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Abstract

Pluripotent stem cells (PSCs) proliferate rapidly with a characteristic cell cycle structure 

consisting of short G1- and G2- gap phases. This applies broadly to PSCs of peri-implantation 

stage embryos, cultures of embryonic stem cells, induced pluripotent stem cells and embryonal 

carcinoma cells. During the early stages of PSC differentiation however, cell division times 

increase as a consequence of cell cycle remodeling. Most notably, this is indicated by elongation 

of the G1-phase. Observations linking changes in the cell cycle with exit from pluripotency have 

raised questions about the role of cell cycle control in maintenance of the pluripotent state. Until 

recently however, this has been a difficult question to address because of limitations associated 

with experimental tools. Recent studies now show that pluripotency and cell cycle regulatory 

networks are intertwined and that cell cycle control mechanisms are an integral, mechanistic part 

of the PSC state. Studies in embryonal carcinoma, some 30 years ago, first suggested that 

pluripotent cells initiate differentiation when in the G1-phase. More recently, a molecular 

‘priming’ mechanism has been proposed to explain these observations in human embryonic stem 

cells. Complexity in this area has been increased by the realization that pluripotent cells exist in 

multiple developmental states and that in addition to each having their own characteristic gene 

expression and epigenetic signatures, they potentially have alternate modes of cell cycle 

regulation. This review will summarize current knowledge in these areas and will highlight 

important aspects of interconnections between the cell cycle, self-renewal, pluripotency and cell 

fate decisions.
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Introduction

Cultured pluripotent stem cells (PSCs) including embryonic stem cells (ESCs), induced 

pluripotent stem cells (iPSCs) and embryonal carcinoma cells (ECCs) are characterized by 
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their ability to retain a broad differentiation potential following extended periods of time in 

culture. This latter property is known as ‘self-renewal’ and is maintained by cell cycle 

controls that maintain long-term proliferative capacity. These self-renewing populations are 

classified as being ‘pluripotent’ while they retain the ability to generate the three embryonic 

germ layers (ectoderm, endoderm and mesoderm) and, in principle, the ability to generate all 

lineages of the adult organism. Several core transcription factors are responsible for 

maintenance of pluripotency and self-renewal including SOX2, NANOG and OCT4 [1]. 

Together with MYC, these factors are capable of establishing the pluripotent state during 

what is commonly known as ‘reprogramming’ [2]. Their extensive proliferative capacity 

combined with wide-range differentiation potential places PSCs in a position of great 

interest because of their significant therapeutic utility. Before the full potential of PSCs can 

be exploited in areas such as regenerative medicine, drug discovery and tissue engineering, a 

thorough understanding of their biological properties is required. In this context, the goal of 

this review will be to investigate links between cell cycle controls, maintenance and 

establishment of pluripotency and then, cell fate decisions that PSCs make in response to 

developmental signals.

Note to the reader: Throughout this review there will be reference to mouse and human 

orthologs (genes, mRNAs and protein). Convention is that human components are usually 

specified in uppercase text (ie CDK2) while their mouse counterparts are specified in lower 

case text (ie Cdk2). For consistency and to prevent confusion in this review, orthologous 

gene names will be referred to in upper case, regardless of species.

Cell cycle regulation of pluripotent cells during early development

Although there are clear distinctions between fly, frog, fish, rodent and primate 

embryogenesis, several conserved themes should be noted. For example, pluripotent cells of 

all early embryos undergo rapid cell/nuclear divisions with cell cycles lacking fully-formed 

gap phases. This is particularly pronounced in flies, frogs and zebrafish where the early cell 

cycles are remarkably rapid and consist of alternating rounds of M-phase and interphase 

without discernable G1- and G2-gap phases [3]. Here, nuclear/cell divisions are synchronous 

but are later followed by slower, asynchronous cell divisions coinciding with progression 

through the mid-blastula transition (MBT) and the onset of zygotic gene activation [4, 5]. As 

cells transition through the MBT, the cell cycle acquires two identifiable gap phases for the 

first time during development.

In mouse development, zygotic transcription occurs from the second cell division and so 

does not involve a MBT as described for frogs, flies and fish. In mouse, a short G1-phase 

(1–2 hours) is identifiable at the second cell division [6] but the G2-phase at this time is 

unusually long (12–16 hours) and importantly, marks the beginning of zygotic genome 

activation [7, 8]. In the following divisions the duration of G2-phase is more comparable to 

that of G1 and cell division is primarily driven by de novo RNA and protein synthesis. As 

noted previously, this contrasts the situation in flies, fish and frogs where maternal pools of 

RNA and protein drive rapid cell division during the very early stages of development (pre-

MBT). Throughout epiblast development, pluripotent cells in mice maintain a brief G1-

phase and cycle rapidly compared to cells of the extra-embryonic tissues [9–11]. After the 
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embryo undergoes gastrulation, several interesting cell cycle changes occur. For example, 

