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The coordination of cell proliferation with reversible cell cycle exit into quies-

cence is crucial for the development of multicellular organisms and for tissue

homeostasis in the adult. The decision between quiescence and proliferation

occurs at the restriction point, which is widely thought to be located in the

G1 phase of the cell cycle, when cells integrate accumulated extracellular and

intracellular signals to drive this binary cellular decision. On the molecular

level, decision-making is exerted through the activation of cyclin-dependent

kinases (CDKs). CDKs phosphorylate the retinoblastoma (Rb) transcriptional

repressor to regulate the expression of cell cycle genes. Recently, the classical

view of restriction point regulation has been challenged. Here, we review the

latest findings on the activation of CDKs, Rb phosphorylation and the nature

and position of the restriction point within the cell cycle.
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Tight control of cell proliferation is vital for normal

development and tissue homeostasis. Loss of cell cycle

control can lead to proliferative diseases, including

cancer and fibrosis [1,2]. Cell proliferation is controlled

by regulating the entry into, and passage through, the

cell cycle. The cell cycle can be defined as consisting of

four consecutive phases: G1 (gap 1), S (DNA replica-

tion), G2 (gap 2) and M (mitosis – cell and nuclear

division). Whilst initially viewed as ‘gap’ phases, we

now know that G1 and G2 are periods of active signal

integration and protein synthesis and can instead be

thought of as pre- and postreplication states [3]. G0,

or quiescence, exists outside of the proliferative cycle

and is an enigmatic state, or better a collection of

states [4] that can be broadly defined by their lack of

proliferation but maintenance of proliferative poten-

tial. For example, stem cells spend the majority of

their time in G0 and only re-enter proliferative cell

cycles on receiving appropriate input from growth

factors. Growth factors are necessary for the transition

from G0 to G1 and the point at which S-phase entry

becomes independent of growth factor stimulation is

known as the restriction point. Therefore, passage

through the restriction point has been viewed as the

point of no return into the cell cycle.

The first description of the restriction point emerged

from experiments that showed that nontransformed

cells exposed to different suboptimal environmental

conditions (e.g. low serum, isoleucine withdrawal)

arrested at the same position in the cell cycle – at a

unique ‘restriction point’ located in G1 [5]. Later work

mapped the position of this restriction point, in mouse

3T3 cells, to 2–3 h prior to S-phase entry [6]. Further-

more, in an early example of using single-cell time-

lapse imaging to study the kinetics of restriction point

passage, Zetterberg and Larsson [7] reported that, in

response to transient serum deprivation in cycling 3T3

cells, the time taken to reach the restriction point was
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relatively invariant at 3–4 h, whilst the time between

restriction point passage and S-phase entry was highly

variable.

One of the obvious questions emerging from this

work was what is the molecular mechanism underpin-

ning restriction point passage? Addition of the protein

synthesis inhibitor cycloheximide could delay S-phase

entry in cells that had been stimulated to enter the cell

cycle [8,9]. This work suggested that a labile protein,

now understood to be one of the D-type cyclins, the

accumulation of which is sensitive to growth factors,

must reach a critical threshold for the cell to pass the

restriction point [10]. Transformed cells may accumu-

late a more stable form of this protein that could com-

promise the restriction point and therefore growth

regulation [11].

In this review, we will discuss our current under-

standing of the molecular events underpinning restric-

tion point control. We focus on the control of the

restriction point in somatic cells but direct interested

readers to the review by Padgett and Santos [12], in

this same series, for an in-depth discussion of how this

control differs in embryonic cells. We will review

recent results, mainly gathered from quantitative sin-

gle-cell time-lapse imaging experiments, that challenge

the position of the restriction point and question the

‘traditional’ view of the restriction point as a point of

no return for commitment to DNA replication.

Activating CDK4 and CDK6

Progression into and through the cell cycle is driven

by the activity of cyclin-dependent kinases (CDKs).

The earliest CDKs to be activated in the cell cycle are

CDK4 and CDK6. This section will address how these

kinases are activated prior to restriction point passage.

Extracellular and intracellular processes that influence

restriction point passage all ultimately impact CDK

activity by controlling the expression, stability and/or

activity of one or more CDK regulatory processes

(Fig. 1A). Below, we consider each of these regulatory

processes and their impact on CDK4/6 activity. CDK4

and CDK6 are activated by the same cyclins, and the

relative importance of CDK4 versus CDK6 for prolif-

eration has some degree of cell type and tissue speci-

ficity [13–15]. For brevity, we consider the two kinases

together.

Cyclin binding

CDK4 and CDK6 require binding to one of three D-

type cyclins (D1, D2 or D3) to become active. Tran-

scription of CCND (the gene encoding D-type cyclins)

can be driven by many factors, including mitogenic

growth factors, cytokines, the extracellular matrix,

Wnt and Notch signalling, as well as tissue-specific sig-

nals [16–18]. The best understood of these is regulation

by mitogenic growth factors. Growth factor stimula-

tion drives activation of the Ras-Raf-MEK-ERK sig-

nalling pathway, which ultimately stabilises the AP-1

family of dimeric transcription factors, including c-Fos

and c-Jun [19,20]. Fos and Jun can drive the expres-

sion of Cyclin D, which, in turn, binds to CDK4 and

CDK6. Overexpression of Cyclin D1 in fibroblasts is

sufficient to shorten G1 and partially relieves cells of

their growth factor dependency [21–23]. However,

ectopically expressed Cyclin D and CDK4 do not

readily associate in quiescent cells and a mitogen-de-

pendent step is required for their stable association

[24–26]. Moreover, unlike Cyclin:CDK1/2 complexes,

Fig. 1. (A) CDK regulatory mechanisms. Green arrows represent

CDK activating mechanisms, and red lines represent CDK inhibitory

mechanisms. The contribution of each of these mechanisms to

CDK4/CDK6 regulation is described in the text. (B) A number of

different CyclinD:CDK4/6 complexes have been characterised

in vitro and in cells, with different degrees of kinase activity. Red

represents phosphorylation on tyrosine residues, and green

represents activating T-loop phosphorylation. The coordination of

inhibitory tyrosine phosphorylation on CDK4 and CDK6 with Cyclin

or CKI binding is not well understood and is not included in the

figure.
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binding of D-type cyclins to CDK4 does not induce

the structural changes within the kinase subunit that

are associated with CDK activation, for example

remodelling the ATP binding site or exposure of the

T-loop [27–30]. Together, these data indicate that

additional steps are required to activate CyclinD:

CDK4/6 complexes.

T-loop phosphorylation

Activation of CyclinD:CDK4/6 requires phosphoryla-

tion on the T-loop of the CDK subunit by CDK acti-

vating kinase (CAK). CAK consists of three subunits

– CDK7, Cyclin H and the assembly factor MAT1

(m�enage �a trois [31,32]). Phosphorylation of the T-loop

displaces it from the from the CDK active site and

exposes a Cyclin:CDK:substrate binding interface [33].

CAK phosphorylates T172 in CDK4 and T177 in

CDK6, and both residues are more efficiently phos-

phorylated in CyclinD:CDK dimers than in CDK4/6

monomers [24,34,35]. Binding of the Cip/Kip CDK

inhibitor (CKI) p27Kip1 to CyclinD:CDK4 also

exposes the activation segment of CDK4, promoting

CAK phosphorylation. However, this complex remains

inactive until p27 is phosphorylated or removed (see

below [36,37]). This suggests that trimer complex for-

mation of CyclinD:CDK4/6:p27 is upstream of phos-

phorylation by CAK and is one example of how CKIs

may promote activation of CDK4/6.

Early work on CAK regulation suggested that CAK

expression and activity were constitutive, even in qui-

escent cells [25]. However, recent work using the a

human cell line expressing an analogue-sensitive

CDK7 (Cdk7as/as) suggests that T-loop phosphoryla-

tion, and thus the activity of CAK itself, increases dur-

ing the G0-G1 transition [38], although another group

was unable to confirm this [39]. Experimental evidence

from the Cdk7as/as cell line [38] and lambda phos-

phatase treatment of in vitro complexes [30] suggest

that T-loop phosphorylation of CDK4/6 is labile. This

implies that maintenance of CDK4/6 kinase activity

would require constant CAK activity in cells, which

would make T-loop phosphorylation an exquisite con-

trol point. Whether this would be mediated by changes

in CAK activity, as mentioned above, or by regulation

of T-loop phosphorylation by a distinct (as yet

unknown) kinase or phosphatase [35] remains an open

question.

CKIs

Two classes of cyclin-dependent kinase inhibitors

(CKIs) exist in mammalian cells – the Cip/Kip and

INK4 families. The Cip/Kip family consists of three

proteins, p21Cip1, p27Kip1 and p57Kip2. These proteins

are intrinsically disordered and fold upon binding to

the Cyclin:CDK dimer [40]. Cip/Kip proteins are cap-

able of inhibiting all Cyclin:CDK complexes. By con-

trast, the INK4 family has four members: p15INK4B,

p16INK4A, p18INK4C and p19INK4D, which are specific

inhibitors for CDK4 and CDK6. Unlike the Cip/Kip

proteins, INK4 proteins inhibit kinase activity by

binding to monomeric CDK4 or CDK6 and prevent-

ing Cyclin D binding [41].

In the case of Cip/Kip interactions with CDK4/6,

the inhibitor label may be misleading. Evidence sug-

gests that Cip/Kip proteins stabilise CyclinD:CDK4/6

complex formation and that p27 could activate CDK4

[36,42–46]. Cip/Kips may also facilitate the localisation

of Cyclin D1 and Cdk4 to the nucleus, although this

function is apparently not essential [43,44,47]. In the

absence of Cip/Kip proteins, Cyclin D protein levels

are decreased, suggesting that interaction with CDK4

and the Cip/Kips stabilises Cyclin D protein (p27: [43],

p21: [48], p57: [42]). Binding of p21 and p27 to

CyclinD:CDK4 also imposes a conformational con-

straint on the dimer complex and can act as a physical

bridge between the two proteins [36]. Recent structural

studies have shed light on a conundrum that has con-

fused cell cycle enthusiasts for some time, that

CyclinD:CDK4 bound to p27 appears to exist in both

active and inactive conformations, and the switch to

an active conformation can be driven by tyrosine

phosphorylation of p27 [49]. Phosphorylation of p27

on Y74 induces conformational changes in CDK4 that

promote ATP coordination and CDK4 activity [36].

