change in parameter values by performing two parameter

bifurcation analyses. We observed that the APC/CCdh1 inactivation threshold changes steeply

with respect to the synthesis (ksmei1) and degradation (kdemi1c) rates of Emi1 (S6 Fig). The

APC/CCdh1 inactivation threshold also changes gradually with respect to activation (kacdh1)

Fig 4. Bifurcation analysis of Rb-E2F subsystem. (a) The effect of increasing the levels of mitogen on Rb hyper-phosphorylation. Filled circle represents the stable

steady state and empty circle represents the unstable steady state. The arrow shows the transition from mitogen- dependent to independent state. (b) Two parameter

bifurcation diagram with different levels of mitogen and total CKI. The monstable and bistable regions are shown (E2F on and off). Q represents quiescence and P

represents proliferation.

https://doi.org/10.1371/journal.pone.0198420.g004
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and inactivation (kicdh1e) rates of APC/CCdh1. Further, the time window between Rb hyper-

phosphorylation and APC/CCdh1 inactivation is also sensitive to these parameter values along

with the synthesis rate of Cyclin E (kscyce).

We also analyzed the behavior of cycling cells that sense the presence of mitogen during the

G2 phase of the preceding cell cycle. It is shown that many cells exit mitosis with intermediate

Cdk2 activity, keep Rb phosphorylated and increase the Cdk2 activity to commit immediately

to the next cell cycle. On the other hand, a small fraction of cells enter a transient state of quies-

cence with low Cdk2 activity and Rb is dephosphorylated[20, 23]. We used the developed

framework to understand the control of proliferation to quiescence decision by bifurcation in

Cdk2 activity at the mitotic exit. We re-interpret the Fig 2A by shifting the Y-axis to an inter-

mediate Cdk2 activity where Rb is hyper-phosphorylated to replicate the mitotic exit initial

conditions (APC/CCdh1 is active, Cdk2 is at an intermediate level and Emi1 is low) as observed

in experiments. The position of Y-axis is chosen based on the experimental observation that

cycling cells commit to the next cycle immediately (~ 4 hrs) by inactivating APC/CCdh1 com-

pared to cells coming out of quiescence (~ 8 hrs post R-point)[23]. The initial phase before the

mitotic exit (left-hand side of Y-axis) is interpreted as G2/M phase with re-accumulation of

Myc and Cyclin D in the presence of mitogen. Both of them are known to decrease after G1/S

transition and increase in G2 only if the mitogen is present[32, 49, 50]. Similarly, in this frame-

work, we assume that both E2F and Cyclin E also re-accumulate after they are degraded in the

G1/S transition. In the absence of mitogen/Cyclin D, the re-accumulation of E2F/Cyclin E is

affected and cells enter into quiescence after mitotic exit even in the absence of CKI. Further,

increasing the CKI levels, mimicking the effect of increase in DNA damage that occurs natu-

rally during the DNA replication, also promote entry into quiescence and this can be transient

if the CKI levels decrease due to the DNA repair in G1. This picture suggests that an intermedi-

ate Cdk2 activity at the mitotic exit is due to an increase in Cyclin E levels through G2/M.

However, the recent mapping of protein dynamics has shown that Cyclin E accumulates only

after the mitotic exit, which contradicts our interpretations[32]. This can be reconciled if we

hypothesize that there is accumulation of Cyclin E/E2F mRNA, which gets translated at/after

the mitotic exit. E2F and Cyclin E levels decrease in S/G2/M due to Cyclin A:Cdk2 activation.

Fig 5. Bifurcation analysis of G1/S transition. The effect of increasing Cyclin E:Cdk2 activity on (a) Cdh1 inactivation and (b) Emi1 accumulation are shown. Filled

circle represents the stable steady state and empty circle represents the unstable steady state. The arrow shows the transition from G1 to S-phase.

https://doi.org/10.1371/journal.pone.0198420.g005
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However, a rapid inactivation of Cyclin A:Cdk2 at the mitotic exit might lead to a faster rise in

Cyclin E that helps to maintain an intermediate Cdk2 state. This is also supported by the evi-

dence that in cycling cells the accumulation of Cyclin E is driven by the re-accumulation of

Myc in G2[48].

Another interesting observation that emerges is whether Cdk2 activity at the mitotic exit

exceeds Rb hyper-phosphorylation threshold. This is assumed to explain the immediate inacti-

vation of APC/CCdh1 in cycling cells. Alternatively, increase in the rate of synthesis of proteins

in cycling cells compared to cells emerging from quiescence can also explain the faster activa-

tion of Cdk2 and inactivation of APC/CCdh1. The transcriptional difference can be attributed

to the difference in the extent of chromosomal condensation in cells emerging out of quies-

cence and cycling cells[33].

Discussion

A mathematical modelling framework was developed to analyze how Cyclin D and CKI con-

trol Rb-E2F regulation in two different contexts: quiescence to proliferation and proliferation

to quiescence. We also explored how early (E2F activation) and late (APC/CCdh1 inactivation)

events of G1 are coupled to order the progression in cells emerging out of mitogen starvation

and in cycling cells. We studied the dynamics in the presence and absence of mitogen and

stress.