‘giant cells’ of the trophoblast undergo endoreplication, resulting in a polyploid DNA 

content equal to about 500 haploid genomes [12, 13]. This involves an uncoupling of cell 

cycle events where multiple rounds of S-phase occur without an intervening M-phase. A 

second notable trend is that following gastrulation, descendants of pluripotent cells undergo 

dramatic changes in their cell cycle structure and consequently, their proliferation rate 

decelerates during the early stages of cell fate specification [11–13]. Although aspects of 

embryology differ between the species discussed above, they all show rapid nuclear/cell 

division cycles just before lineage commitment. These rapid cycles are therefore intimately 

linked to uncommitted embryonic cell types across wide evolutionary boundaries, 

suggesting some key relationship between cell cycle control and developmental status.

Pluripotent cells representing different stages of peri-implantation 

development

Pluripotency refers to the broad differentiation potential of a cell rather than a specific cell 

type or cell from a particular developmental stage. Because pluripotent cells exist throughout 

peri-implantation development [14], it is not surprising that different sub-types of PSCs 

exist. Different forms of pluripotent cells representing some of these different developmental 

stages have been isolated and cultured as stable populations, making them valuable tools to 

study early development. As a point of reference for this review, murine embryonic stem 

cells (mESCs) are classified as being ‘naïve’. These were the first PSCs to be characterized 

in the context of cell cycle control and are commonly maintained in the presence of 

leukemia inhibitory factor (LIF) and fetal calf serum (FCS). LIF/FCS-maintained mESCs 

are similar to PSCs of the pre-implantation epiblast (E3.5) but differ subtly at the epigenetic 

level [14]. More recently, a second early epiblast-like population has been described and is 

referred to as ‘ground-state’ PSCs [15]. These cells seem to represent an earlier stage of 

pluripotency than ‘naïve’ cells as indicated by their epigenetic and transcriptional signature. 

It should be noted that most work comparing the properties of ground-state and naïve cells 

has been performed in the mouse system and only limited information is available in human. 

The ground-state population in mouse is generated by treatment of LIF/FCS-maintained 

mESCs with two small molecule inhibitors (2i) that block MEK/ERK and GSK3 signaling.

Pluripotent cells reminiscent of primitive ectoderm in the embryonic epiblast have been 

isolated from mouse [16, 17] and human [18] sources and are referred to as ‘primed’ 

pluripotent cells. Human ESCs were the first primed PSCs to be characterized but following 

this, similar stem cells were isolated from early post-implantation stage mouse embryos and 

are known as ‘epiblast-like stem cells’ (EpiSCs). In mouse, conversion of naïve to the 

primed state can be achieved through 2i removal and FGF supplementation, demonstrating 

that different pluripotent states are inter-convertible and have developmental plasticity [14]. 

As will be seen later in this review, mechanisms of cell cycle control in naïve and primed 

cells may differ but the basic cell cycle structure is maintained, even across species [20–22].
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The basic principals of cell cycle regulation in mammalian cells

Transition through the eukaryotic cell cycle is coordinated by phosphorylation and 

dephosphorylation of substrates required to promote events such as DNA replication (S-

phase), chromosome segregation (mitosis) and cytokinesis. Each cell cycle phase has 

associated with it a specific, cell cycle regulated serine/threonine protein kinase that 

regulates substrates required for specific cell cycle events [23]. These protein kinases are 

known as cyclin-dependent protein kinases (CDKs) and they function in complexes with 

cyclin regulatory subunits which themselves accumulate and activate CDKs during specific 

windows of time during the cell cycle. Cyclin levels are rate-limiting for CDK activation and 

are regulated by transcriptional and post-transcriptional mechanisms such as ubiquitin-

mediated proteolysis. In mitosis for example, cyclin B accumulates and complexes with 

CDK1 and then phosphorylates substrates required for spindle assembly, chromosome 

condensation and chromosome segregation. Importantly, the activity of this CDK-cyclin 

complex is restricted to the mitotic phase not only because of its requirement for 

chromosome segregation but also because its inactivation is required for cytokinesis. 

Another example relevant to this review is the role of G1-CDKs in promoting the G1 to S-

phase transition. Here, growth factor-dependent signaling typically activates CDK4/6-cyclin 

D complexes and then, CDK2-cyclinA/E complexes that inactivate RB proteins by direct 

phosphorylation. RBp105 inactivation then allows E2F target genes to be derepressed in late 

G1. These genes are important because their activation status determines whether a cell will 

continue on into S-phase or, exit the cell cycle and enter a quiescent state (Go). This growth 

control mechanism, known as the Restriction (R)-point [31], represents a molecular switch 

that controls the decision made by cells in each cycle to either proliferate or enter Go (Fig. 

1). Importantly, components of this pathway are frequently deregulated in tumor cells [32].