Although CDK4 activity is boosted by p27 Y74 phos-

phorylation, the presence of tyrosine phosphorylated

p27 alters the substrate specificity of the trimer com-

pared to the active CyclinD:CDK4 dimer. The

CyclinD:CDK4:PY74-p27 trimer preferentially inhibits

the phosphorylation of CDK4 substrates that contain

a docking site, for example the transcriptional repres-

sor retinoblastoma (Rb), but does little to change the

activity towards those substrates that do not, for

example p107 [36]. This suggests that changes in both

p27 levels and phosphorylation status as cells enter the

cell cycle could impart some control over the order in

which CDK4 substrates are phosphorylated. Another

intriguing observation from the same work is that tyr-

osine phosphorylation regulation was specific to p27

and not p21, which lacks a similar phosphorylation

site. This reveals the unique roles of p27 and p21. In

the case of p27, tyrosine phosphorylation provides an

additional route to link extracellular growth factor sig-

nalling, via tyrosine kinase activation, to restriction
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point control. However, p21 is expressed in response

to DNA damage, downstream of p53 [50,51]. Refrac-

toriness to tyrosine phosphorylation would thus allow

p21 to prevent CDK4 activation and cell cycle entry in

the presence of ongoing DNA damage. Thus, the Cip/

Kips appear to be ambivalent about CyclinD:CDK4/6

as they can activate or inhibit kinase activity, and their

role is dependent on the cellular context.

Inhibitory phosphorylation

Inhibitory phosphorylation of T14 and Y15 in CDK1

by Myt1 and Wee1 kinases, respectively, prevents pre-

mature entry of cells into mitosis. CDK1-mediated

activation of Cdc25 phosphatases (Cdc25A, B and C)

and simultaneous inhibition of Wee1 kinase is required

to dephosphorylate T14 and Y15 and initiate rapid

mitotic entry [52,53]. CDK4 and CDK6 can be phos-

phorylated at analogous Y17 and Y24 sites, respec-

tively, but the function of these residues in controlling

CDK4 and 6 activity and in restriction point passage

is poorly understood.

Phosphorylation of Y17 in CDK4 has been detected

in cells induced into quiescence by serum starvation.

Upon re-entry into the cell cycle, Y17 phosphorylation

decreases around the same time that CDK4 is acti-

vated [54]. TGF-b treatment of cells leads to a reduc-

tion in Cdc25A expression and induces cells to arrest

with increased tyrosine phosphorylation of CDK4 and

CDK6 [55]. Furthermore, Cdc25A is no longer

required for cell cycle re-entry from quiescence in cells

expressing the nonphosphorylatable mutant,

CDK4Y17F, implying that a key role of Cdc25A in cell

cycle entry is dephosphorylation of this residue [56].

More recent data suggest that inhibitory tyrosine phos-

phorylation of CDK4 and CDK6 may also prevent

their interaction with Cyclin D [57]. Together, these

data suggest that tyrosine phosphorylation does play a

key role in the regulation of restriction point passage

by controlling CDK4 and CDK6 activity, although

precise molecular details, including the roles and regu-

lation of Wee1 (and potentially Myt1) kinase, are still

lacking.

It appears that multiple states of CDK4 and CDK6

can exist in cells at any one time (Fig. 1B). The pres-

ence of multiple states of CDK4 and CDK6 in cells

has likely contributed to difficulties in reaching a con-

sensus concerning how these CDKs are activated to

regulate restriction point passage. However, maintain-

ing different pools of CDK4/6 or CyclinD:CDK4/6

complexes would allow cells to tune their CDK4/6

activity to different conditions and to respond rapidly

to changing conditions [49].

Rb phosphorylation: a shifting
paradigm

Passing the restriction point is coincident with hyper-

phosphorylation of the product of the retinoblastoma

gene, Rb [58] and activation of CyclinE:CDK2 [59,60].

Rb is a member of the pocket protein family, which

also includes p107 and p130 [61,62]. Pocket proteins

bind to and inhibit E2F transcription factors, a family

of proteins that drive the gene expression programme

required for entry into the cell cycle [63]. For full acti-

vation of E2F transcriptional activity, Rb must be

hyperphosphorylated to prevent its binding to E2Fs.

Our understanding of how the cell achieves this has

recently changed and below we will discuss the ‘classi-

cal’ and ‘new’ models of Rb phosphorylation.

‘Classical’ model: progressive

hypophosphorylation of Rb

Until 2014, our understanding of Rb phosphorylation

during restriction point passage was that as CyclinD:

CDK4/6 activity increased during early G1, CDK4/6

could progressively phosphorylate unphosphorylated

Rb protein on any one of 14 potential CDK sites – an

event termed hypophosphorylation [64,65]. Hypophos-

phorylation of Rb was understood to release a fraction

of Rb from inhibiting E2F transcription factors, allow-

ing E2F-mediated transcription to initiate. Targets of

activator E2Fs include the CCNE1 and CCNE2 genes,

encoding cyclins E1 and E2 [66,67], and E2F itself

[68]. This initiates two positive feedback loops that

promote E2F activity. The former is that E2F drives

its own transcription. The latter is that newly synthe-

sised Cyclin E protein binds to and activates CDK2,

which can drive the hyperphosphorylation, and conse-

quent inactivation, of Rb (Fig. 2A). This promotes the

release of more E2F from Rb and more CCNE1/2

transcription, initiating a second positive feedback

loop to drive restriction point passage [69] and the

increase in transcription necessary for S-phase entry.

‘New’ model: mono-phosphorylation of Rb

Although aspects of the old model had previously been

called into question [70–72], the most convincing evi-

dence contradicting the existing model was published

in 2014 [73]. Using two-dimensional isoelectric focuss-

ing (2D-IEF) to separate phospho-isoforms of Rb, the

authors were only able to identify unphosphorylated,

monophosphorylated and hyperphosphorylated forms

of Rb. No hypophosphorylated Rb form was found to

exist in cells. A timecourse of serum-starved cells,
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stimulated to re-enter the cell cycle, revealed a rapid

shift from a monophosphorylated Rb to hyperphos-

phorylated Rb at 14 h postserum stimulation, coinci-

dent with CyclinE:CDK2 activation. This led to a new

model being proposed where CyclinD:CDK4/6 com-

plexes can only mono-phosphorylate Rb protein, on

any one of 14 CDK sites (Fig. 2B). Monophosphory-

lated Rb can still bind to E2F and inhibit its activity.

A separate, as yet uncharacterised event, then drives

triggers CCNE transcription to activate CDK2 activity

and drive the conversion of monophosphorylated Rb

to inactive, hyperphosphorylated Rb. Only then would

E2F transcription factors be released and activated,

and cells would pass the restriction point.

At least three unanswered questions emerge from

this model. The first is how does CyclinD:CDK4/6

only mono-phosphorylate Rb, and how is phosphory-

lation at other sites prevented? This becomes particu-

larly difficult to understand when we consider that in

this model CDK4/6 can phosphorylate any of the 14

CDK sites, but only one. It is possible that mono-

phosphorylation of Rb induces some structural

changes in Rb protein [74–76], that could inhibit fur-

ther phosphorylation by CDK4/6. Or perhaps

CyclinD:CDK4/6 (or CyclinD:CDK4/6:pY-p27) has

such a weak affinity for Rb that mono-phosphoryla-

tion is the most likely outcome? The second question

is how is CyclinE:CDK2 activated if E2F is not acti-

vated by monophosphorylated Rb? There are sugges-

tions that CyclinE:CDK2 activation may be

downstream of CDK4/6 phosphorylation of metabolic

enzymes [73,77] or regulated by E2F-independent

CCNE transcription factors [78–80]. The third is, in

the case of Rb mono-phosphorylation by CyclinD:

CDK4, how do Cyclin D1 levels then relate to G1

progression? CCND1 is overexpressed in many cancers

[81] and overexpression of D-type cyclins accelerates

G0-S progression [22], yet too much Cyclin D protein

may also prevent or delay normal S-phase entry and

progression [82,83]. Perhaps the answer is that timely

degradation of Cyclin D1 may be involved in restric-

tion point passage [84]. These will be significant and

exciting questions to address in future work.

The Rb phosphorylation code

The observation that Rb can be monophosphorylated

at any one of 14 CDK sites raises the intriguing possi-

bility that these 14 isoforms of Rb may have indepen-

dent functions. Indeed, an Rb phosphorylation ‘code’

has been mapped using quantitative proteomics to

look at the interactions of Rb species phosphorylated

at each of the different sites [85]. For example, inde-

pendent mono-phosphorylation events can regulate

processes involved in either mitochondrial oxidative

phosphorylation or chromatin remodelling. How the

abundance of different monophosphorylated isoforms

of Rb are generated by CyclinD:CDK4/6 complexes

Fig. 2. ‘Classical’ (A) and ‘new’ (B) models of restriction point

control by Rb hyperphosphorylation. In cells entering the cell cycle

from quiescence, Rb is unphosphorylated (state (1)). (A) In the old

model of restriction point regulation, CyclinD:CDK4/6 was proposed

to progressively, but incompletely, phosphorylate Rb

(hypophosphorylation – state (2)), releasing its inhibition of E2F.