We showed that Cyclin D:Cdk4/6 by sequestering CKI tilts the Cyclin E:Cdk2 and CKI

dynamic balance towards the activation of Cyclin E:Cdk2 and hyper-phosphorylation of Rb

(Fig 1 and Fig 2A).This occurs in spite of Cyclin D:Cdk4/6-dependent mono-phosphorylation

of Rb being inhibitory to E2F. Under this condition, we observed that the length of G1 phase is

controlled by the rate of synthesis of Cyclin E and Emi1. This provides an explanation for the

observation that overexpression of Cyclin D does not significantly alter the length of G1[31].

However, increasing the rate of Myc-dependent synthesis of Cyclin E and E2F make Cyclin D

dispensable for the G0 to G1 transition as observed in some cellular contexts [51, 52]. The

entry is delayed and the activity of E2F (free E2F) shows a delay relative to the total concentra-

tion of E2F (S3A Fig). Such a delay has been observed experimentally using a reporter for the

E2F activity [53].

In Cyclin D dependent situation, we also showed that the point in G1 when cells become

independent of Cyclin D is determined by CKI levels. This point coincides (at low CKI levels)

or differs (at high CKI levels) with the point in G1 when cells become independent of mitogen

(R-point). A difference can emerge since Cyclin D is stable after mitogen withdrawal until S-

phase entry. The slow response time ascertains alleviation of the CKI barrier even in the

absence of stimulus. We propose that such a scenario exists in cycling cells due to the endoge-

nous stress in the S-phase [21, 30] or in cells emerging out of quiescence after longer treatment

of mitogen withdrawal, both resulting in high CKI levels. Our analysis provides insights into

the experimental observations obtained with mitogen withdrawal, anti-cyclin D treatment and

Cdk4/6 inhibition in cells emerging out of quiescence and in cycling cells [30, 47]. We also

showed that increasing mitogen levels overcome the effect of increase in CKI and promote the

cell cycle entry (Fig 4B). Such a picture explains the observation that longer treatment of mito-

gen withdrawal requires stronger re-stimulation to exit quiescence[33]. This view is also con-

sistent with the observation that mitogen and DNA-damage mediated signalling compete in

G2 to control the cell cycle of daughter cells[30].

At the G1/S boundary, we showed that a double negative feedback loop regulation between

APC/CCdh1 and Emi1 could make the transition bistable with respect to Cyclin E:Cdk2 (Fig 5).

E2F-dependent accumulation of Emi1 is insufficient to explain its timely accumulation in the
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late G1 phase and its action only after APC/CCdh1 is initially inactivated by Cyclin E:Cdk2. Fur-

ther, Emi1 overexpression accelerates APC/CCdh1 inactivation suggesting that its levels should

be controlled for the timely inactivation of APC/CCdh1[23, 24]. A delayed accumulation of

Emi1 is achieved by considering Emi1 as an APC/CCdh1 substrate. Although Emi1 acts as a

pseudosubstrate of APC/CCdh1[54], evidences indicate that it can act as a substrate or inhibitor

depending on the redox status and contains KEN and D-box motifs that are required for APC/

C-dependent degradation[40]. Further, it is also shown that mRNAs of Emi1 and Cyclin A

accumulate in the late G1 phase[24, 40]. However, proteins fail to accumulate in the anti-oxi-

dant treated cells. This suggests a coordination of reactive oxygen species (ROS) production

and metabolism in driving the G1/S transition. Emi1 is also one of the most pronounced trans-

lationally-repressed genes and relieving its repression is also crucial for its accumulation[55].

These experiments suggest Emi1 levels are controlled both at the level of its synthesis and deg-

radation for the G1/S transition. Our model predicts that a feedback loop regulation of Emi1 is

required for a rapid and switch-like inactivation of APC/CCdh1 at the G1/S boundary.

The inactivation of APC/CCdh1 is accompanied by the degradation of CKI (Fig 2A),

which prevents stress mediated exit to quiescence (Fig 2D and S4 Fig). This explains the

experimental observation that stress can induce exit to quiescence until APC/CCdh1 is inac-

tivated in MCF10A cells[23]. CKI degradation in S-phase also prevents DNA re-replication

[43]. A recent study shows that CRL4Cdt2 is a major ubiquitin ligase involved in CKI degra-

dation [21] and its activation depends on the S-phase entry[41]. A direct evidence connect-

ing the activation of CRL4Cdt2 to APC/CCdh1 inactivation is lacking, which has to be

explored experimentally.

Further, we showed that a distinct Cdk2 requirement for R-point (low) and APC/CCdh1

inactivation (high) creates a window of opportunity for stress mediated exit to quiescence after

R-point passage. In cycling cells, we proposed that the Cdk2 activity is at an intermediate level

between two thresholds (for Rb hyper-phosphorylation and APC/CCdh1 inactivation) at the

mitotic exit since early G1 phase events are shifted to G2 and APC/CCdh1 is inactivated imme-

diately. Therefore, two independent routes for proliferation to quiescence depending on the

mitogen withdrawal (which affects transcriptional program) and replication stress (which

affect CKI levels) exist.