The previous examples illustrate the need for tight, temporal regulation of CDK activity in 

the cell cycle. As will be seen, mESCs deviate from the typical mode of CDK regulation 

seen in most somatic cell types, particularly in relation to G1 control. Another class of 

molecules, the CDK inhibitors (CDKIs), bind to CDK-cyclin in ternary complexes and 

directly inhibit their activity [33]. CDKIs are upregulated in response to physiological cues 

such as DNA damage, growth factor deprivation, ageing etc. that serve to restrict cell 

division. The expression of these inhibitors is an important consideration when discussing 

the self-renewal capacity of PSCs. As will be discussed below, many key components of the 

cell cycle machinery are subject to a different mode of regulation in pluripotent stem cells 

compared to that typically seen in somatic cells.

Molecular regulation of the cell cycle in naïve PSCs

As described earlier for pluripotent cells in peri-implantation development, cultured naïve 

and primed PSCs divide rapidly and have a cell cycle structure composed of short gap 

phases (Figs. 1,2). Approximately 50–70% of the cell cycle is devoted to DNA replication 

(S-phase) and approximately 10–15% of time in G1-phase (Fig. 2). Although factors such as 

cell-cell contact, karyotype, cell line variation and culture conditions can impact cell cycle 

lengths [19], the cell cycle structure of PCSs is relatively consistent [20–22]. A key feature 

of PSCs in culture is that they have long-term proliferative capacity and do not undergo 
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replicative senescence. There are questions however, about changes in the proliferative 

potential of PSCs over extended passage. For example, it has been suggested that PSCs have 

increased proliferative capacity and decreased differentiation potential after long periods of 

passaging [59–61]. This may be linked, in some cases at least, to the accumulation of 

genetic modifications and genomic instability that could impact the cell cycle machinery. It 

should also be noted that cell division rates change with cell density, making it difficult to 

precisely define generation times [45].

In mESCs, E- and A-type cyclins are constitutively expressed at high levels throughout the 

cell cycle, in contrast to the majority of somatic cell types where they are strictly cell cycle-

regulated (Fig. 1). Correspondingly, CDK activities such as CDK2 are active throughout the 

cell cycle, explaining in part why mESCs transition quickly through G1- into S-phase. The 

mitotic cyclin CCNB1 (cyclin B1) is tightly cell cycle-regulated however, as is the activity 

of its catalytic partner, CDK1 [21, 24, 25]. Cyclin D1 is expressed at low levels in 

pluripotent cells of the ICM and naïve mESCs, while cyclin D2 is undetectable [21, 24, 26–

28]. Cyclin D3 appears to be the only D-type cyclin expressed at robust levels in pluripotent 

cells during epiblast development and forms active complexes with CDK6 [24].

The following will discuss regulatory mechanisms that contribute to the truncated G1-phase 

in naïve PSCs beginning with CDK2. The consequences of constitutive CDK2 activity in 

mESCs are several-fold. First and perhaps most importantly, phospho-substrates such as the 

retinoblastoma tumor suppressor protein (RBp105) are held in a constitutively hyper-

phosphorylated, inactive state due to the sustained activity of CDK2 throughout the cell 

cycle (Fig. 1). RB is therefore biochemically inactivated in mESCs indicating that R-point 

control is not intact. Consistent with this, knockout of all three pocket-protein family 

members (RBp105, RBL1p107, RBL2p130) has no major effect on mESC proliferation [29, 

30], confirming that the RB growth control pathway is not required here. Because 

developmental defects occur in pocket protein triple knockout (TKO) cells, it seems that RB 

function only becomes critical as cells exit pluripotency and as they make cell fate decisions. 

It is interesting that TKO mouse embryonic fibroblasts (MEFs) share many properties that 

are characteristic of mESCs, indicating that the RB network is at the center of growth 

control for mESCs. For example, TKO MEFs progress through G1 at an accelerated rate and 

are not subject to contact inhibition. In addition, they fail to undergo replicative senescence 

and proliferate independently of growth factors [29, 30]. It can be argued then, that 

constitutive RB cell cycle kinases (ie CDK2) are responsible for RB inactivation in mESCs 

and that this is central to many properties associated with the naïve state.

Another consequence of constitutive CDK2 activity is the uncoupling of E2F target genes 

from cell cycle progression [21]. Activation of E2F target genes is a rate-limiting step for 

progression from G1 into S-phase and so when E2F activity is constitutive throughout the 

cell cycle, as a result of RB inactivation, cells progress through G1-phase more rapidly. 

Despite strong evidence showing that CDK2 is responsible for the short G1-phase in 

mESCs, details of how it acquires constitutive activity has yet to be established. This is 

clearly a key question that needs to be addressed in greater detail.
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Another tier of cell cycle regulation that is absent in mESCs is the inhibition of CDK 

activity by CDKIs [21, 24, 25]. The absence of CDKIs in mESCs is an important contributor 

to the unrestrained activity of CDKs that contributes to inactivation of the RB pathway. 

