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Abstract

The cell cycle in pluripotent human embryonic stem cells is governed by unique mechanisms that 

support unrestricted proliferation and competency for endodermal, mesodermal and ectodermal 

differentiation. The abbreviated G1 period with retention of uncompromised fidelity for genetic 

and epigenetic mechanisms operative in control of proliferation support competency for expansion 

of the pluripotent cell population that is fundamental for initial stages of development. Regulatory 

events during the G1 period of the pluripotent cell cycle are decisive for the transition from 

pluripotency to lineage commitment. Recent findings indicate that a G2 cell cycle pause is present 

in both endodermal and mesodermal lineage cells, and is obligatory for differentiation to 

endoderm.
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Human embryonic stem cells

Human embryonic stem cells (hESCs) are an informative model for the study of early 

embryonic development. They are isolated from the inner cell mass of a blastocyst-stage 

embryo, which forms within the five days after fertilization of an oocyte (Reubinoff et al., 

2000; Thomson et al., 1998). hESCs have unlimited replicative potential and are pluripotent

—capable of differentiating into any somatic cell type (Thomson et al., 1998). Like 

transformed and tumor cells, hESCs exhibit unrestricted proliferation. There is a striking 

contrast however, in regulatory control; hESCs exhibit stringent cell cycle control, whereas 

cancer and cancer-like cells are characterized by compromised genetic and epigenetic 

regulatory control. hESCs maintain unlimited replicative potential through high levels of 

telomerase that result in retention of telomere ends on chromosomes through cell division, 
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preventing cells from reaching the Hayflick limit and undergoing senescence (Amit et al., 

2000). The expression of telomerase is part of a larger regulatory network that maintains the 

pluripotency and capacity for self-renewal of hESCs. This regulatory network contains both 

auto-regulatory and feed-forward loops, and is dominated by three transcription factors, 

OCT4 (Niwa et al., 2000), NANOG (Chambers et al., 2003), and SOX2 (Avilion et al., 2003; 

Fong et al., 2008) that are essential for maintenance of pluripotency and self-renewal (Boyer 

et al., 2005).

Recognition of the vital contributions of hESCs to development and a growing appreciation 

for the capabilities of hESCs in cell-based therapy and regenerative medicine underscores 

the need to mechanistically understand fidelity of cellular proliferation and control of the 

cell cycle in hESCs. This review focuses on regulatory events during the G2 phase of the cell 

cycle that are obligatory for commitment of pluripotent hESCs to differentiation and the 

consequences of perturbing G2 physiological control.

Unique Cell Cycle Regulation in hESCs

Maintenance of pluripotency in hESCs is tightly linked to cell cycle control (Kapinas et al., 

2013; White and Dalton, 2005). The G1 phase of the cell cycle in pluripotent hESCs is 

approximately 3 hours, significantly shorter than the 10-hour G1 phase in somatic cells 

(Becker et al., 2006). Loss of pluripotency and the onset of differentiation are associated 

with lengthening of the G1 phase (Calder et al., 2013; Filipczyk et al., 2007). Additionally, 

endo- and mesodermal differentiation are thought to initiate in early G1 and the 

neuroectodermal lineage in late G1 phase (Pauklin and Vallier, 2013; Sela et al., 2012). 

Differentiation cues have been shown to elicit minimal response in the G2/M/S phases of the 

hES cell cycle (Pauklin and Vallier, 2013).

Negative regulators of proliferation in somatic cells, including p21 and p27, have been 

suggested to have roles in regulating the hESC cell cycle (Calder et al., 2013; Egozi et al., 

2007; Zhu et al., 2014). The levels of p21 and p27 remain low in pluripotent hESCs, and 

increase as cells differentiate. A recent study found that to maintain pluripotency, the 

expression of p21 and p27 must be repressed, as elevated levels of these cyclin-dependent 

kinase inhibitors resulted in a higher proportion of cells in the G1 phase (Menchon et al., 

2011; Zhu et al., 2014). Additionally, p27 can directly repress SOX2 during differentiation 

(Li et al., 2012). These results and others establish a correlation between the loss of the 

abbreviated pluripotent cell cycle and the initiation of hESC differentiation, however, the 

mechanisms that coordinate changes in the cell cycle and the onset of differentiation are not 

fully understood.