Previously, mathematical models were proposed to account for the dynamics of mamma-

lian cell cycle in full or in parts[11, 21, 25, 46, 56, 57]. The cell cycle models combined Rb-E2F

and APC/CCdh1 through E2F dependent synthesis of Cyclin A that promotes S-phase entry by

inactivating APC/CCdh1[46, 56]. However, the kinetics of APC/CCdh1 inactivation is unaffected

after Cyclin A knockdown in MCF10A and HeLA cells[23]. A mathematical model proposed

for proliferation-quiescence decision incorporates Emi1 dependent regulation of APC/CCdh1,

but relies on Cyclin A:Cdk2 for the switch-like inactivation of APC/CCdh1[57]. This model

shows that p21 degradation in S-phase reduces the ability of cells to enter quiescence in

response to endogenous DNA damage, but it occurs independent of APC/CCdh1 inactivation.

However, our model accounts for the experimental findings in MCF10A cells that Emi1 is

required for the rapid and irreversible inactivation of APC/CCdh1 [23]. We demonstrated that

the inactivation of APC/CCdh1 promotes CKI degradation to suppress the stress sensitivity. A

variation in the regulation can be observed due to the cell-type differences. Further, we also

studied the effect of Cyclin D on R-point in different cellular contexts incorporating recent

experimental findings[13, 30]. In summary, our study provides mechanistic insights into both

mitogen and stress sensitivity of the mammalian cell cycle. It will be interesting to test the

model hypotheses by experiments to further understand the reversible transition between qui-

escence and proliferation.
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Supporting information

S1 Fig. The mechanism of Rb phosphorylation and dephosphorylation.

(TIF)

S2 Fig. The mechanism of APC/CCdh1 activation and inactivation.

(TIF)

S3 Fig. Temporal dynamics of quiescence to proliferation in the presence of mitogen and

Myc- dependent synthesis of E2F (kse2fm = 0.0015) and Cyclin E (kscycem = 0.0005). (a) Wild

type and (b) in the absence of Cyclin D (kscycdm = 0, kscycds = 0). Simulations are shown for

S = 1 (mitogen level).

(TIF)

S4 Fig. Temporal dynamics of quiescence to proliferation in the presence of stress after

APC/CCdh1 inactivation. The arrow represents the time of exposure to stress (kscki = 0.6). Sim-

ulations are shown for S = 1 (mitogen level).

(TIF)

S5 Fig. The sensitivity of Rb inactivation/E2F activation threshold to 5-fold change in

parameter values. This plot is obtained by performing two parameter bifurcation analyses of

Rb-E2F bistable switch (Fig 4). The shift in the saddle node corresponding to Rb inactivation/

E2F activation threshold is shown for 5 fold increase/decrease in base parameter value (S1

Supporting information). The dashed lines (—) indicate the two fold change in the threshold

and dotted lines (. . .) indicate the normalized base parameter value and threshold.

(TIF)

S6 Fig. The sensitivity of APC/CCdh1 inactivation threshold to 5-fold change in parameter

values. This plot is obtained by performing two parameter bifurcation analyses of APC/CCdh1-

Emi1 bistable switch (Fig 5). The shift in the saddle node corresponding to APC/CCdh1 inacti-

vation threshold is shown for 5 fold increase/decrease in base parameter value (S1 Supporting

information). The dashed lines (–) indicate the two fold change in the threshold and dotted

lines (. . .) indicate the normalized base parameter value and threshold.

(TIF)

S1 Supporting information. Model description and XPPAUT codes.

(PDF)

Acknowledgments

PKV acknowledges financial support from the Early Career Research Award Scheme (ECR/

2016/000488), Science and Engineering Research Board, DST, India.

Author Contributions

Conceptualization: Nishtha Pandey, P. K. Vinod.

Formal analysis: Nishtha Pandey.

Investigation: Nishtha Pandey, P. K. Vinod.

Methodology: Nishtha Pandey, P. K. Vinod.

Supervision: P. K. Vinod.

Validation: Nishtha Pandey, P. K. Vinod.

Modelling cell cycle commitment

PLOS ONE | https://doi.org/10.1371/journal.pone.0198420 June 1, 2018 11 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0198420.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0198420.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0198420.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0198420.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0198420.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0198420.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0198420.s007
https://doi.org/10.1371/journal.pone.0198420


Writing – original draft: Nishtha Pandey, P. K. Vinod.

Writing – review & editing: Nishtha Pandey, P. K. Vinod.

References
1. Nevins JR. The Rb/E2F pathway and cancer. Human molecular genetics. 2001; 10(7):699–703. Epub

2001/03/21. PMID: 11257102.

2. Chen HZ, Tsai SY, Leone G. Emerging roles of E2Fs in cancer: an exit from cell cycle control. Nature

reviews Cancer. 2009; 9(11):785–97. Epub 2009/10/24. https://doi.org/10.1038/nrc2696 PMID:

19851314; PubMed Central PMCID: PMC3616489.

3. Pardee AB. A restriction point for control of normal animal cell proliferation. Proceedings of the National

Academy of Sciences of the United States of America. 1974; 71(4):1286–90. Epub 1974/04/01. PMID:

4524638; PubMed Central PMCID: PMC388211.

4. Zetterberg A, Larsson O, Wiman KG. What is the restriction point? Current opinion in cell biology. 1995;

7(6):835–42. Epub 1995/12/01. PMID: 8608014.

5. Johnson DG, Schwarz JK, Cress WD, Nevins JR. Expression of transcription factor E2F1 induces qui-

escent cells to enter S phase. Nature. 1993; 365(6444):349–52. Epub 1993/09/23. https://doi.org/10.