CDKIs are also absent in peri-implantation development preceding gastrulation [24, 34], 

indicating that in vivo and in vitro pluripotency growth regulatory mechanisms are similar. 

MicroRNAs such as the miR-290 miRNA family also accelerate the progression of mESCs 

from G1- through to S-phase [35] by RB-dependent and independent mechanisms [36].

The cell cycle of ground-state PSCs has not been characterized in any great detail although 

mouse PSCs maintained in 2i media [15] have a cell cycle distribution that is comparable to 

their naïve counterparts (Fig. 2). It is anticipated that molecular mechanisms underpinning 

the rapid progression of ground-state PSCs through G1-phase will be similar to that in naïve 

cells but, more work needs to be done to resolve this question.

Cell cycles of primed pluripotent stem cells

The cell cycle of ‘primed’ hESCs has been characterized using a number of approaches 

including synchronization drugs [37–40], centrifugal elutriation [41] and fluorescence-based 

reporters [26, 37–39, 42–44]. The cell cycle length of hESCs is approximately 16–18 hours 

but changes with cell density [19, 42, 45]. As reported for other PSCs, hESCs have a short 

G1-phase and spend the majority of time in S-phase [39, 40, 42, 46] (Fig. 2). In contrast to 

naïve cells however, cyclin A levels are cell cycle regulated in hESCs suggesting that 

CDK2-cyclin A activity is also cell cycle-dependent. Primed hESCs also retain mitosis-

specific cyclin B activity while cyclin E levels are invariant across the cell cycle [39–41, 47]. 

It is still critical however, to formally establish the activities of CDK complexes more 

directly by enzymatic assays.

The RB pathway seems to be active in G1-phase of hESCs [41, 46], although there is some 

confusion about which CDK-cyclin components are active (Fig. 1). For example, cyclin D 

and A-dependent mechanisms have been independently proposed to regulate RB in hESCs 

[37, 46]. It is also unclear which sites on RBp105 are regulated and how this impacts 

downstream targets such as E2F target genes. Overall, there is some confusion as to the 

function of R-point control in human primed cells and the possibility exists that different 

sub-populations exhibit slightly different modes of regulation. This is an area that requires 

further attention.

CDKIs such as KIP1p27 and CIP1p21 are maintained at low levels in hESCs by independent 

mechanisms [40]. p27 for example, is suppressed by elevated levels of the ubiquitin ligase 

SKP2 which presumably allows CDK2 activity to remain high in cycling hESCs [48]. p21 

levels on the other hand, are maintained at low levels by microRNAs [49] and the epigenetic 

regulator JMJD5 [50]. Together this establishes conditions of elevated CDK activity that 

drives rapid cell division.

The mechanistic relationship between pluripotency and the cell cycle

The ubiquitous cell cycle structure described for PSCs suggests some mechanistic 

relationship with the pluripotent state. This question has been addressed by directly asking if 
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a short G1-phase is important for maintenance of pluripotency. In primed hESCs a G1-S 

delay caused by CDK2 inhibition decreases the expression of pluripotency regulators such 

as OCT4 [46], indicating that the pluripotent state is destabilized by cell cycle perturbations. 

These observations also imply mechanistic connections between elevated CDK activity and 

the pluripotency network (Fig. 3). Other reports have described that a cell cycle arrest 

induced by ectopic expression of CDKIs [51] or knock-down of CDK2 [40] promotes the 

spontaneous differentiation of hESCs. Others however, have found that manipulating the 

length of G1 in mESCs has no impact on self-renewal [52]. It is possible that differences 

exist between primed and naïve PSCs but also that a critical threshold needs to be exceeded 

before lengthening of G1-phase impacts pluripotency. The possible mechanisms 

underpinning this will be discussed below. Apart from providing conditions where 

pluripotency is maintained, a short G1 phase and rapid cell division could be advantageous 

for the developing embryo, allowing it to expand in volume over a short developmental 

window. Another possibility is that up until gastrulation, regulation from environmental 

signals is not critical and it is only when intercellular signaling is required that an R-point 

and extended G1-phase are important. Both of these scenarios are likely to apply.

Several reports have described an interplay between the pluripotency network and the cell 

cycle in PSCs. OCT4 and NANOG for example, have roles in controlling transition through 

the cell cycle [53–56]. In one study, NANOG was shown to directly regulate genes required 

for the G1 to S-phase transition, such as CDK6 and CDC25A, and to accelerate G1 

progression [54]. A similar study in P19 ECCs showed that NANOG positively regulates 

multiple G1 regulators including CDK6, cyclin E and cyclin D [55]. A similar role has been 

proposed for OCT4, which is required for transition of mESCs through G1-phase and which 

regulates CIP1p21 [53]. Conversely, the cell cycle machinery has been implicated in 

regulation of the pluripotency network including targets such as OCT4, NANOG and SOX2 

[57, 58]. For example, GEMININ regulates the expression of pluripotency regulators OCT4, 

NANOG and SOX2 [57] while CDK activity modulates pluripotency by directly 

phosphorylating SOX2 [58]. Although these are isolated examples, they suggest a 

mechanistic link between the cell cycle and pluripotency networks (Fig. 3). Clearly, more 

work needs to be done to validate this model.