E2Fs initiate CCNE transcription and Cyclin E binds to and

activates CDK2. Active CyclinE:CDK2 complexes further

phosphorylate Rb, initiating a positive feedback loop driving more

E2F release, CCNE transcription, CyclinE:CDK2 activity and

eventual hyperphosphorylation (state (3)) and inactivation of Rb. (B)

More recent data suggest that CyclinD:CDK4/6 complexes serve to

mono-phosphorylate Rb (state (4)), on any one of 14 CDK sites,

and simultaneously initiate metabolic changes in the cell that drive

CyclinE:CDK2 activation. If this is the case, it is then CyclinE:CDK2

activity alone that drives the hyperphosphorylation of

monophosphorylated Rb and restriction point passage. In both

models, once Cyclin E is expressed, the positive feedback loop

between CyclinE:CDK2 activity and E2F activation is the same.
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and how the activities of multiple monophosphory-

lated species are coordinated remain unknown.

The position of the restriction point in
the cell cycle

In addition to challenging the canonical model of

restriction point passage, recent work has called into

question the position and nature of a commitment

point in the cell cycle. As previously mentioned, the

‘point of no return’ for commitment to DNA replica-

tion has been defined, at a molecular level, as the point

at which Rb is hyperphosphorylated, E2F-dependent

transcription is activated and CDK2 activity increases,

and has historically been placed in G1 [7,69,86–88].
However, recent work, in particular using single-cell

imaging, has started to alter how we think about com-

mitment to proliferation.

Timing of cell cycle decision-making

For cells entering the cell cycle from quiescence, sig-

nalling during G0/G1 results in commitment to a new

round of division. However, for cycling cells it is clear

that signalling during the previous cell cycle can be

important for restriction point passage [89–94]. Early
studies suggested that commitment decisions are solely

made during G1, indicating that cells in a population

begin the cell cycle all equally likely to divide [5,7,58].

However, this model was challenged by the finding

that, in asynchronously cycling cell cultures, Ras activ-

ity during G2 in the mother cell is necessary to pro-

mote cell cycle commitment in daughter cells, in part

through promoting Cyclin D synthesis [90,91,95].

Recent single-cell work has strengthened the mother

cell G2 model of mitogen sensing, demonstrating an

early divergence in CDK2 activity in daughter cells

[93,96]. This is reflected in Rb hyperphosphorylation,

which can be detected as cells exit mitosis, suggesting

that cells are born committed to a new cell cycle [97].

However, how CDK2 activity remains high after mito-

sis, when both Cyclin A and E are degraded, is

unclear. One possibility is that in committed cells the

major Rb phosphatase, PP1, is unable to dephospho-

rylate Rb, which remains hyperphosphorylated. Com-

mitted cells also degrade Cyclin D1 protein early after

mitosis [84] and Cyclin D1 may not be needed if Rb

remains mono- or hyperphosphorylated from the pre-

vious cycle. As Cyclin D protein has a short half-life,

any inheritance of previous mitogen exposure is likely

mediated through CCND1 mRNA, which has a longer

lifetime [94]. As Cyclin D protein levels are highly

dependent on the global protein translation rate, which

responds to mitogenic signalling through MAPK, the

protein translation rate may also enable a form of cel-

lular mitogenic memory [92]. In addition, endogenous

DNA damage in mother cells can also influence prolif-

eration–quiescence decisions in daughter cell cycles

[98,99]. This can be mediated through the inheritance

of DNA damage by daughter cells, which results in

increased p21 protein in the daughter cell and cells

entering quiescence [98–100]. It is likely that the cell

bases the decision to divide not on signal strength

per se, but on signalling dynamics over time [87,101].

In cells returning to cycle from quiescence, it has

been proposed that the threshold of growth factor

stimulation required for restriction point passage can

be modulated by cells [102]. This results in different

‘depths’ of quiescence from which cells require differ-

ent threshold of serum stimulation, in terms of time or

strength of stimulation, to return to the cell cycle

[102–105].

What is commitment?

The restriction point is defined as the ‘point of no

return’ for commitment to DNA replication. By its

very definition, once the restriction point has been

passed, cell cycle progression becomes independent of

growth stimuli. However, the restriction point is only

the first commitment point, sensitive to mitogens, and

it should be noted that completion of the cell cycle can

still be halted by downstream checkpoints, such as in

response to DNA damage. Whilst the original defini-

tion of the restriction point is unchanged, its molecular

makeup remains unclear. Below, we outline the evi-

dence for the molecular events that could underpin

this irreversibility.

Rb-E2F

The inactivation of pocket proteins and thus the acti-

vation of E2F-dependent transcription has a central

role in the canonical restriction point model [58,63,87].

Early evidence strongly implicated the inactivation of

Rb in the promotion of proliferation. Unphosphory-

lated Rb prevents S-phase progression and promotes

cell cycle exit and differentiation, whilst conditions

that result in its phosphorylation increase proliferation

[58]. Whilst the pocket proteins are rarely mutated in

cancer, Rb is the target of viral oncoproteins [106],

and the inactivation of the upstream Rb-E2F pathway

is a common feature of cancer [81,107,108]. The acti-

vation of E2F-dependent transcription alone has been

shown to be sufficient to induce S-phase entry in qui-

escent cells [109,110].
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In the classical model of the restriction point, Rb

phosphorylation is initiated by CyclinD:CDK4/6 activ-

ity during G1 [111]. The hyperphosphorylation and

inhibition of Rb allows the activation of E2F-depen-

dent gene expression, which positively feeds back on

itself through E2F and Cyclin E expression. A third

feedback loop reinforcing commitment involves

another E2F target, early mitotic inhibitor-1 (Emi1).

Emi1 is a competitive inhibitor of the E3 ubiquitin

ligase APC/CCdh1, and APC/CCdh1 must be inactivated

to allow S-phase entry [112,113]. APC/CCdh1 activity is

high in early G1, but Emi1 binding triggers its irre-

versible inactivation [114,115], which occurs following

restriction point passage [59]. Inactivation of APC/

CCdh1 allows for an increase in the protein levels of its

substrates, including Skp2 and Cyclin A, also E2F tar-

gets [116–120]. A time lag between the activation of

E2F-dependent transcription and APC/CCdh1 inactiva-

tion means that the levels of these proteins are initially

low following restriction point passage. CDK2 com-

plexes phosphorylate Cdh1, preventing binding to

APC/C in a negative feedback loop [119,121]. Skp2 is

an F-box protein, which is rate limiting for SCFSkp2

E3 ubiquitin ligase activity [122]. SCFSkp2 has been

shown to target both E2F1 and p27 for degradation

[123]. This means that Skp2 forms part of both a neg-

ative feedback loop for E2F activity and a positive

feedback loop for CDK activity [124]. Thus, transcrip-

tional changes at the restriction point are coupled to

changes in protein degradation to give sustainable

changes in protein levels.

Together, these feedback loops reinforce an initial

increase in CDK activity and Rb hyperphosphoryla-

tion and inactivation. This enables CDK activity to be

sustained independently of decreases in growth factor

signalling, conferring bistability on the restriction

point [69,88,125]. This property of the restriction point

ensures irreversibility and means that this first step in

cell cycle commitment is switch-like and that progres-

sion between phases of synthesis and division is unidi-

rectional [88,125,126].

CDK2 activity

Ultimately, at the restriction point the combination of

multiple different graded signals must be converted to

a binary cellular output encoded through CDK activ-

ity. Recent single-cell analyses using a live-cell fluores-

cent sensor for CDK2 activity during G1 have

extended the classical restriction point model and

enabled a quantitative definition of the restriction

point [60,93]. The activity of this sensor is able to pre-

dict restriction point passage with a high accuracy,

defined by the response of cells to serum withdrawal

[60]. A threshold of CDK2 activity may, therefore, be

the defining feature of restriction point passage [127].

The activity threshold is reached several hours before

full Rb-E2F pathway activation and is therefore pre-

dicted to reflect the onset of E2F activation rather

than the peak [128]. The quantification of CDK2 activ-

ity has enabled a more precise definition of the restric-

tion point and the timing of molecular events

associated with it. The CDK2 threshold for restriction

point passage seems to depend on cell type and the

kind of proliferative inputs to which a cell is exposed

[60].

APC/CCdh1 inactivation

In the classical model of cell cycle commitment, the

sensing of proliferative signals during G1 culminates in

the hyperphosphorylation (or lack thereof) of Rb. This

has been thought to be an irreversible step due to the

bistability of the Rb-E2F network [69]. CDK activity

inhibits a major Rb phosphatase PP1, therefore, Rb

phosphorylation is difficult to reverse in healthy cells

until cell cycle exit brings a decrease in CDK activity

[86,129]. In stress conditions, PP2A may also dephos-

phorylate Rb [130].

Rb inactivation is separated in time, and is proposed

to be independent from, the inactivation of APC/CCdh1

[59,88]. Whilst the restriction point has classically been

defined by cellular mitogen sensing, it is also possible

that cells are able to respond to stress after Rb is

hyperphosphorylated [59,131]. In this model, the time

between Rb hyperphosphorylation and APC/CCdh1

inactivation represents a window during which stress,

such as DNA damage, is still able to prevent progres-

sion into S-phase. During this time, it is reported that,

contrary to CDK4/6 only being able to mono-phos-

phorylate Rb [73], CDK4/6 activity is still required for

Rb hyperphosphorylation, despite the detectable acti-

vation of CDK2, until APC/CCdh1 is inactivated [132].

This suggests that both the restriction point and the

inactivation of the APC/CCdh1 contribute towards the

irreversible transition between G1 and S-phase.

Indeed, the activity of Emi1, which inhibits APC/

CCdh1, is essential for the maintenance of an irre-

versible transition to S-phase [124,133]. In this model,

the restriction point is not a discrete point during the

cell cycle but rather a window during which cells are

still sensitive to mitogen removal due to a dependence

on CyclinD:CDK4/6 activity until APC/CCdh1 inacti-

vation. However, the physiological conditions under

which this response would be required, that is how

often cells are exposed to a high level of stress between
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the onset of Rb hyperphosphorylation and APC/CCdh1

inactivation, are unclear. The mechanism of Rb

dephosphorylation after stress induction during G1 is

also uncertain. Further, it is unclear if these cells

retreat to a true quiescent state or whether they could

still be said to be in a distinct postrestriction point

state but with dephosphorylated Rb. Recovery from

arrest appears to be faster in these stressed cells

returning to cycle than from a postmitotic quiescence

[59].