1038/365349a0 PMID: 8377827.

6. Harbour JW, Dean DC. The Rb/E2F pathway: expanding roles and emerging paradigms. Genes &

development. 2000; 14(19):2393–409. Epub 2000/10/06. PMID: 11018009.

7. Frolov MV, Dyson NJ. Molecular mechanisms of E2F-dependent activation and pRB-mediated repres-

sion. Journal of cell science. 2004; 117(Pt 11):2173–81. Epub 2004/05/06. https://doi.org/10.1242/jcs.

01227 PMID: 15126619.

8. Johnson A, Skotheim JM. Start and the restriction point. Current opinion in cell biology. 2013; 25

(6):717–23. Epub 2013/08/07. https://doi.org/10.1016/j.ceb.2013.07.010 PMID: 23916770; PubMed

Central PMCID: PMC3836907.

9. Burkhart DL, Sage J. Cellular mechanisms of tumour suppression by the retinoblastoma gene. Nature

reviews Cancer. 2008; 8(9):671–82. Epub 2008/07/25. https://doi.org/10.1038/nrc2399 PMID:

18650841.

10. Massague J. G1 cell-cycle control and cancer. Nature. 2004; 432(7015):298–306. Epub 2004/11/19.

https://doi.org/10.1038/nature03094 PMID: 15549091.

11. Yao G, Lee TJ, Mori S, Nevins JR, You L. A bistable Rb-E2F switch underlies the restriction point.

Nature cell biology. 2008; 10(4):476–82. Epub 2008/03/28. https://doi.org/10.1038/ncb1711 PMID:

18364697.

12. Harbour JW, Luo RX, Dei Santi A, Postigo AA, Dean DC. Cdk phosphorylation triggers sequential intra-

molecular interactions that progressively block Rb functions as cells move through G1. Cell. 1999; 98

(6):859–69. Epub 1999/09/28. PMID: 10499802.

13. Narasimha AM, Kaulich M, Shapiro GS, Choi YJ, Sicinski P, Dowdy SF. Cyclin D activates the Rb

tumor suppressor by mono-phosphorylation. eLife. 2014; 3. Epub 2014/05/31. https://doi.org/10.7554/

eLife.02872 PMID: 24876129; PubMed Central PMCID: PMC4076869.

14. Ezhevsky SA, Nagahara H, Vocero-Akbani AM, Gius DR, Wei MC, Dowdy SF. Hypo-phosphorylation

of the retinoblastoma protein (pRb) by cyclin D:Cdk4/6 complexes results in active pRb. Proceedings of

the National Academy of Sciences of the United States of America. 1997; 94(20):10699–704. Epub

1997/10/06. PMID: 9380698; PubMed Central PMCID: PMC23451.

15. Fisher RP. Getting to S: CDK functions and targets on the path to cell-cycle commitment.

F1000Research. 2016; 5:2374. Epub 2016/10/18. https://doi.org/10.12688/f1000research.9463.1

PMID: 27746911; PubMed Central PMCID: PMC5040153.

16. Matson JP, Cook JG. Cell cycle proliferation decisions: the impact of single cell analyses. The FEBS

journal. 2017; 284(3):362–75. Epub 2016/09/17. https://doi.org/10.1111/febs.13898 PMID: 27634578;

PubMed Central PMCID: PMC5296213.

17. Ekholm SV, Zickert P, Reed SI, Zetterberg A. Accumulation of cyclin E is not a prerequisite for passage

through the restriction point. Molecular and cellular biology. 2001; 21(9):3256–65. Epub 2001/04/05.

https://doi.org/10.1128/MCB.21.9.3256-3265.2001 PMID: 11287628; PubMed Central PMCID:

PMC86971.

18. Martinsson HS, Starborg M, Erlandsson F, Zetterberg A. Single cell analysis of G1 check points-the

relationship between the restriction point and phosphorylation of pRb. Experimental cell research.

2005; 305(2):383–91. Epub 2005/04/09. https://doi.org/10.1016/j.yexcr.2005.01.023 PMID: 15817163.

Modelling cell cycle commitment

PLOS ONE | https://doi.org/10.1371/journal.pone.0198420 June 1, 2018 12 / 15

http://www.ncbi.nlm.nih.gov/pubmed/11257102
https://doi.org/10.1038/nrc2696
http://www.ncbi.nlm.nih.gov/pubmed/19851314
http://www.ncbi.nlm.nih.gov/pubmed/4524638
http://www.ncbi.nlm.nih.gov/pubmed/8608014
https://doi.org/10.1038/365349a0
https://doi.org/10.1038/365349a0
http://www.ncbi.nlm.nih.gov/pubmed/8377827
http://www.ncbi.nlm.nih.gov/pubmed/11018009
https://doi.org/10.1242/jcs.01227
https://doi.org/10.1242/jcs.01227
http://www.ncbi.nlm.nih.gov/pubmed/15126619
https://doi.org/10.1016/j.ceb.2013.07.010
http://www.ncbi.nlm.nih.gov/pubmed/23916770
https://doi.org/10.1038/nrc2399
http://www.ncbi.nlm.nih.gov/pubmed/18650841
https://doi.org/10.1038/nature03094
http://www.ncbi.nlm.nih.gov/pubmed/15549091
https://doi.org/10.1038/ncb1711
http://www.ncbi.nlm.nih.gov/pubmed/18364697
http://www.ncbi.nlm.nih.gov/pubmed/10499802
https://doi.org/10.7554/eLife.02872
https://doi.org/10.7554/eLife.02872
http://www.ncbi.nlm.nih.gov/pubmed/24876129
http://www.ncbi.nlm.nih.gov/pubmed/9380698
https://doi.org/10.12688/f1000research.9463.1
http://www.ncbi.nlm.nih.gov/pubmed/27746911
https://doi.org/10.1111/febs.13898
http://www.ncbi.nlm.nih.gov/pubmed/27634578
https://doi.org/10.1128/MCB.21.9.3256-3265.2001
http://www.ncbi.nlm.nih.gov/pubmed/11287628
https://doi.org/10.1016/j.yexcr.2005.01.023
http://www.ncbi.nlm.nih.gov/pubmed/15817163
https://doi.org/10.1371/journal.pone.0198420