Additional factors connecting the cell cycle to pluripotency and self-

renewal

This section introduces additional regulators that are known to impact the cell cycle, and 

have potential links to pluripotency and self-renewal. Figure 3 shows how these factors may 

fit into a broad scheme.

(i) MYC

MYC family transcription factors have key roles in the maintenance [62–64] and 

establishment [2] of pluripotency. Moreover, MYC has established roles in control of cell 

fate in other multipotent cell types [65, 66] although a clear consensus as to how it functions 

has not been established [67]. MYC has well-characterized roles in control of the pluripotent 

cell cycle through positive and negative regulation of genes including those for G1 cyclins 
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such as cyclin E, CDKIs and the DNA replication machinery (Fig. 3). In naïve PSCs, MYC 

maintains self-renewal through upregulation of the mir-17-92 miRNA cluster (Fig. 3) that 

targets cell cycle regulators including RBL2p130. MicroRNAs in this cluster have well-

established roles in cell cycle control in cancer cells and have been implicated in regulation 

of RBL2p130, CIP1p21 and E2F1 [68, 69]. Here, miRNAs serve to decrease the stability and 

to block translation of cell cycle transcripts.

(ii) TP53p53

Several studies in hESCs indicate that TP53p53 antagonizes pluripotency through a cell 

cycle-dependent mechanism and promotes differentiation when its transcriptional activity 

increases. Under self-renewing conditions, p53 levels are low in the nucleus but in response 

to differentiation signals, p53 is stabilized resulting in lengthening of G1 phase and 

increased spontaneous differentiation [87]. This seems to be dependent on p53-dependent 

up-regulation of the CDK inhibitor, CIP1p21 and is consistent with other reports showing 

that delayed progression through G1 promotes exit from pluripotency [61,49]. Part of the 

p53 stabilization mechanism seems to involve its ability to form a complex with 

CDKN1Ap21 [70]. p53 also activates miR-34a and miR-145 that negatively regulate 

pluripotency genes such as OCT4, KLF4, LIN28A, and SOX2. Another study in mESCs 

screened for regulators of self-renewal using an shRNA library and identified the Aurora A 

(AURKA) mitotic kinase as having a role in stabilizing pluripotency by repressing TP53 

[71]. In this scenario, TP53 transcription is repressed by AURKA, thereby maintaining 

lineage specific genes in a silent state. There are several unanswered questions about the link 

between p53, the cell cycle and pluripotency because TP53 does not seem to be essential for 

murine development [72].

(iii) SRC

The SRC non-receptor tyrosine kinase has well defined roles in cancer when deregulated 

and recently, was shown to regulate G1 progression in PSCs (Fig. 3). Inhibition of SRC 

blocks transition through G1-phase, indicating that SRC substrates are required for the G1-S 

transition in hESCs [73]. Importantly, SRC regulates the activity of RB1p105 by enhancing 

its phosphorylation and blocking genes required for entry into S-phase, although it is unclear 

if RB is a direct substrate of SRC. These studies once again however, identify RB as being a 

critical regulatory point for G1 control and maintenance of pluripotency.

(iv) MYBL2 (B-MYB)

B-MYB is an important but often overlooked regulator of pluripotency, but has well-defined 

roles as a regulator of the G1 to S-transition in somatic cell types. In the case of pluripotent 

cells, it is required for ICM formation during development and is essential for mESC 

generation and self-renewal [74]. Together with MYC and E2F1, B-MYB has been proposed 

to form part of a transcriptional network that regulates cell cycle target genes in mESCs 

[92]. Loss of MYBL2 activity causes cell cycle perturbations in PSCs and dramatic changes 

in global transcription patterns. Notably, cell cycle regulators such as CCNB1, CDC25C, 

CCND1, CDK6, PLK1, WEE1 and TP53 are downstream of B-MYB activity [75]. Together, 

this contributes to the short gap phases and rapid cell division associated with PSCs (Fig. 3).
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Cell cycle remodeling is linked to early cell fate commitment