This window of reversibility between the restriction

point and S-phase entry may not be closed by APC/

CCdh1 inactivation, but by the rapid degradation of

p21 at S-phase entry by CRL4Cdt2, which generates a

bistable switch and prevents p21 upregulation in S-

phase, that could otherwise promote premature S-

phase exit [126]. APC/CCdh1 inactivation and p21

degradation overlap in time and so the defining event

is difficult to identify. However, interfering with p21

degradation by Cdt2 depletion allows cells to prema-

turely exit S-phase, even in the presence of intact

APC/CCdh1 control, suggesting that it is p21 degrada-

tion at S-phase entry that closes the window of

reversibility. Moreover, even though APC/CCdh1 is still

active, cells become less sensitive to DNA damage the

closer they are to S-phase entry which correlates with

the time taken to induce p21 expression to a threshold

capable of inhibiting Cdks [126].

Cell growth/size

In addition to mitogens, cells must be able to respond

to other growth inputs to make appropriate prolifera-

tion decisions. An essential part of cell cycle control is

to balance growth and division. Indeed, a negative cor-

relation between cell size at birth and G1 length has

been long established [134,135]. This indicates a size-

dependent component to cell cycle commitment. We

will briefly summarise work-relating cell size and cell

cycle commitment here, but direct the interested reader

to reviews of the current literature on growth and size

control [136,137].

There is evidence that growth information can be

integrated by Rb phosphorylation, as Rb inhibition

has been shown to result in smaller cell size [138–140]
and its overexpression, a larger cell size [141]. Recent

work has proposed a link between CDK4/6 activity

and mammalian target of rapamycin complex 1

(mTORC1), a key regulator of cell growth [142]. The

mTOR protein kinase is a key part of a signalling net-

work integrating environmental inputs such as amino

acid and oxygen levels, with mTOR activity promoting

protein, lipid and nucleotide synthesis and inhibiting

autophagy [143]. In addition to Rb phosphorylation,

CDK4/6 may also promote mTor activity [142]. In this

way, CDK4/6 could couple the cell cycle machinery

and cell growth. mTor was proposed to form part of a

two-step model of cell cycle commitment, involving

both a growth and nutrient sensing step [144,145]. This

arose from data demonstrating the necessity for multi-

ple factors, targeting Myc, Rb, p53 and mTor, in cel-

lular transformation. This suggested that Rb

inactivation alone is insufficient for cell cycle entry,

but that other steps, mTor signalling and downregula-

tion of p53 for example, are also important for com-

mitment. However, other work has suggested that,

although it regulates cell size, mTor is not involved in

coordinating cell size and G1 length [146]. An inhibitor

screen revealed that compounds targeting the PI3K/

Akt/mTOR pathway altered both G1 length and cell

size. In contrast, compounds targeting the p38 MAPK

pathway perturbed the coordination between cell size

and G1 length, indicating this pathway is important

for cellular size control [137].

Whilst it is clear that cell size and growth are impor-

tant inputs in a proliferation–quiescence decision, how

cells measure these properties, and how this is inte-

grated with restriction point control, is unknown. In

yeast, cell growth leads to dilution of the Whi5, a tran-

scriptional inhibitor similar in function to Rb, promot-

ing the passage of START [147]. A similar inhibitor

dilution model has recently been proposed for Rb in

mammalian cells [148].

The point of no return

The exact position and nature of a commitment point

in the cell cycle are still unclear. However, it is impor-

tant to remember that studies investigating cell cycle

control mostly use immortalised cell lines cultured in

rich growth media. Whilst this has enabled much pro-

gress to be made in understanding the capabilities of

cell cycle regulation, it remains to be seen which of

these mechanisms are physiologically relevant given

that most cells are quiescent in vivo [149]. Indeed,

recent work has indicated stark differences in restric-

tion point control between commonly grown cell lines

and primary cells [60].

Together, recent single-cell work challenges the defi-

nition of the restriction point as the ‘point of no

return’ for cells, suggesting that progression through

to S-phase requires multiple inputs. It reveals an

important caveat of the initial definition of the restric-

tion point as the point beyond which cells are insensi-

tive to the removal of mitogens. Whilst an important

step in cell cycle commitment, this does not account
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for the cellular response to other inputs such as stress

or metabolism, and in so doing possibly oversimplifies

the process of commitment. How then, do we define

commitment? It seems clear that CDK2 activity is

highly predictive in determining restriction point pas-

sage as assessed by its original definition [7,60]. But

how we define this ‘decision’ point molecularly, espe-

cially when molecular changes may not be as binary as

once assumed, remains unclear.

Since there are different types of quiescence [4], it is

likely that there are multiple ways of passing the

restriction point, in that many potential inputs are able

to increase CyclinD:CDK4/6 activity. Whilst there are

many possible routes to restriction point passage, cells

likely ‘forget’ their history after cell cycle commitment,

meaning that there can be many paths to passing the

restriction point but following passage, all cells are

equally committed [150].

We think that a useful model for thinking about

commitment to a new cell cycle involves two bistable

switches. One is the restriction point, the transition

of which is specific to extracellular mitogenic signals.

The other is the G1/S transition (Fig. 3) [126]. The

time between these two points represents a period of

reversibility and further signal integration, which

becomes important during stress conditions (G1ps in

Fig. 3). Given the importance of restriction point

control, and its dysregulation, in understanding

development, tissue homeostasis and tumorigenesis,

key questions still surround the molecular mecha-

nisms of cell cycle entry in these systems. CDK4/6

inhibitors, such as Palbociclib, Abemaciclib and

Ribociclib, are being used to treat ER+ breast can-

cers, and being trialled in other tumour types [151],

generating renewed interest in how cells commit to

proliferation. With the development of new single-

cell tools to quantify and probe these mechanisms,

in addition to improved imaging technologies,

including light-sheet imaging and label-free micro-

scopy, we anticipate exciting discoveries in these

areas in the next few years.

Acknowledgements

We would like to thank Rob Brooks, J€org Mansfeld

and Stefan Heldt for their critical reading and very

helpful feedback. BRP and ARB are funded by a Can-

cer Research UK Career Development Fellowship

awarded to ARB (C63833/A25729). The laboratory of

ARB is supported by Cancer Research UK (C63833/

A25729) and the MRC (MC-A658-5TY60).

References

1 Malumbres M and Barbacid M (2009) Cell cycle,

CDKs and cancer: a changing paradigm. Nat Rev

Cancer 9, 153–166.
2 Vancheri C, Failla M, Crimi N and Raghu G (2010)

Idiopathic pulmonary fibrosis: a disease with

similarities and links to cancer biology. Eur Respir J

35, 496–504.
3 Limas JC and Cook JG (2019) Preparation for DNA

replication: the key to a successful S phase. FEBS Lett

593, 2853–2867.

Fig. 3. A two-step model for cell cycle commitment. During G1, two bistable switches regulate the proliferation–quiescence decision. The

activation of the first switch, the Rb-E2F pathway, is dependent on the integration of mitogenic signals both during G0/G1, and the previous

G2 in cycling cells, via CyclinD:CDK4/6 activity. Rb-E2F switch activation is also dependent on the integration of DNA damage signals by

p21. Other inputs, currently unknown but potentially linked to growth or metabolic signalling, increase Cyclin E transcription. Following the

activation of the Rb-E2F pathway, CDK2 activity increases, and this is the molecular definition for restriction point passage. A second

bistable switch is mediated by p21 degradation at S-phase entry, which marks the end of a period of stress sensitivity in G1, that is able to

reverse the commitment decision made at the restriction point. p21 degradation is mediated by SCFSkp2 in late G1 and early S-phase, and

by CRL4Cdt2 in S-phase, which targets substrates through binding to PCNA. p21 can also inhibit CRL4Cdt2 through inhibiting DNA replication.

This coincides with APC/CCdh1 inactivation by Emi1, which switches from a substrate to an inhibitor of APC/CCdh1.

2054 FEBS Letters 594 (2020) 2046–2060 ª 2020 The Authors. FEBS Letters published by John Wiley & Sons Ltd

on behalf of Federation of European Biochemical Societies

Restriction point control in mammalian cells B. R. Pennycook and A. R. Barr



4 Coller HA, Sang L and Roberts JM (2006) A new

description of cellular quiescence. PLoS Biol 4, e83.

5 Pardee AB (1974) A restriction point for control of

normal animal cell proliferation. Proc Natl Acad Sci

USA 71, 1286–1290.
6 Yen A and Pardee AB (1978) Exponential 3T3 cells

escape in mid-G1 from their high serum requirement.

Exp Cell Res 116, 103–113.
7 Zetterberg A and Larsson O (1985) Kinetic analysis of

regulatory events in G1 leading to proliferation or

quiescence of Swiss 3T3 cells. Proc Natl Acad Sci USA

82, 5365–5369.
8 Brooks RF (1977) Continuous protein synthesis is

required to maintain the probability of entry into S

phase. Cell 12, 311–317.
9 Campisi J, Medrano EE, Morreo G and Pardee AB

(1982) Restriction point control of cell growth by a labile

protein: evidence for increased stability in transformed

cells. Proc Natl Acad Sci USA 79, 436–440.
10 Blagosklonny MV and Pardee AB (2002) The

restriction point of the cell cycle. Cell Cycle 1, 102–
109.