19. Merrick KA, Wohlbold L, Zhang C, Allen JJ, Horiuchi D, Huskey NE, et al. Switching Cdk2 on or off with

small molecules to reveal requirements in human cell proliferation. Molecular cell. 2011; 42(5):624–36.

Epub 2011/06/11. https://doi.org/10.1016/j.molcel.2011.03.031 PMID: 21658603; PubMed Central

PMCID: PMC3119039.

20. Spencer SL, Cappell SD, Tsai FC, Overton KW, Wang CL, Meyer T. The proliferation-quiescence deci-

sion is controlled by a bifurcation in CDK2 activity at mitotic exit. Cell. 2013; 155(2):369–83. Epub 2013/

10/01. https://doi.org/10.1016/j.cell.2013.08.062 PMID: 24075009; PubMed Central PMCID:

PMC4001917.

21. Barr AR, Cooper S, Heldt FS, Butera F, Stoy H, Mansfeld J, et al. DNA damage during S-phase medi-

ates the proliferation-quiescence decision in the subsequent G1 via p21 expression. Nature communi-

cations. 2017; 8:14728. Epub 2017/03/21. https://doi.org/10.1038/ncomms14728 PMID: 28317845;

PubMed Central PMCID: PMC5364389.

22. Arora M, Moser J, Phadke H, Basha AA, Spencer SL. Endogenous Replication Stress in Mother Cells

Leads to Quiescence of Daughter Cells. Cell reports. 2017; 19(7):1351–64. Epub 2017/05/18. https://

doi.org/10.1016/j.celrep.2017.04.055 PMID: 28514656; PubMed Central PMCID: PMC5533606.

23. Cappell SD, Chung M, Jaimovich A, Spencer SL, Meyer T. Irreversible APC(Cdh1) Inactivation Under-

lies the Point of No Return for Cell-Cycle Entry. Cell. 2016; 166(1):167–80. Epub 2016/07/02. https://

doi.org/10.1016/j.cell.2016.05.077 PMID: 27368103.

24. Hsu JY, Reimann JD, Sorensen CS, Lukas J, Jackson PK. E2F-dependent accumulation of hEmi1 reg-

ulates S phase entry by inhibiting APC(Cdh1). Nature cell biology. 2002; 4(5):358–66. Epub 2002/05/

04. https://doi.org/10.1038/ncb785 PMID: 11988738.

25. Overton KW, Spencer SL, Noderer WL, Meyer T, Wang CL. Basal p21 controls population heterogene-

ity in cycling and quiescent cell cycle states. Proceedings of the National Academy of Sciences of the

United States of America. 2014; 111(41):E4386–93. Epub 2014/10/01. https://doi.org/10.1073/pnas.

1409797111 PMID: 25267623; PubMed Central PMCID: PMC4205626.

26. Barr AR, Heldt FS, Zhang T, Bakal C, Novak B. A Dynamical Framework for the All-or-None G1/S Tran-

sition. Cell systems. 2016; 2(1):27–37. Epub 2016/05/03. https://doi.org/10.1016/j.cels.2016.01.001

PMID: 27136687; PubMed Central PMCID: PMC4802413.

27. Bashir T, Dorrello NV, Amador V, Guardavaccaro D, Pagano M. Control of the SCF(Skp2-Cks1) ubiqui-

tin ligase by the APC/C(Cdh1) ubiquitin ligase. Nature. 2004; 428(6979):190–3. Epub 2004/03/12.

https://doi.org/10.1038/nature02330 PMID: 15014502.

28. Wei W, Ayad NG, Wan Y, Zhang GJ, Kirschner MW, Kaelin WG Jr. Degradation of the SCF component

Skp2 in cell-cycle phase G1 by the anaphase-promoting complex. Nature. 2004; 428(6979):194–8.

Epub 2004/03/12. https://doi.org/10.1038/nature02381 PMID: 15014503.

29. Dong P, Maddali MV, Srimani JK, Thelot F, Nevins JR, Mathey-Prevot B, et al. Division of labour

between Myc and G1 cyclins in cell cycle commitment and pace control. Nature communications. 2014;

5:4750. Epub 2014/09/02. https://doi.org/10.1038/ncomms5750 PMID: 25175461; PubMed Central

PMCID: PMC4164785.