The unusual cell cycle structure of PSCs has been emphasized throughout this review, but 

the theme will now shift to events associated with early cell fate decisions. When PSCs 

undergo lineage commitment, proliferation rates decrease and organization of the cell cycle 

changes dramatically [20, 21, 76] (Fig. 2). Most notably, the length of G1 increases at 

around the time when pluripotency markers decline and when transcription of early 

differentiation genes such as T and GSC increase [21, 24, 25, 42]. This has generally been 

interpreted to indicate that cell cycle mechanisms are coupled to pluripotency and early cell 

fate decisions, consistent with the interplay between cell cycle and PSC regulatory networks 

discussed earlier in this review [53–58]. The mechanisms governing lineage decisions and 

cell cycle restructuring are thought to involve decreased CDK activity [21] and activation of 

the RB/E2F pathway [41, 46, 73] (Fig. 2). The question of whether cell fate commitment is 

reversible past the point of cell cycle restructuring has been recently investigated. This is an 

important question because it elaborates on earlier experiments showing that naïve cells in 

the early process of differentiation can reenter the pluripotent state if LIF signaling is 

restored within a critical time period [77]. Is cell cycle restructuring a boundary that defines 

commitment and irreversible exit from the pluripotent state? This question has been 

answered by showing that it is possible to restore the pluripotent state and its cell cycle 

structure after the cell cycle has remodeled during early differentiation [78]. Naïve cells can 

therefore tolerate G1 lengthening and a temporary decrease in pluripotency markers and still 

be competent to re-enter a stable stem cell state following the reestablishment of LIF 

signaling. This indicates continued plasticity even under conditions where the cell is 

preparing to permanently exit the PSC state. The same is likely to be true for primed PSCs.

As discussed earlier, global CDK activity decreases upon differentiation [21, 25]. This 

observation raises the question about whether this is a trigger to exit pluripotency or whether 

it is a consequence of early differentiation. Consistent with the idea that elevated CDK 

activity is required for self-renewal, knockdown of cyclin E delays progression from G1 to 

S-phase and triggers spontaneous differentiation [78]. Enforced CDK activity under 

differentiation conditions may therefore be anticipated to block or delay differentiation. This 

hypothesis has been addressed by showing that overexpressing cyclin E increases the 

resistance of ESCs to LIF deprivation [78]. Elevated cyclin E activity, probably in 

conjunction with CDK2, is therefore required for mESC self-renewal.

Changes in cell cycle structure during lineage commitment also appear to be controlled by 

the up-regulation of CDKIs such as the CIP/KIP and INK family members. The individual 

germ layers show differential patterns of CDKI expression, suggesting that there are lineage-

specific mechanisms for CDK inhibition during early development [24, 25]. This may be 

related to different patterns of cyclin and CDK complex sub-types expressed in these 

lineages [24, 26, 28]. During hESC differentiation for example, p27 levels increase due to 

down-regulation of the SKP2 ubiquitin ligase subunit that targets p27 for degradation. 

Levels of SKP2 are high in hESCs but upon differentiation the activity of APC/CCDH1, a 

ubiquitin ligase that targets SKP2 for degradation, increases and remains active in 

differentiated cells [48]. How individual components of the cell cycle machinery are 

coordinated with cell fate decisions are now beginning to be investigated with some 
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mechanistic links emerging [26]. For example, elevated levels of cyclin D1 destabilizes 

pluripotent cells and promotes neural differentiation [79]. In the future, it will be of interest 

to establish the roles of different cyclin-CDK complexes in alternate routes of cell fate 

commitment.

Primed pluripotent cells initiate cell fate decisions in the G1-phase

The idea that PSCs initiate cell fate decisions when they are in G1-phase was first described 

in ECCs by evaluating cell cycle-dependent colony forming activity [80, 81] and then later 

looking at the effects of retinoic acid as an induction signal [97]. More recently, this concept 

has been explored in greater detail in part because of recently developed tools. The cell cycle 

field has traditionally used synchronization drugs that introduce cell cycle perturbations and 

cytotoxicity to cultures. This problem can be addressed using centrifugal elutriation but the 

separation of cell cycle phases is quite limited using this approach. More recently, the 

fluorescence ubiquitin cell cycle indicator (FUCCI) system has been introduced which 

allows unperturbed cells to be isolated based on their cell cycle position using fluorescence 

activated cell sorting (FACS). Using the FUCCI system several groups have shown that 

naïve and primed PSCs initiate differentiation from G1 [42, 78]. These observations indicate 

that G1 represents a ‘window of opportunity’ where PSCs can more effectively respond to 

differentiation cues and are therefore competent for differentiation during this window of 

time (Fig. 3). Using different approaches, these observations have been confirmed by several 

other groups [26, 40, 41, 43, 46, 73]. Now the principal linking the cell cycle to 

developmental decisions has been clearly established and defining the mechanisms 

underpinning this is a high priority. Regulators of G1 progression such as SRC [73], RB [21, 

24, 25, 27, 29, 30, 36, 41] and G1-specific CDK activities [26, 82] have been implicated in 

this general mechanism.