11 Croy RG and Pardee AB (1983) Enhanced synthesis

and stabilization of Mr 68,000 protein in transformed

BALB/c-3T3 cells: candidate for restriction point

control of cell growth. Proc Natl Acad Sci USA 80,

4699–4703.
12 Padgett J and Santos SDM (2020) From clocks to

dominoes: lessons on cell cycle remodelling from

embryonic stem cells. FEBS Lett 594, 2031–2045.
13 Malumbres M, Sotillo R, Santamar�ıa D, Gal�an J,

Cerezo A, Ortega S, Dubus P and Barbacid M (2004)

Mammalian cells cycle without the D-type cyclin-

dependent kinases Cdk4 and Cdk6. Cell 118, 493–
504.

14 Rane SG, Dubus P, Mettus RV, Galbreath EJ, Boden

G, Reddy EP and Barbacid M (1999) Loss of Cdk4

expression causes insulin-deficient diabetes and Cdk4

activation results in beta-islet cell hyperplasia. Nat

Genet 22, 44–52.
15 Tsutsui T, Hesabi B, Moons DS, Pandolfi PP, Hansel

KS, Koff A and Kiyokawa H (1999) Targeted

disruption of CDK4 delays cell cycle entry with

enhanced P27(Kip1) activity. Mol Cell Biol 19, 7011–
7019.

16 Choi YJ and Anders L (2014) Signaling through cyclin

D-dependent kinases. Oncogene 33, 1890–1903.
17 Klein EA and Assoian RK (2008) Transcriptional

regulation of the cyclin D1 gene at a glance. J Cell Sci

121, 3853–3857.
18 Sherr CJ (1995) D-type cyclins. Trends Biochem Sci 20,

187–190.
19 Albanese C, Johnson J, Watanabe G, Eklund N, Vu

D, Arnold A and Pestell RG (1995) Transforming

P21ras mutants and C-Ets-2 activate the cyclin D1

promoter through distinguishable regions. J Biol Chem

270, 23589–23597.
20 Shen Q, Uray IP, Li Y, Krisko TI, Strecker TE, Kim

HT and Brown PH (2008) The AP-1 transcription

factor regulates breast cancer cell growth via cyclins

and E2F factors. Oncogene 27, 366–377.
21 JiangW, Kahn SM, Zhou P, Zhang YJ, Cacace AM,

Infante AS, Doi S, Santella RM andWeinstein IB (1993)

Overexpression of cyclin D1 in rat fibroblasts causes

abnormalities in growth control, cell cycle progression

and gene expression.Oncogene 8, 3447–3457.
22 Quelle DE, Ashmun RA, Shurtleff SA, Kato JY, Bar-

Sagi D, Roussel MF and Sherr CJ (1993)

Overexpression of mouse D-type cyclins accelerates G1

phase in rodent fibroblasts. Genes Dev 7, 1559–1571.
23 Resnitzky D, Gossen M, Bujard H and Reed SI (1994)

Acceleration of the G1/S phase transition by

expression of cyclins D1 and E with an inducible

system. Mol Cell Biol 14, 1669–1679.
24 Kato JY, Matsuoka M, Strom DK and Sherr CJ

(1994) Regulation of cyclin D-dependent kinase 4

(Cdk4) by Cdk4-activating kinase. Mol Cell Biol 14,

2713–2721.
25 Matsuoka M, Kato JY, Fisher RP, Morgan DO and

Sherr CJ (1994) Activation of cyclin-dependent kinase

4 (Cdk4) by mouse MO15-associated kinase. Mol Cell

Biol 14, 7265–7275.
26 Matsushime H, Quelle DE, Shurtleff SA, Shibuya M,

Sherr CJ and Kato JY (1994) D-type cyclin-dependent

kinase activity in mammalian cells. Mol Cell Biol 14,

2066–2076.
27 Day PJ, Cleasby A, Tickle IJ, O’Reilly M, Coyle JE,

Holding FP, McMenamin Rl, Yon J, Chopra R,

Lengauer C et al. (2009) Crystal structure of human

CDK4 in complex with a D-type cyclin. Proc Natl

Acad Sci USA 106, 4166–4170.
28 Jeffrey PD, Russo AA, Polyak K, Gibbs E, Hurwitz J,

Massagu�e J and Pavletich NP (1995) Mechanism of

CDK activation revealed by the structure of a cyclinA-

CDK2 complex. Nature 376, 313–320.
29 Morris MC, Gondeau C, Tainer JA and Divita G

(2002) Kinetic mechanism of activation of the Cdk2/

Cyclin a complex. Key role of the C-lobe of the Cdk. J

Biol Chem 277, 23847–23853.
30 Takaki T, Echalier A, Brown NR, Hunt T, Endicott

JA and Noble MEM (2009) The structure of CDK4/

cyclin D3 has implications for models of CDK

activation. Proc Natl Acad Sci USA 106, 4171–4176.
31 Kaldis P (1999) The Cdk-activating kinase (CAK):

from yeast to mammals. Cell Mol Life Sci 55, 284–
296.

32 Lolli G and Johnson LN (2005) CAK-cyclin-

dependent activating kinase: a key kinase in cell

cycle control and a target for drugs? Cell Cycle 4,

565–570.

2055FEBS Letters 594 (2020) 2046–2060 ª 2020 The Authors. FEBS Letters published by John Wiley & Sons Ltd

on behalf of Federation of European Biochemical Societies

B. R. Pennycook and A. R. Barr Restriction point control in mammalian cells



33 Russo AA, Jeffrey PD and Pavletich NP (1996)

Structural basis of cyclin-dependent kinase activation

by phosphorylation. Nat Struct Biol 3, 696–700.
34 Aprelikova O, Xiong Y and Liu ET (1995) Both P16

and P21 families of cyclin-dependent kinase (CDK)

inhibitors block the phosphorylation of cyclin-

dependent kinases by the CDK-activating kinase. J

Biol Chem 270, 18195–18197.
35 Bockstaele L, Kooken H, Libert F, Paternot S,

Dumont JE, de Launoit Y, Roger PP and Coulonval

K (2006) Regulated activating Thr172 phosphorylation

of cyclin-dependent kinase 4(CDK4): its relationship

with cyclins and CDK ‘inhibitors’. Mol Cell Biol 26,

5070–5085.
36 Guiley KZ, Stevenson JW, Lou K, Barkovich KJ,

Kumarasamy V, Wijeratne TU, Bunch KL, Tripathi S,

Knudsen ES, Witkiewicz AK et al. (2019) P27

allosterically activates cyclin-dependent kinase 4 and

antagonizes palbociclib inhibition. Science 366,

eaaw2106.

37 Ray A, James MK, Larochelle S, Fisher RP and Blain

SW (2009) P27Kip1 inhibits cyclin D-cyclin-dependent

kinase 4 by two independent modes. Mol Cell Biol 29,

986–999.
38 Schachter MM, Merrick KA, Larochelle S, Hirschi A,

Zhang C, Shokat KM, Rubin SM and Fisher RP

(2013) A Cdk7-Cdk4 T-loop phosphorylation cascade

promotes G1 progression. Mol Cell 50, 250–260.
39 Bisteau X, Paternot S, Colleoni B, Ecker K, Coulonval

K, De Groote P, Declercq W, Hengst L and Roger PP

(2013) CDK4 T172 phosphorylation is central in a

CDK7-dependent bidirectional CDK4/CDK2 interplay

mediated by P21 phosphorylation at the restriction

point. PLoS Genet 9, e1003546.

40 Yoon MK, Mitrea DM, Li Ou and Kriwacki RW

(2012) Cell cycle regulation by the intrinsically

disordered proteins P21 and P27. Biochem Soc Trans

40, 981–988.
41 Ortega S, Malumbres M and Barbacid M (2002)

Cyclin D-dependent kinases, INK4 inhibitors and

cancer. Biochim Biophys Acta Rev Cancer 1602, 73–87.
42 Cerqueira A, Martin A, Symonds CE, Odajima J,

Dubus P, Barbacid M and Santamaria D (2014)

Genetic characterization of the role of the Cip/Kip

family of proteins as cyclin-dependent kinase inhibitors

and assembly factors. Mol Cell Biol 34, 1452–1459.
43 Cheng M, Olivier P, Diehl JA, Fero M, Roussel MF,

Roberts JM and Sherr CJ (1999) The P21(Cip1) and

P27(Kip1) CDK ‘inhibitors’ are essential activators of

cyclin D-dependent kinases in murine fibroblasts.

EMBO J 18, 1571–1583.
44 Labaer J, Garrett MD, Stevenson LF, Slingerland JM,

Sandhu C, Chou HS, Fattaey A and Harlow E (1997)

New functional activities for the P21 family of CDK

inhibitors. Genes Dev 11, 847–862.

45 Sugimoto M, Martin N, Wilks DP, Tamai K, Huot

TJG, Pantoja C, Okumura K, Serrano M and Hara E

(2002) Activation of cyclin D1-kinase in murine

fibroblasts lacking both P21Cip1 and P27Kip1.