30. Yang HW, Chung M, Kudo T, Meyer T. Competing memories of mitogen and p53 signalling control cell-

cycle entry. Nature. 2017; 549(7672):404–8. Epub 2017/09/05. https://doi.org/10.1038/nature23880

PMID: 28869970.

31. Zerjatke T, Gak IA, Kirova D, Fuhrmann M, Daniel K, Gonciarz M, et al. Quantitative Cell Cycle Analysis

Based on an Endogenous All-in-One Reporter for Cell Tracking and Classification. Cell reports. 2017;

19(9):1953–66. Epub 2017/06/01. https://doi.org/10.1016/j.celrep.2017.05.022 PMID: 28564611;

PubMed Central PMCID: PMC5464964.

32. Gookin S, Min M, Phadke H, Chung M, Moser J, Miller I, et al. A map of protein dynamics during cell-

cycle progression and cell-cycle exit. PLoS biology. 2017; 15(9):e2003268. Epub 2017/09/12. https://

doi.org/10.1371/journal.pbio.2003268 PMID: 28892491; PubMed Central PMCID: PMC5608403.

33. Kwon JS, Everetts NJ, Wang X, Wang W, Della Croce K, Xing J, et al. Controlling Depth of Cellular Qui-

escence by an Rb-E2F Network Switch. Cell reports. 2017; 20(13):3223–35. Epub 2017/09/28. https://

doi.org/10.1016/j.celrep.2017.09.007 PMID: 28954237.

34. Lee T, Yao G, Nevins J, You L. Sensing and integration of Erk and PI3K signals by Myc. PLoS computa-

tional biology. 2008; 4(2):e1000013. Epub 2008/05/09. https://doi.org/10.1371/journal.pcbi.1000013

PMID: 18463697; PubMed Central PMCID: PMC2265471.

35. Zwang Y, Sas-Chen A, Drier Y, Shay T, Avraham R, Lauriola M, et al. Two phases of mitogenic signal-

ing unveil roles for p53 and EGR1 in elimination of inconsistent growth signals. Molecular cell. 2011; 42

(4):524–35. Epub 2011/05/21. https://doi.org/10.1016/j.molcel.2011.04.017 PMID: 21596316; PubMed

Central PMCID: PMC3100487.

36. Obaya AJ, Sedivy JM. Regulation of cyclin-Cdk activity in mammalian cells. Cellular and molecular life

sciences: CMLS. 2002; 59(1):126–42. Epub 2002/02/16. PMID: 11846025.

Modelling cell cycle commitment

PLOS ONE | https://doi.org/10.1371/journal.pone.0198420 June 1, 2018 13 / 15

https://doi.org/10.1016/j.molcel.2011.03.031
http://www.ncbi.nlm.nih.gov/pubmed/21658603
https://doi.org/10.1016/j.cell.2013.08.062
http://www.ncbi.nlm.nih.gov/pubmed/24075009
https://doi.org/10.1038/ncomms14728
http://www.ncbi.nlm.nih.gov/pubmed/28317845
https://doi.org/10.1016/j.celrep.2017.04.055
https://doi.org/10.1016/j.celrep.2017.04.055
http://www.ncbi.nlm.nih.gov/pubmed/28514656
https://doi.org/10.1016/j.cell.2016.05.077
https://doi.org/10.1016/j.cell.2016.05.077
http://www.ncbi.nlm.nih.gov/pubmed/27368103
https://doi.org/10.1038/ncb785
http://www.ncbi.nlm.nih.gov/pubmed/11988738
https://doi.org/10.1073/pnas.1409797111
https://doi.org/10.1073/pnas.1409797111
http://www.ncbi.nlm.nih.gov/pubmed/25267623
https://doi.org/10.1016/j.cels.2016.01.001
http://www.ncbi.nlm.nih.gov/pubmed/27136687
https://doi.org/10.1038/nature02330
http://www.ncbi.nlm.nih.gov/pubmed/15014502
https://doi.org/10.1038/nature02381
http://www.ncbi.nlm.nih.gov/pubmed/15014503
https://doi.org/10.1038/ncomms5750
http://www.ncbi.nlm.nih.gov/pubmed/25175461
https://doi.org/10.1038/nature23880
http://www.ncbi.nlm.nih.gov/pubmed/28869970
https://doi.org/10.1016/j.celrep.2017.05.022
http://www.ncbi.nlm.nih.gov/pubmed/28564611
https://doi.org/10.1371/journal.pbio.2003268
https://doi.org/10.1371/journal.pbio.2003268
http://www.ncbi.nlm.nih.gov/pubmed/28892491
https://doi.org/10.1016/j.celrep.2017.09.007
https://doi.org/10.1016/j.celrep.2017.09.007
http://www.ncbi.nlm.nih.gov/pubmed/28954237
https://doi.org/10.1371/journal.pcbi.1000013
http://www.ncbi.nlm.nih.gov/pubmed/18463697
https://doi.org/10.1016/j.molcel.2011.04.017
http://www.ncbi.nlm.nih.gov/pubmed/21596316
http://www.ncbi.nlm.nih.gov/pubmed/11846025
https://doi.org/10.1371/journal.pone.0198420


37. Eldridge AG, Loktev AV, Hansen DV, Verschuren EW, Reimann JD, Jackson PK. The evi5 oncogene

regulates cyclin accumulation by stabilizing the anaphase-promoting complex inhibitor emi1. Cell. 2006;

124(2):367–80. Epub 2006/01/28. https://doi.org/10.1016/j.cell.2005.10.038 PMID: 16439210.