Regulation of the G2/M Transition of the Cell Cycle

The focus on cell cycle regulation in hESCs has been primarily on the role of the G1 phase 

and the G1/S transition. However, evidence is emerging for significant contributions to 

control of hESC proliferation during the G2 phase of the cell cycle. The G2 phase of the cell 

cycle begins at the completion of DNA replication and includes a period of rapid protein 

production and cell growth that concludes upon initiation of prophase in mitosis. The events 
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that modulate the transition from G2 to mitosis form a checkpoint that prevents premature 

mitosis in cells with defects such as incomplete DNA replication or DNA damage repair 

(O’Connell and Cimprich, 2005; Zhou and Elledge, 2000). Progress through the mammalian 

cell cycle is mediated by the sequential activation of cyclin-dependent kinases (Pines, 1995). 

Activation of CDKs is regulated by both cell-cycle stage–specific cyclin binding and 

phosphorylation events.

A key regulatory event in the activation of CDKs and the transition from G2 to mitosis is the 

formation of a complex comprised of CDK1 and one of the five cyclin B isoforms (Nigg, 

1995). This complex was originally identified as the maturation-promoting factor or M 

phase-promoting factor (MPF) in meiotic frog eggs, because it was capable of inducing 

mitosis in immature G2 phase oocytes (Masui and Markert, 1971). In humans it is generally 

thought that CDK1 levels remain constant throughout the cell cycle, while the levels of 

cyclin B1 mRNA and protein change with cell-cycle progression (Smits and Medema, 

2001). Transcription from the cyclin B1 promoter increases after S phase and decreases 

during the beginning of G1, and cyclin B1 protein is degraded during the metaphase-

anaphase transition during mitosis (Piaggio et al., 1995; Pines and Hunter, 1989). Figure 1 

shows an overview of regulation of the G2 to M-phase transition.

During interphase, cyclin B interacts with importin β, is imported into the nucleus, and then 

is swiftly shuttled out of the nucleus due to its N-terminal nuclear export signal (Hagting et 

al., 1998; Takizawa et al., 1999; Toyoshima et al., 1998). Once the levels of cyclin B 

increase, MPF complex levels in the cytoplasm increase accordingly. The cyclin B portion of 

the complex is then phosphorylated near the nuclear export signal on residues S133 and 

S147, creating a nuclear localization signal. This increases the rate of nuclear import beyond 

what would be caused by simply blocking the nuclear export signal (Hagting et al., 1998; 

Toyoshima-Morimoto et al., 2001).

In addition to the regulation of MPF complex formation and localization, there are multiple 

phosphorylation events on CDK1 that control the transition from G2 to mitosis. An 

activating phosphorylation of CDK1 occurs on T161 in the T-loop by cyclin activating 

kinase (CAK), which is a heterotrimeric complex composed of CDK7, cyclin H, and menage 

a trois 1 (MAT1) (Tassan et al., 1994). This activating phosphorylation is opposed by a series 

of inhibitory phosphorylations. The Wee1-like protein kinase (WEE1) and myelin 

transcription factor 1 (MYT1) kinases are responsible for placing these inhibitory 

phosphorylations on CDK1 in the MPF complex. WEE1 primarily phosphorylates Y15 of 

CDK1, while the MYT1 kinase can phosphorylate either T14 or Y15 (Booher et al., 1997; 

Liu et al., 1997; Parker and Piwnica-Worms, 1992). Phosphorylation of Y15 on CDK1 

interferes with phosphate transfer to a bound substrate, while the phosphorylation of T14 

interferes with ATP binding (Atherton-Fessler et al., 1993; Endicott et al., 1994). Cyclin B 

binding mediates these inhibitory phosphorylations on CDK1 (Meijer et al., 1991).

Once CDK1 is bound to Cyclin B and phosphorylated by CDK-activating kinase (CAK) and 

WEE1/MYT1, it is primed and ready to be activated through the dephosphorylation of T14 

and Y15, which triggers the initiation of mitosis. Dephosphorylation of CDK1 T14 and Y15 

is performed by the dual specificity phosphatase CDC25, which can dephosphorylate 
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phosphotyrosine as well as phosphothreonine residues (Gautier et al., 1991; Kumagai and 

Dunphy, 1991; Strausfeld et al., 1991). Conversely, the MPF complex can then 

phosphorylate WEE1 and CDC25, thereby inhibiting WEE1 and further activating CDC25, 

which can then further dephosphorylate CDK1 on T14 and Y15 (Hoffmann et al., 1993; 

Mueller et al., 1995). This amplifies the signal and contributes to a burst of MPF activity, 

which initiates mitosis through the phosphorylation of downstream targets. Importantly, 

these targets include nuclear lamins that cause nuclear-envelope breakdown, microtubule-

associated proteins that promote assembly of the mitotic spindle assembly, and condensin 

subunits that are responsible for chromosome condensation (Heald and McKeon, 1990; 

Kimura et al., 1998; Miake-Lye et al., 1983; Tombes et al., 1991).