Oncogene 21, 8067–8074.
46 Zhang H, Hannon GJ and Beach D (1994) P21-

containing cyclin kinases exist in both active and

inactive states. Genes Dev 8, 1750–1758.
47 Alt JR, Gladden AB andAlan Diehl J (2002) P21Cip1

promotes cyclin D1 nuclear accumulation via direct

inhibition of nuclear export. J Biol Chem 277, 8517–8523.
48 Chen J-Y, Lin J-R, Tsai F-C and Meyer T (2013)

Dosage of Dyrk1a shifts cells within a P21-cyclin D1

signaling map to control the decision to enter the cell

cycle. Mol Cell 52, 87–100.
49 Blain S (2008) Switching cyclin D-Cdk4 kinase activity

on and off. Cell Cycle 7, 892–898.
50 El-Deiry WS, Tokino T, Velculescu VE, Levy DB,

Parsons R, Trent JM, David Lin W, Mercer E,

Kinzler KW and Vogelstein B (1993) WAF1, a

potential mediator of P53 tumor suppression. Cell 75,

817–825.
51 He G, Siddik ZH, Huang Z, Wang R, Koomen J,

Kobayashi R, Khokhar AR and Kuang J (2005)

Induction of P21 by P53 following DNA damage

inhibits both Cdk4 and Cdk2 activities. Oncogene 24,

2929–2943.
52 Domingo-Sananes MR, Kapuy O, Hunt T and Novak

B (2011) Switches and latches: a biochemical tug-of-

war between the kinases and phosphatases that control

mitosis. Philos Transac R Soc Lond B Biol Sci 366,

3584–3594.
53 H�egarat N, Rata S and Hochegger H (2016) Bistability

of mitotic entry and exit switches during open mitosis

in mammalian cells. BioEssays 38, 627–643.
54 Jinno S, Hung SC and Okayama H (1999) Cell cycle

start from quiescence controlled by tyrosine

phosphorylation of Cdk4. Oncogene 18, 565–571.
55 Iavarone A and Massagu�e J (1997) Repression of the

CDK activator Cdc25A and cell-cycle arrest by

cytokine TGF-beta in cells lacking the CDK inhibitor

P15. Nature 387, 417–422.
56 Terada Y, Tatsuka M, Jinno S and Okayama H (1995)

Requirement for tyrosine phosphorylation of Cdk4 in

G1 arrest induced by ultraviolet irradiation. Nature

376, 358–362.
57 Bertero T, Gastaldi C, Bourget-Ponzio I, Mari B,

Meneguzzi G, Barbry P, Ponzio G and Rezzonico R

(2013) CDC25A targeting by MiR-483-3p decreases

CCND-CDK4/6 assembly and contributes to cell cycle

arrest. Cell Death Differ 20, 800–811.
58 Weinberg RA (1995) The retinoblastoma protein and

cell cycle control review. Cell 81, 323–330.
59 Cappell SD, Chung M, Jaimovich A, Spencer SL and

Meyer T (2016) Irreversible APCCdh1 inactivation

2056 FEBS Letters 594 (2020) 2046–2060 ª 2020 The Authors. FEBS Letters published by John Wiley & Sons Ltd

on behalf of Federation of European Biochemical Societies

Restriction point control in mammalian cells B. R. Pennycook and A. R. Barr



underlies the point of no return for cell-cycle entry.

Cell 166, 167–180.
60 Schwarz C, Johnson A, K~oivom€agi M, Zatulovskiy

E, Kravitz CJ, Doncic A and Skotheim JM (2018) A

precise Cdk activity threshold determines passage

through the restriction point. Mol Cell 69, 253–
264.e5.

61 Dick FA and Rubin SM (2013) Molecular mechanisms

underlying RB protein function. Nat Rev Mol Cell Biol

14, 297–306.
62 Giacinti C and Giordano A (2006) RB and cell cycle

progression. Oncogene 25, 5220–5227.
63 Bertoli C, Skotheim JM and de Bruin RAM (2013)

Control of cell cycle transcription during G1 and S

phases. Nat Rev Mol Cell Biol 14, 518–528.
64 Henley SA and Dick FA (2012) The retinoblastoma

family of proteins and their regulatory functions in the

mammalian cell division cycle. Cell Div 7, 10.

65 Mittnacht S, Lees JA, Desai D, Harlow E, Morgan

DO and Weinberg RA (1994) Distinct sub-populations

of the retinoblastoma protein show a distinct pattern

of phosphorylation. EMBO J 13, 118–127.
66 Geng Y, Eaton EN, Pic�on M, Roberts JM, Lundberg

AS, Gifford A, Sardet C and Weinberg RA (1996)

Regulation of cyclin E transcription by E2Fs and

retinoblastoma protein. Oncogene 12, 1173–1180.
67 Ohtani K, DeGregori J and Nevins JR (1995)

Regulation of the cyclin E gene by transcription factor

E2F1. Proc Natl Acad Sci USA 92, 12146–12150.
68 Johnson DG, Ohtani K and Nevins JR (1994)

Autoregulatory control of E2F1 expression in response

to positive and negative regulators of cell cycle

progression. Genes Dev 8, 1514–1525.
69 Yao G, Lee TJ, Mori S, Nevins JR and You L (2008)

A bistable Rb-E2F switch underlies the restriction

point. Nat Cell Biol 10, 476–482.
70 Ezhevsky SA, Ho A, Becker-Hapak M, Davis PK and

Dowdy SF (2001) Differential regulation of

retinoblastoma tumor suppressor protein by G1 cyclin-

dependent kinase complexes in vivo. Mol Cell Biol 21,

4773–4784.
71 Ezhevsky SA, Nagahara H, Vocero-Akbani AM, Gius

DR, Wei MC and Dowdy SF (1997) Hypo-

phosphorylation of the retinoblastoma protein (PRb)

by cyclin D:Cdk4/6 complexes results in active PRb.

Proc Natl Acad Sci USA 94, 10699–10704.
72 Haberichter T, Marhl M and Heinrich R (2001)

Birhythmicity, trirhythmicity and chaos in bursting

calcium oscillations. Biophys Chem 90, 17–30.
73 Narasimha AM, Kaulich M, Shapiro GS, Choi YJ,

Sicinski P and Dowdy SF (2014) Cyclin D activates

the Rb tumor suppressor by mono-phosphorylation.

ELife 3, e02872.

74 Burke JR, Deshong AJ, Pelton JG and Rubin SM

(2010) Phosphorylation-induced conformational

changes in the retinoblastoma protein inhibit E2F

transactivation domain binding. J Biol Chem 285,

16286–16293.
75 Burke JR, Hura GL and Rubin SM (2012) Structures

of inactive retinoblastoma protein reveal multiple

mechanisms for cell cycle control. Genes Dev 26, 1156–
1166.

76 Rubin SM, Gall AL, Zheng N and Pavletich NP

(2005) Structure of the Rb C-terminal domain bound

to E2F1-DP1: a mechanism for phosphorylation-

induced E2F release. Cell 123, 1093–1106.
77 Wang H, Nicolay BN, Chick JM, Gao X, Geng Y,

Ren H, Gao H, Yang G, Williams JA, Suski JM et al.

(2017) The metabolic function of cyclin D3-CDK6

kinase in cancer cell survival. Nature 546, 426–430.
78 Kim S, Kang JK, Kim YK, Seo DW, Ahn SH, Lee

JC, Lee C-H, You J-S, Cho E-J, Lee HW et al. (2006)

Histone deacetylase inhibitor apicidin induces cyclin E

expression through Sp1 sites. Biochem Biophys Res

Comm 342, 1168–1173.
79 Lukas J, Herzinger T, Hansen K, Moroni MC,

Resnitzky D, Helin K, Reed SI and Bartek J (1997)

Cyclin E-induced S phase without activation of the

PRb/E2F pathway. Genes Dev 11, 1479–1492.
80 Santoni-Rugiu E, Falck J, Mailand N, Bartek J and

Lukas J (2000) Involvement of Myc activity in a G1/S-

promoting mechanism parallel to the PRb/E2F

pathway. Mol Cell Biol 20, 3497–3509.
81 Asghar U, Witkiewicz AK, Turner NC and Knudsen

ES (2015) The history and future of targeting cyclin-

dependent kinases in cancer therapy. Nat Rev Drug

Discov 14, 130–146.
82 Aggarwal P, Lessie MD, Lin DI, Pontano L, Gladden

AB, Nuskey B, Goradia A, Wasik MA, Klein-Szanto

AJP, Rustgi AK et al. (2007) Nuclear accumulation of

cyclin D1 during S phase inhibits Cul4-dependent Cdt1

proteolysis and triggers P53-dependent DNA

rereplication. Genes Dev 21, 2908–2922.
83 Lukas J, Pagano M, Staskova Z, Draetta G and

Bartek J (1994) Cyclin D1 protein oscillates and is

essential for cell cycle progression in human tumour

cell lines. Oncogene 9, 707–718.
84 Zerjatke T, Gak IA, Kirova D, Fuhrmann M, Daniel

K, Gonciarz M, M€uller D, Glauche I and Mansfeld J

(2017) Quantitative cell cycle analysis based on an

endogenous all-in-one reporter for cell tracking and

classification. Cell Rep 19, 1953–1966.
85 Sanidas I, Morris R, Fella KA, Rumde PH, Boukhali

M, Tai EC, Ting DT, Lawrence MS, Haas W and

Dyson NJ (2019) A code of mono-phosphorylation

modulates the function of RB. Molecular Cell 73, 985–
1000.e6.

86 Grant GD and Cook JG (2017) The temporal

regulation of S phase proteins during G1. Adv Exp

Med Biol 1042, 335–369.

2057FEBS Letters 594 (2020) 2046–2060 ª 2020 The Authors. FEBS Letters published by John Wiley & Sons Ltd

on behalf of Federation of European Biochemical Societies

B. R. Pennycook and A. R. Barr Restriction point control in mammalian cells



87 Johnson A and Skotheim JM (2013) Start and the

restriction point. Curr Opin Cell Biol 25, 717–723.
88 Nov�ak B and Tyson JJ (2004) A model for restriction

point control of the mammalian cell cycle. J Theor

Biol 230, 563–579.
89 Brooks RF, Bennett DC and Smith JA (1980)

Mammalian cell cycles need two random transitions.

Cell 19, 493–504.
90 Hitomi M and Stacey DW (1999) Cyclin D1

production in cycling cells depends on Ras in a cell-

cycle-specific manner. Curr Biol 9, 1075–1084.
91 Hitomi Mand Stacey DW (1999) Cellular Ras and

cyclin D1 are required during different cell cycle

periods in cycling NIH 3T3 cells. Mol Cell Biol 19,

4623–4632.
92 Min M, Rong Y, Tian C and Spencer S (2020)

Temporal integration of mitogen history in mother

cells controls proliferation of daughter cells. Science

368, 1261–1265.
93 Spencer SL, Cappell SD, Feng-Chiao Tsai K,

Overton W, Wang CL and Meyer T (2013) The

proliferation-quiescence decision is controlled by a

bifurcation in CDK2 activity at mitotic exit. Cell 155,

369–383.
94 Yang HW, Chung M, Kudo T and Meyer T (2017)

Competing memories of mitogen and P53 signalling

control cell-cycle entry. Nature 549, 404–408.
95 Naetar N, Soundarapandian V, Litovchick L, Goguen

KL, Sablina AA, Bowman-Colin C, Sicinski P, Hahn

WC, DeCaprio JA and Livingston DM (2014) PP2A-

mediated regulation of Ras signaling in G2 is essential

for stable quiescence and normal G1 length. Mol Cell

54, 932–945.
96 Zhang T (2013) Phase portraits of the proliferation-

quiescence decision. Sci Signal 6, pe37.