38. Ma HT, Tsang YH, Marxer M, Poon RY. Cyclin A2-cyclin-dependent kinase 2 cooperates with the

PLK1-SCFbeta-TrCP1-EMI1-anaphase-promoting complex/cyclosome axis to promote genome redu-

plication in the absence of mitosis. Molecular and cellular biology. 2009; 29(24):6500–14. Epub 2009/

10/14. https://doi.org/10.1128/MCB.00669-09 PMID: 19822658; PubMed Central PMCID:

PMC2786869.

39. Moshe Y, Boulaire J, Pagano M, Hershko A. Role of Polo-like kinase in the degradation of early mitotic

inhibitor 1, a regulator of the anaphase promoting complex/cyclosome. Proceedings of the National

Academy of Sciences of the United States of America. 2004; 101(21):7937–42. Epub 2004/05/19.

https://doi.org/10.1073/pnas.0402442101 PMID: 15148369; PubMed Central PMCID: PMC419535.

40. Havens CG, Ho A, Yoshioka N, Dowdy SF. Regulation of late G1/S phase transition and APC Cdh1 by

reactive oxygen species. Molecular and cellular biology. 2006; 26(12):4701–11. Epub 2006/06/02.

https://doi.org/10.1128/MCB.00303-06 PMID: 16738333; PubMed Central PMCID: PMC1489138.

41. Abbas T, Sivaprasad U, Terai K, Amador V, Pagano M, Dutta A. PCNA-dependent regulation of p21

ubiquitylation and degradation via the CRL4Cdt2 ubiquitin ligase complex. Genes & development.

2008; 22(18):2496–506. Epub 2008/09/17. https://doi.org/10.1101/gad.1676108 PMID: 18794347;

PubMed Central PMCID: PMC2546691.

42. Lu Z, Hunter T. Ubiquitylation and proteasomal degradation of the p21(Cip1), p27(Kip1) and p57(Kip2)

CDK inhibitors. Cell Cycle. 2010; 9(12):2342–52. Epub 2010/06/04. https://doi.org/10.4161/cc.9.12.

11988 PMID: 20519948; PubMed Central PMCID: PMC3319752.

43. Havens CG, Walter JC. Mechanism of CRL4(Cdt2), a PCNA-dependent E3 ubiquitin ligase. Genes &

development. 2011; 25(15):1568–82. Epub 2011/08/11. https://doi.org/10.1101/gad.2068611 PMID:

21828267; PubMed Central PMCID: PMC3182024.

44. Kalaszczynska I, Geng Y, Iino T, Mizuno S, Choi Y, Kondratiuk I, et al. Cyclin A is redundant in fibro-

blasts but essential in hematopoietic and embryonic stem cells. Cell. 2009; 138(2):352–65. Epub 2009/

07/14. https://doi.org/10.1016/j.cell.2009.04.062 PMID: 19592082; PubMed Central PMCID:

PMC2745999.

45. Xu M, Sheppard KA, Peng CY, Yee AS, Piwnica-Worms H. Cyclin A/CDK2 binds directly to E2F-1 and

inhibits the DNA-binding activity of E2F-1/DP-1 by phosphorylation. Molecular and cellular biology.

1994; 14(12):8420–31. Epub 1994/12/01. PMID: 7969176; PubMed Central PMCID: PMC359381.

46. Novak B, Tyson JJ. A model for restriction point control of the mammalian cell cycle. Journal of theoreti-

cal biology. 2004; 230(4):563–79. Epub 2004/09/15. https://doi.org/10.1016/j.jtbi.2004.04.039 PMID:

15363676.

47. Hitomi M, Stacey DW. Cellular ras and cyclin D1 are required during different cell cycle periods in

cycling NIH 3T3 cells. Molecular and cellular biology. 1999; 19(7):4623–32. Epub 1999/06/22. PMID:

10373511; PubMed Central PMCID: PMC84260.

48. Naetar N, Soundarapandian V, Litovchick L, Goguen KL, Sablina AA, Bowman-Colin C, et al. PP2A-

mediated regulation of Ras signaling in G2 is essential for stable quiescence and normal G1 length.

Molecular cell. 2014; 54(6):932–45. Epub 2014/05/27. https://doi.org/10.1016/j.molcel.2014.04.023

PMID: 24857551; PubMed Central PMCID: PMC4118046.

49. Stacey DW. Cyclin D1 serves as a cell cycle regulatory switch in actively proliferating cells. Current

opinion in cell biology. 2003; 15(2):158–63. Epub 2003/03/22. PMID: 12648671.

50. Yang K, Hitomi M, Stacey DW. Variations in cyclin D1 levels through the cell cycle determine the prolif-

erative fate of a cell. Cell division. 2006; 1:32. Epub 2006/12/21. https://doi.org/10.1186/1747-1028-1-

32 PMID: 17176475; PubMed Central PMCID: PMC1769361.

51. Kozar K, Ciemerych MA, Rebel VI, Shigematsu H, Zagozdzon A, Sicinska E, et al. Mouse development

and cell proliferation in the absence of D-cyclins. Cell. 2004; 118(4):477–91. Epub 2004/08/19. https://

doi.org/10.1016/j.cell.2004.07.025 PMID: 15315760.