Interestingly, in mice, CDK1 is the only CDK that is essential for survival—its absence 

results in embryonic lethality by day E1.5 (Santamaria et al., 2007). Of the cyclins, only 

disruption of cyclin A2 and cyclin B1, which have roles in the S/G2/M phases, results in 

embryonic lethality early in development (E5.5 and before E10.5/not determined, 

respectively) (Brandeis et al., 1998; Gong and Ferrell, 2010; Gong et al., 2007; Murphy et 

al., 1997). The role of WEE1 in mammalian development is especially difficult to evaluate 

because WEE1 is required prior to blastocyst formation. Without WEE1, embryonic lethality 

occurs before day E3.5; an accumulation of DNA damage results in apoptosis and embryo 

death] (Tominaga et al., 2006). Together, these studies indicate the importance of the 

regulation of G2/M transition.

Lineage-Specific Early Differentiation of Human Embryonic Stem Cells 

Requires a G2 Cell Cycle Pause

Recent results have provided evidence for the stringent requirement of a unique G2 

regulatory mechanism to support competency for differentiation in hESCs. (VanOudenhove 

et al., 2016) have observed a cell cycle pause in G2 during differentiation to several lineages 

that is regulated by WEE1. Functionality was established by demonstrating that WEE1 

inhibition disrupts the G2 cell cycle pause and compromises lineage-determinate gene 

expression. These findings provide a novel mechanistic dimension to functional 

relationships between control of proliferation and induction of differentiation.

This G2 pause is mediated by CDK1 phosphorylation at Y15 due to an increase in WEE1 

kinase levels. Up-regulation of WEE1 and the cell cycle pause are observed during 

differentiation to both endodermal and mesodermal lineages, but only endoderm 

specification is compromised as a consequence of WEE1 inhibition. By 72 hours of 

differentiation, the level of WEE1 begins to decrease, as does the extent of inhibiting 

phosphorylation of CDK1 Y15 and, in turn, the number of cells that exhibit paused cell 

cycle progression (VanOudenhove et al., 2016).

Consequently, the balance between the opposing influences of the inactivating 

phosphorylation of WEE1 and the activating dephosphorylation allows cells to begin to 

progress through the cell cycle. These findings provide compelling evidence for a WEE1-

mediated cell cycle pause in G2, that when disrupted, selectively compromises lineage 

commitment to endoderm.

VanOudenhove et al. Page 4

J Cell Physiol. Author manuscript; available in PMC 2018 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Conclusion and Perspectives

The abbreviated, but remarkably regulated, cell cycle of rapidly proliferating hESCs 

supports competency for unrestricted proliferation of pluripotent progenitor cells with full 

capacity for development in response to physiological cues. This is in striking contrast to 

transformed and tumor cells, in which unrestricted proliferation is associated with 

compromised genetic and epigenetic regulation. Regulatory mechanisms that are operative 

in this tightly controlled pluripotent cell cycle provide informative insight into the biology 

and pathology of the unique requirements for proliferation that support pluripotency and the 

initiation of lineage commitment.

A fundamental property of the pluripotent human embryonic cell cycle is the striking 

abbreviation of the G1 cell-cycle phase, with retention of physiological control, despite the 

absence of the full complement of G1 checkpoint activities. In contrast, the S and G2 

periods of the pluripotent cell cycle are temporally, biochemically and presumably, 

functionally retained.

Several lines of evidence indicate the contribution of G1 regulatory mechanisms to the 

transition from pluripotency, to initiation of lineage commitment and development of 

phenotype. This initiation of differentiation is accompanied by, and potentially functionally 

linked with, an expanded G1 period and establishment of the full complement of G1 

checkpoint mechanisms. The discovery of a G2 pause in the hES cell cycle that is obligatory 

for establishing phenotype, expands understanding of modifications in cell cycle control that 

are operative in pluripotent cells that require functionally important modifications for 

differentiation. Insight into the impact of G1 and G2 cell cycle control on the proliferation/

differentiation transition is informative within the context of developmental regulation as 

well as for tissue remodeling and regeneration. Exploring the contributions of epigenetic 

control and the extent to which mechanisms operative during initial lineage commitment can 

be leveraged to expand understanding of the biology and pathology of lineage-committed 

stem cells will be informative at the fundamental regulatory and clinically relevant levels.
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Figure 1. 
Overview of the Regulation of the G2/M Transition
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