97 Moser J, Miller I, Carter D and Spencer SL (2018)

Control of the restriction point by Rb and P21. Proc

Natl Acad Sci USA 115, E8219–E8227.
98 Arora M, Moser J, Phadke H, Basha AA and Spencer

SL (2017) Endogenous replication stress in mother

cells leads to quiescence of daughter cells. Cell Rep 19,

1351–1364.
99 Barr AR, Cooper S, Heldt FS, Butera F, Stoy H,

Mansfeld J, Nov�ak B and Bakal C (2017) DNA

damage during S-phase mediates the proliferation-

quiescence decision in the subsequent G1 via P21

expression. Nat Commun 8, 14728.

100 Lezaja A and Altmeyer M (2018) Inherited DNA

lesions determine G1 duration in the next cell cycle.

Cell Cycle 17, 24–32.
101 Purvis JE, Karhohs KW, Mock C, Batchelor E,

Loewer A and Lahav G (2012) P53 dynamics control

cell fate. Science 336, 1440–1444.
102 Kwon JS, Everetts NJ, Wang X, Wang W, Croce KD,

Xing J and Yao G (2017) Controlling depth of cellular

quiescence by an Rb-E2F network switch. Cell Rep 20,

3223–3235.
103 Brooks RF and Riddle PN (1988) Differences in

growth factor sensitivity between individual 3T3 cells

arise at high frequency: possible relevance to cell

senescence. Exp Cell Res 174, 378–387.
104 Brooks RF, Richmond FN, Riddle PN and Richmond

KM (1984) Apparent heterogeneity in the response of

quiescent Swiss 3T3 cells to serum growth factors:

implications for the transition probability model and

parallels with ‘cellular senescence’ and ‘competence’. J

Cell Physiol 121, 341–350.
105 Fujimaki K, Li R, Chen H, Croce KD, Zhang HH,

Xing J, Bai F and Yao G (2019) Graded regulation of

cellular quiescence depth between proliferation and

senescence by a lysosomal dimmer switch. Proc Natl

Acad Sci USA 116, 22624–22634.
106 Dyson N, Howley P, Munger K and Harlow E (1989)

The human papilloma virus-16 E7 oncoprotein is able

to bind to the retinoblastoma gene product. Science

243, 934–937.
107 Burkhart DL and Sage J (2008) Cellular mechanisms

of tumour suppression by the retinoblastoma gene.

Nat Rev Cancer 8, 671–682.
108 Sherr CJ and McCormick F (2002) The RB and P53

pathways in cancer. Cancer Cell 2, 103–112.
109 Johnson DG, Schwarz JK, Douglas Cress W and

Nevins JR (1993) Expression of transcription factor

E2F1 induces quiescent cells to enter S phase. Nature

365, 349–352.
110 Wu L, Timmers C, Malti B, Saavedra HI, Sang L,

Chong GT, Nuckolls F, Giangrande P, Wright FA,

Field SJ et al. (2001) The E2F1-3 transcription factors

are essential for cellular proliferation. Nature 414,

457–462.
111 Bartek J, Bartkova J and Lukas J (1996) The

retinoblastoma protein pathway and the restriction

point. Curr Opin Cell Biol 8, 805–814.
112 Frye JJ, Brown NG, Petzold G, Watson ER, Grace

CRR, Nourse A, Jarvis MA, Kriwacki RW, Peters J-

M, Stark H et al. (2013) Electron microscopy structure

of human APC/C CDH1-EMI1 reveals multimodal

mechanism of E3 ligase shutdown. Nat Struct Mol

Biol 20, 827–835.
113 Hsu JY, Reimann JDR, Sørensen CS, Lukas J and

Jackson PK (2002) E2F-dependent accumulation of

HEmi1 regulates S phase entry by inhibiting

APCCdh1. Nat Cell Biol 4, 358–366.
114 Di Fiore B and Pines J (2007) Emi1 is needed to

couple DNA replication with mitosis but does not

regulate activation of the mitotic APC/C. J Cell Biol

177, 425–437.
115 Machida YJ and Dutta A (2007) The APC/C

inhibitor, Emi 1, is essential for prevention of

rereplication. Genes Dev 21, 184–194.

2058 FEBS Letters 594 (2020) 2046–2060 ª 2020 The Authors. FEBS Letters published by John Wiley & Sons Ltd

on behalf of Federation of European Biochemical Societies

Restriction point control in mammalian cells B. R. Pennycook and A. R. Barr



116 Bashir T, Valerio Dorello H, Amador V,

Guardavaccaro D and Pagano M (2004) Control of

the SCFSkp2-Cks1 ubiquitin ligase by the APC/C

Cdh1 ubiquitin ligase. Nature 428, 190–193.
117 Geley S, Kramer E, Gieffers C, Gannon J, Peters JM

and Hunt T (2001) Anaphase-promoting complex/

cyclosome-dependent proteolysis of human cyclin A

starts at the beginning of mitosis and is not subject to

the spindle assembly checkpoint. J Cell Biol 153, 137–
147.

118 Wei W, Ayad NG, Wan Y, Zhang GJ, Kirschner MW

and Kaelin WG (2004) Degradation of the SCF

component Skp2 in cell-cycle phase G1 by the

anaphase-promoting complex. Nature 428, 194–198.
119 Lukas C, Sørensen CS, Kramer E, Santoni-Ruglu E,

Lindeneg C, Peters JM, Bartek J and Lukas J (1999)

Accumulation of cyclin B1 requires E2F and cyclin-A-

dependent rearrangement of the anaphase-promoting

complex. Nature 401, 815–818.
120 Sorensen CS, Lukas C, Kramer ER, Peters J-M,

Bartek J and Lukas J (2001) A conserved cyclin-

binding domain determines functional interplay

between anaphase-promoting complex-Cdh1 and

Cyclin A-Cdk2 during cell cycle progression. Mol Cell

Biol 21, 3692–3703.
121 Keck JM, Summers MK, Tedesco D, Ekholm-Reed

S, Chuang LC, Jackson PK and Reed SI (2007)

Cyclin E overexpression impairs progression through

mitosis by inhibiting APCCdh1. J Cell Biol 178,

371–385.
122 Cardozo T and Pagano M (2004) The SCF ubiquitin

ligase: insights into a molecular machine. Nature Rev

Mol Cell Biol 5, 739–751.
123 Yung Y, Walker JL, Roberts JM and Assoian RK

(2007) A Skp2 autoinduction loop and restriction

point control. J Cell Biol 178, 741–747.
124 Barr AR, Heldt FS, Zhang T, Bakal C and Nov�ak B

(2016) A dynamical framework for the all-or-none G1/

S transition. Cell Syst 2, 27–37.
125 Novak B, Tyson JJ, Gyorffy B and Csikasz-Nagy A

(2007) Irreversible cell-cycle transitions are due to

systems-level feedback. Nat Cell Biol 9, 724–728.
126 Heldt FS, Barr AR, Cooper S, Bakal C and Nov�ak B

(2018) A comprehensive model for the proliferation-

quiescence decision in response to endogenous DNA

damage in human cells. Proc Natl Acad Sci USA 115,

2532–2537.
127 Merrick KA, Wohlbold L, Zhang C, Allen JJ,

Horiuchi D, Huskey NE, Goga A, Shokat KM and

Fisher RP (2011) Switching Cdk2 on or off with small

molecules to reveal requirements in human cell

proliferation. Mol Cell 42, 624–636.
128 Dong P, Maddali MV, Srimani JK, Th�elot F, Nevins

JR, Mathey-Prevot B and You L (2014) Division of

labour between Myc and G1 cyclins in cell cycle

commitment and pace control. Nat Commun 5, 4750.

129 Kolupaeva V and Janssens V (2013) PP1 and PP2A

phosphatases – cooperating partners in modulating

retinoblastoma protein activation. FEBS J 280, 627–
643.

130 Kurimchak A and Gra~na X (2015) PP2A: more than a

reset switch to activate PRB proteins during the cell

cycle and in response to signaling cues. Cell Cycle 14,

18–30.
131 Min M and Spencer SL (2019) Spontaneously slow-

cycling subpopulations of human cells originate from

activation of stress-response pathways. PLoS Biol 17,

e3000178.

132 Chung M, Liu C, Yang HW, K€oberlin MS, Cappell

SD and Meyer T (2019) Transient hysteresis in CDK4/

6 activity underlies passage of the restriction point in

G1. Mol Cell 76, 562–573.e4.
133 Cappell SD, Mark KG, Garbett D, Pack LR, Rape M

and Meyer T (2018) EMI1 switches from being a

substrate to an inhibitor of APC/CCDH1 to start the

cell cycle. Nature 558, 313–317.
134 Killander D and Zetterberg A (1965) Quantitative

cytochemical studies on interphase growth. I.