52. Sherr CJ, Roberts JM. Living with or without cyclins and cyclin-dependent kinases. Genes & develop-

ment. 2004; 18(22):2699–711. Epub 2004/11/17. https://doi.org/10.1101/gad.1256504 PMID:

15545627.

53. Dong P, Zhang C, Parker BT, You L, Mathey-Prevot B. Cyclin D/CDK4/6 activity controls G1 length in

mammalian cells. PloS one. 2018; 13(1):e0185637. Epub 2018/01/09. https://doi.org/10.1371/journal.

pone.0185637 PMID: 29309421; PubMed Central PMCID: PMC5757913.

54. Miller JJ, Summers MK, Hansen DV, Nachury MV, Lehman NL, Loktev A, et al. Emi1 stably binds and

inhibits the anaphase-promoting complex/cyclosome as a pseudosubstrate inhibitor. Genes & develop-

ment. 2006; 20(17):2410–20. Epub 2006/08/22. https://doi.org/10.1101/gad.1454006 PMID:

16921029; PubMed Central PMCID: PMC1560415.

Modelling cell cycle commitment

PLOS ONE | https://doi.org/10.1371/journal.pone.0198420 June 1, 2018 14 / 15

https://doi.org/10.1016/j.cell.2005.10.038
http://www.ncbi.nlm.nih.gov/pubmed/16439210
https://doi.org/10.1128/MCB.00669-09
http://www.ncbi.nlm.nih.gov/pubmed/19822658
https://doi.org/10.1073/pnas.0402442101
http://www.ncbi.nlm.nih.gov/pubmed/15148369
https://doi.org/10.1128/MCB.00303-06
http://www.ncbi.nlm.nih.gov/pubmed/16738333
https://doi.org/10.1101/gad.1676108
http://www.ncbi.nlm.nih.gov/pubmed/18794347
https://doi.org/10.4161/cc.9.12.11988
https://doi.org/10.4161/cc.9.12.11988
http://www.ncbi.nlm.nih.gov/pubmed/20519948
https://doi.org/10.1101/gad.2068611
http://www.ncbi.nlm.nih.gov/pubmed/21828267
https://doi.org/10.1016/j.cell.2009.04.062
http://www.ncbi.nlm.nih.gov/pubmed/19592082
http://www.ncbi.nlm.nih.gov/pubmed/7969176
https://doi.org/10.1016/j.jtbi.2004.04.039
http://www.ncbi.nlm.nih.gov/pubmed/15363676
http://www.ncbi.nlm.nih.gov/pubmed/10373511
https://doi.org/10.1016/j.molcel.2014.04.023
http://www.ncbi.nlm.nih.gov/pubmed/24857551
http://www.ncbi.nlm.nih.gov/pubmed/12648671
https://doi.org/10.1186/1747-1028-1-32
https://doi.org/10.1186/1747-1028-1-32
http://www.ncbi.nlm.nih.gov/pubmed/17176475
https://doi.org/10.1016/j.cell.2004.07.025
https://doi.org/10.1016/j.cell.2004.07.025
http://www.ncbi.nlm.nih.gov/pubmed/15315760
https://doi.org/10.1101/gad.1256504
http://www.ncbi.nlm.nih.gov/pubmed/15545627
https://doi.org/10.1371/journal.pone.0185637
https://doi.org/10.1371/journal.pone.0185637
http://www.ncbi.nlm.nih.gov/pubmed/29309421
https://doi.org/10.1101/gad.1454006
http://www.ncbi.nlm.nih.gov/pubmed/16921029
https://doi.org/10.1371/journal.pone.0198420


55. Tanenbaum ME, Stern-Ginossar N, Weissman JS, Vale RD. Regulation of mRNA translation during

mitosis. eLife. 2015; 4. Epub 2015/08/26. https://doi.org/10.7554/eLife.07957 PMID: 26305499;

PubMed Central PMCID: PMC4548207.

56. Gerard C, Goldbeter A. Temporal self-organization of the cyclin/Cdk network driving the mammalian

cell cycle. Proceedings of the National Academy of Sciences of the United States of America. 2009; 106

(51):21643–8. Epub 2009/12/17. https://doi.org/10.1073/pnas.0903827106 PMID: 20007375; PubMed

Central PMCID: PMC2799800.

57. Heldt FS, Barr AR, Cooper S, Bakal C, Novak B. A comprehensive model for the proliferation-quies-

cence decision in response to endogenous DNA damage in human cells. Proceedings of the National

Academy of Sciences of the United States of America. 2018; 115(10):2532–7. Epub 2018/02/22.

https://doi.org/10.1073/pnas.1715345115 PMID: 29463760; PubMed Central PMCID: PMC5877942.

Modelling cell cycle commitment

PLOS ONE | https://doi.org/10.1371/journal.pone.0198420 June 1, 2018 15 / 15

https://doi.org/10.7554/eLife.07957
http://www.ncbi.nlm.nih.gov/pubmed/26305499
https://doi.org/10.1073/pnas.0903827106
http://www.ncbi.nlm.nih.gov/pubmed/20007375
https://doi.org/10.1073/pnas.1715345115
http://www.ncbi.nlm.nih.gov/pubmed/29463760
https://doi.org/10.1371/journal.pone.0198420