Using the FUCCI reporter, Paulkin and Vallier [27] showed that initiation of differentiation 

from G1 is determined by cell cycle-dependent loading of SMAD2,3 on developmental 

target genes (Fig. 3). These complexes are removed late in G1 by cyclin D activity, closing 

the window in which mesoderm and endoderm differentiation can initiate. This report makes 

the intriguing observation that early and late parts of G1 are involved in commitment to 

mesendoderm and ectoderm lineages, respectively. Consistent with this, developmental 

genes in hESCs are transiently transcribed in G1 under self-renewing conditions and fully 

activated in G1 when exposed to differentiation signals [42, 43] (Fig. 3). This coincides with 

epigenetic changes at developmental genes, including 5-hydroxy methylation [43] and 

increased H3K4 trimethylation at ‘bivalent’, developmental genes [82]. As human PSCs 

transition through G1, epigenetic changes are accompanied by the remodeling of 

chromosome architecture at developmental genes. All of these events require extrinsic 

signals that connect transcriptional networks to developmental genes in G1. Mechanisms 

driving cell fate decisions from G1 therefore require the convergence of signaling pathways 

with the cell cycle machinery which controls the activation of developmental genes through 

signal-regulated transcription factors. Another mechanism linking the cell cycle to cell fate 

decisions has been defined by Gonzales and co-workers [83] where S- and G2-phase 

regulators were shown to attenuate the propensity for differentiation. G1 cells however, do 
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not exhibit this attenuation mechanism, explaining why they are competent to initiate cell 

fate decisions from this phase of the cell cycle.

The cell cycle in reprogramming to pluripotency

In 2006, Yamanaka and colleagues discovered that differentiated cells could acquire an 

embryonic-like, pluripotent state following the ectopic expression of four genes (MYC, 

OCT4, SOX2 and NANOG) [2]. Characteristics of cells reprogrammed to an iPSC state 

include long-term self-renewal, epigenetic and transcriptional changes, acquisition of broad-

range differentiation potential, rapid cell division and a cell cycle structure with a short G1-

phase [84, 85] (Fig. 2). Cell cycle remodeling has been shown to occur early during 

reprogramming, consistent with the idea that cell cycle regulation is important for 

establishment of pluripotency and not just for its maintenance [51]. Moreover, the ectopic 

expression of CDK-cyclin complexes, with known roles in G1-S progression, enhances 

reprogramming efficiency [51] (Fig. 1). These complexes potentially impact the rate of cell 

proliferation and proliferative capacity in addition to the suppression of factors that 

antagonize cell division such as RB, CDKIs and regulators of senescence such as TP53. 

Overall, these findings demonstrate a strong connection between cell cycle regulation and 

cell identity. Several studies have also established strong links between proliferative capacity 

and the ability to be reprogrammed. For example, reprogramming potential of primary 

fibroblasts decreases with serial passaging and progression towards replicative senescence 

[86]. Consistent with this, cells with low endogenous ARF and p53 levels reprogram with 

faster kinetics and greater efficiencies [86–88] (Fig. 1). Another study using a heterokaryon 

assay showed that mESCs in G2/M reprogram B lymphocytes and fibroblasts more 

efficiently than G1 mESCs [89]. Presumably, this indicates that biochemical activities in 

G2/M are critical for reprogramming in this assay. Whether this mechanism is completely 

analogous to cell cycle control mechanisms involved in iPSC generation is unclear. These 

findings however, clearly indicate that the cell cycle machinery is an important component 

of the mechanisms underpinning cellular reprogramming and that more work needs to be 

done to clarify this general area.

Conclusions

Throughout this review, mechanistic links between the cell cycle, maintenance of 

pluripotency and the onset of differentiation have been explored. On balance, the data 

clearly indicates that the distinct mode of cell cycle regulation associated with PSCs is 

directly linked to mechanisms of self-renewal. During differentiation, the cell cycle 

machinery undergoes dramatic changes and these appear to be driving cell fate decisions 

rather than responding to them. How the cell cycle machinery responds to specification cues 

is not understood at this time, however. Many other outstanding questions remain. For 

example, when does cell cycle remodeling occurs? Does it coincide with the initial decision 

in G1 to differentiate or, does this occur in subsequent cell divisions as pluripotency genes 

are down-regulated? Perhaps one of the most surprising observations to be reported is the 

cell cycle regulation of developmental genes at the transcriptional and epigenetic levels in 

self-renewing stem cells. This is completely unanticipated because lineage markers are 

generally thought to be repressed under self-renewing conditions. Instead, developmental 
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genes marked by bivalent domains of H3K4 and H3K27 tri-methylation, are briefly activated 

in G1 indicating the existence of a priming mechanism where PSCs are competent for 

differentiation when they transition through this phase [43, 82]. During the early stages of 

differentiation, cells activate new CDK-cyclin complexes and CDKIs and the RB network 

becomes activated to impose a functional R-point, thereby coupling cell division to 

mitogenic signals. As mentioned previously, many of these cell cycle components are 

expressed in a germ-line and cell type specific pattern [21, 24, 25, 28, 48, 76, 90]. These 

patterns of regulation raise questions about roles for the cell cycle machinery in making 

specific cell fate decisions, perhaps by controlling developmentally regulated transcription 

factors. Different CDK-cyclin complexes for example, could target different subsets of 

developmental transcription factors required for progression down a specific lineage. As 

examples, cyclin D1 has been shown to regulate the activity of SMAD2,3 on developmental 

genes in G1-phase [27] and in neural cells, neurogenin 2 is subject to cell cycle dependent 

phosphorylation as part of its function in promoting neural differentiation [91].