Determination of DNA, RNA and mass content of

age determined mouse fibroblasts in vitro and of

intercellular variation in generation time. Exp Cell Res

38, 272–284.
135 Killander D and Zetterberg A (1965) A quantitative

cytochemical investigation of the relationship between

cell mass and initiation of DNA synthesis in mouse

fibroblasts in vitro. Exp Cell Res 40, 12–20.
136 Cadart C, Venkova L, Recho P, Lagomarsino MC

and Piel M (2019) The physics of cell-size regulation

across timescales. Nature 15, 993–1004.
137 Zatulovskiy E and Skotheim JM (2020) On the

molecular mechanisms regulating animal cell size

homeostasis. Trends Genet 36, 360–372.
138 Herrera RE, Sah VP, Williams BO, M€akel€a TP,

Weinberg RA and Jacks T (1996) Altered cell cycle

kinetics, gene expression and G1 restriction point

regulation in Rb-deficient fibroblasts. Mol Cell Biol 16,

2402–2407.
139 Dannenberg JH, van Rossum A, Schuijff L and te

Riele H (2000) Ablation of the retinoblastoma gene

family deregulates G(1) control causing

immortalization and increased cell turnover under

growth-restricting condition. Genes Dev 14, 3051–
3064.

140 Sage J, Mulligan GJ, Attardi LD, Miller A, Chen S,

Williams B, Theodorou E and Jacks T (2000) Targeted

disruption of the three Rb-related genes leads to loss

of G(1) control and immortalization. Genes Dev 14,

3037–3050.

2059FEBS Letters 594 (2020) 2046–2060 ª 2020 The Authors. FEBS Letters published by John Wiley & Sons Ltd

on behalf of Federation of European Biochemical Societies

B. R. Pennycook and A. R. Barr Restriction point control in mammalian cells



141 Neufeld TP, de la Cruz AFA, Johnston LA and Edgar

BA (1998) Coordination of growth and cell division in

the drosophila wing. Cell 93, 1183–1193.
142 Romero-Pozuelo J, Figlia G, Kaya O, Martin-Villalba

A and Teleman AA (2020) Cdk4 and Cdk6 couple the

cell-cycle machinery to cell growth via mTORC1. Cell

Rep 31, 107504.

143 Saxton RA and Sabatini DM (2017) MTOR signaling

in growth, metabolism, and disease. Cell 168, 960–976.
144 Foster DA, Yellen P, Limei Xu and Saqcena M (2010)

Regulation of G1 cell cycle progression: distinguishing

the restriction point from a nutrient-sensing cell

growth checkpoint(s). Genes Cancer 1, 1124–1131.
145 Zwang Y, Sas-Chen A, Drier Y, Shay T, Avraham R,

Lauriola M, Shema E, Lidor-Nili E, Jacob-Hirsch J,

Amariglio N et al. (2011) Two phases of mitogenic

signaling unveil roles for P53 and EGR1 in

elimination of inconsistent growth signals. Mol Cell

42, 524–535.
146 Liu S, Ginzberg MB, Patel N, Hild M, Leung B, Li Z,

Chen Y-C, Chang N, Wang Y, Tan C et al. (2018)

Size uniformity of animal cells is actively maintained

by a P38 MAPK-dependent regulation of G1-length.

eLife 7, e26947. https://doi.org/10.7554/eLife.26947

147 Schmoller KM, Turner JJ, K~oivom€agi M and

Skotheim JM (2015) Dilution of the cell cycle inhibitor

Whi5 controls budding-yeast cell size. Nature 526,

268–272.
148 Zatulovskiy E, Berenson DF, Topacio BR and

Skotheim JM (2018) Cell growth dilutes the cell cycle

inhibitor Rb to trigger cell division. BioRxiv 470013

[PREPRINT]. https://doi.org/10.1101/470013

149 Rumman M, Dhawan J and Kassem M (2015)

Concise review: Quiescence in adult stem cells:

biological significance and relevance to tissue

regeneration. Stem Cells 33, 2903–2912.
150 Chao HX, Fakhreddin RI, Shimerov HK, Kedziora

KM, Kumar RJ, Perez J, Limas JC, Grant GD, Cook

JG, Gupta GP et al. (2019) Evidence that the human

cell cycle is a series of uncoupled, memoryless phases.

Mol Syst Biol 15, e8604. https://doi.org/10.15252/msb.

20188604

151 �Alvarez-Fern�andez M and Malumbres M (2020)

Mechanisms of sensitivity and resistance to CDK4/6

inhibition. Cancer Cell 37, 514–529.

2060 FEBS Letters 594 (2020) 2046–2060 ª 2020 The Authors. FEBS Letters published by John Wiley & Sons Ltd

on behalf of Federation of European Biochemical Societies

Restriction point control in mammalian cells B. R. Pennycook and A. R. Barr

https://doi.org/10.7554/eLife.26947
https://doi.org/10.1101/470013
https://doi.org/10.15252/msb.20188604
https://doi.org/10.15252/msb.20188604

	Outline placeholder
	feb213867-aff-0001
	feb213867-aff-0002

	 Acti�vat�ing CDK4 and CDK6
	 Cyclin bind�ing
	feb213867-fig-0001
	 T-loop phos�pho�ry�la�tion
	 CKIs
	 Inhibitory phos�pho�ry�la�tion

	 Rb phos�pho�ry�la�tion: a shift�ing paradigm
	 `Clas�si�cal' model: pro�gres�sive hypophos�pho�ry�la�tion of Rb
	 `New' model: mono-phos�pho�ry�la�tion of Rb
	 The Rb phos�pho�ry�la�tion code
	feb213867-fig-0002

	 The posi�tion of the restric�tion point in the cell cycle
	 Tim�ing of cell cycle deci�sion-mak�ing
	 What is com�mit�ment?
	 Rb-E2F
	 CDK2 activ�ity
	 APC/CCdh1 inac�ti�va�tion
	 Cell growth/size
	 The point of no return

	 Acknowl�edge�ments
	feb213867-bib-0001
	feb213867-bib-0002
	feb213867-bib-0003
	feb213867-fig-0003
	feb213867-bib-0004
	feb213867-bib-0005
	feb213867-bib-0006
	feb213867-bib-0007
	feb213867-bib-0008
	feb213867-bib-0009
	feb213867-bib-0010
	feb213867-bib-0011
	feb213867-bib-0012
	feb213867-bib-0013
	feb213867-bib-0014
	feb213867-bib-0015
	feb213867-bib-0016
	feb213867-bib-0017
	feb213867-bib-0018
	feb213867-bib-0019
	feb213867-bib-0020
	feb213867-bib-0021
	feb213867-bib-0022
	feb213867-bib-0023
	feb213867-bib-0024
	feb213867-bib-0025
	feb213867-bib-0026
	feb213867-bib-0027
	feb213867-bib-0028
	feb213867-bib-0029
	feb213867-bib-0030
	feb213867-bib-0031
	feb213867-bib-0032
	feb213867-bib-0033
	feb213867-bib-0034
	feb213867-bib-0035
	feb213867-bib-0036
	feb213867-bib-0037
	feb213867-bib-0038
	feb213867-bib-0039
	feb213867-bib-0040
	feb213867-bib-0041
	feb213867-bib-0042
	feb213867-bib-0043
	feb213867-bib-0044
	feb213867-bib-0045
	feb213867-bib-0046
	feb213867-bib-0047
	feb213867-bib-0048
	feb213867-bib-0049
	feb213867-bib-0050
	feb213867-bib-0051
	feb213867-bib-0052
	feb213867-bib-0053
	feb213867-bib-0054
	feb213867-bib-0055
	feb213867-bib-0056
	feb213867-bib-0057
	feb213867-bib-0058
	feb213867-bib-0059
	feb213867-bib-0060
	feb213867-bib-0061
	feb213867-bib-0062
	feb213867-bib-0063
	feb213867-bib-0064
	feb213867-bib-0065
	feb213867-bib-0066
	feb213867-bib-0067
	feb213867-bib-0068
	feb213867-bib-0069
	feb213867-bib-0070
	feb213867-bib-0071
	feb213867-bib-0072
	feb213867-bib-0073
	feb213867-bib-0074
	feb213867-bib-0075
	feb213867-bib-0076
	feb213867-bib-0077
	feb213867-bib-0078
	feb213867-bib-0079
	feb213867-bib-0080
	feb213867-bib-0081
	feb213867-bib-0082
	feb213867-bib-0083
	feb213867-bib-0084
	feb213867-bib-0085
	feb213867-bib-0086
	feb213867-bib-0087
	feb213867-bib-0088
	feb213867-bib-0089
	feb213867-bib-0090
	feb213867-bib-0091
	feb213867-bib-0092
	feb213867-bib-0093
	feb213867-bib-0094
	feb213867-bib-0095
	feb213867-bib-0096
	feb213867-bib-0097
	feb213867-bib-0098
	feb213867-bib-0099
	feb213867-bib-0100
	feb213867-bib-0101
	feb213867-bib-0102
	feb213867-bib-0103
	feb213867-bib-0104
	feb213867-bib-0105
	feb213867-bib-0106
	feb213867-bib-0107
	feb213867-bib-0108
	feb213867-bib-0109
	feb213867-bib-0110
	feb213867-bib-0111
	feb213867-bib-0112
	feb213867-bib-0113
	feb213867-bib-0114
	feb213867-bib-0115
	feb213867-bib-0116
	feb213867-bib-0117
	feb213867-bib-0118
	feb213867-bib-0119
	feb213867-bib-0120
	feb213867-bib-0121
	feb213867-bib-0122
	feb213867-bib-0151
	feb213867-bib-0123
	feb213867-bib-0124
	feb213867-bib-0125
	feb213867-bib-0126
	feb213867-bib-0127
	feb213867-bib-0128
	feb213867-bib-0129
	feb213867-bib-0130
	feb213867-bib-0131
	feb213867-bib-0132
	feb213867-bib-0133
	feb213867-bib-0134
	feb213867-bib-0135
	feb213867-bib-0136
	feb213867-bib-0152
	feb213867-bib-0153
	feb213867-bib-0154
	feb213867-bib-0155
	feb213867-bib-0137
	feb213867-bib-0138
	feb213867-bib-0139
	feb213867-bib-0140
	feb213867-bib-0141
	feb213867-bib-0142
	feb213867-bib-0143
	feb213867-bib-0144
	feb213867-bib-0145
	feb213867-bib-0146