The lineage-priming mechanism eluded to here is primarily based on data from hESCs and 

may also apply to naïve cells as they transition to the primed state but more broadly, it is 

unclear if this general mechanism applies to a wider range of multipotent cells such as 

hematopoietic and mesenchymal stem cells. There is evidence however, linking the G1 

phase to cell fate decisions made by neural stem cells [92, 93]. The principles established 

using PSCs has led to a new paradigm linking the cell cycle to cell fate decisions. It will be 

of interest to determine roles for this in other aspects of cell fate transformation such as 

reprogramming and trans-differentiation.
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Figure 1. Kinetics and regulatory features of the cell cycle in ground-state, primed, and 
differentiated cells
Cell cycle structures of pluripotent stem cells (PSC) and differentiated derivatives are shown. 

Phases are shown as an approximation of their relative length. Naïve (mESCs) and primed 

(hESCs, EpiSCs) pluripotent cells (left) proliferate rapidly and are characterized by a short 

G1 phase. mESCs represent the naïve pluripotent state and its respective cell cycle 

characteristics, while hESCs and mEpiSCs represent the primed pluripotent state. The 

potential for conversion between the naïve and primed states of pluripotency is indicated by 

the double-sided arrow. At the right, a representation of the cell cycle of a differentiated 

PSC-derivative. Note the differences in the molecular regulation of cell cycle events such as 

periodicity of CDK-cyclin complex assembly/activity, RB phosphorylation status and the 

presence or absence of an intact R-point. The relative activity of CDK-cyclin complexes and 

RB phosphorylation status is shown in relation to cell cycle position for each cell type. 

During differentiation, G1 length is extended and overall cell cycle duration increases. This 

is associated with up-regulation of D-type cyclin complexes, down-regulation of global 

CDK activity, establishment of cell cycle dependent CDK2-cyclin A and E activities and 

activation of a functional R-point in G1 cells. As cells differentiate, CDKIs are expressed 

and can negatively control CDK activity (p21, p27 and p16, for example). The figure also 
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indicates that pluripotent cell cycle controls are restored upon reprogramming. The effects of 

cell cycle complexes (CDK2-cyclin E) and growth regulators (p53, ARF) on reprogramming 

are indicated.
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Figure 2. Cell cycle analysis of naïve and primed pluripotent cells
Cell cycle distribution of murine R1 naïve (2i) and primed (EpiSCs) cells and WA09 primed 

hPSCs. Cells were pulse-labeled with 5-ethynyl-2′-deoxyuridine (EdU, 10μM) to label 

actively replicating DNA shown on the Y-axis (S-phase cells), using the Click-iT Plus Edu 

Flow Cytometry Assay kit (Invitrogen). All cells were labeled for 15 mins. Cells were then 

fixed and stained with FxCycle Violet (Life Technologies; 30 mins, 1 μg/ml) to measure 

DNA content (X-axis). Cells were then analyzed using a Beckman Coulter CyAn ADP flow 

cytometer. Cells with low FxCycle Violet and low EdU fluorescence represent cells in 

G0/G1 phase. Cells with low to high FxCycle Violet and high EdU fluorescence represent 

cells in S-phase, while cells with high FxCycle Violet and low EdU fluorescence represent 

cells in G2/M-phase. The percentage of cells found in each respective fraction is indicated. 

Murine (naïve, primed) and human (primed) cells were cultured as described previously 

[15,43,62].
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Figure 3. Regulatory networks impacting differentiation from G1-phase
The G1-phase represents a ‘window of opportunity’ when pluripotent cells decide to self-

renew or exit the pluripotent state. This involves interplay between the pluripotency network 

(OCT4, NANOG, SOX2) and cell cycle machinery (CDK-cyclin complexes, RB) that are 

impacted by other factors such as MYC and miRNAs. The pluripotency network, under self-

renewing conditions, ensures maintenance of the pluripotent state. In response to the 

differentiation signaling, signal-regulated transcription factors (such as SMAD2,3) and 

epigenetic remodeling enzymes prime and then activate developmental genes in G1-phase. 

Activation of bivalent genes from G1-phase then initiates the exit from pluripotency and the 

differentiation program. Other factors such as MYB and SRC regulate this network. Impact 

that the pluripotency network has on the decision to ‘renew’ is indicated. Effects of 

developmental regulators, MYB and SRC on pluripotency ‘exit’ are also indicated. The G1-

phase is shown as the ‘window’ in which these signals are integrated and where cell fate 

decisions are initially made. This window closes as cells transit through S-phase and remains 

closed until the subsequent G1.
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