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Abstract
Human embryonic stem cells (hESCs) hold great promise in regenerative medicine. However,
before the full potential of these cells is achieved, major basic biological questions need to be
addressed. In particular, there are still gaps in our knowledge of the molecular mechanisms
underlying the derivation of hESCs from blastocysts, the regulation of the undifferentiated,
pluripotent state, and the control of differentiation into specific lineages. Furthermore, we still do
not fully understand the tumorigenic potential of hESCs, limiting their use in regenerative
medicine. The RB pathway is a key signaling module that controls cellular proliferation, cell
survival, chromatin structure, and cellular differentiation in mammalian cells. Members of the RB
pathway are important regulators of hESC biology and manipulation of the activity of this
pathway may provide novel means to control the fate of hESCs. Here we review what is known
about the expression and function of members of the RB pathway in hESCs and discuss areas of
interest in this field.
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Human embryonic stem cells (hESCs) are a unique cell type that is widely touted for its
potential use in regenerative medicine [Carpenter et al., 2003; Luong et al., 2008; Muller
and Lengerke, 2009; Pera et al., 2000; Yu and Thomson, 2008]. However, before hESCs can
be safely used in medical applications, their basic biology must be better understood and
their tumorigenicity must be controlled [Knoepfler, 2009]. hESCs are characterized by the
ability to proliferate while retaining their pluripotent potential. This self-renewal potential
requires different gene networks and a different cell cycle structure than adult cells, which
cycle more slowly or remain quiescent. However, most of our knowledge of the cell cycle in
ESCs still comes from work done on cells from mice [Ciemerych and Sicinski, 2005;
Savatier et al., 2002; Ying et al., 2008] and accumulating evidence indicates that murine
embryonic stem cells (mESCs), while similar, are not necessarily equal to primate ESCs
[Burdon et al., 2002; Fluckiger et al., 2006; Ginis et al., 2004; Sato et al., 2004; Thomson et
al., 1998]. Therefore, it is important to study central regulators of the cell cycle directly in
hESCs.

The regulation of the cell cycle in ESCs may be critical for maintaining a delicate balance
between unrestricted proliferation, which could allow DNA damage and mutations to
accumulate, and a slower cell cycle that may render the cells more susceptible to
differentiation-inducing signals [Ying et al., 2008]. It is possible that the rapid cell cycle of
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ESCs is necessary to maintain continual self-renewal and to resist differentiation. In
particular, recent reports suggest the length of the G1 phase of the cell cycle is critical for
determining the fate of mESCs as it may be a key period when a cell decides whether to
proliferate, differentiate, senesce, enter quiescence, or initiate apoptosis [Blomen and
Boonstra, 2007; Orford and Scadden, 2008; White and Dalton, 2005]. The longer the G1
phase, the more likely a cell may become susceptible to a differentiation inducing signal,
such as MAPK signaling [Burdon et al., 1999; Orford and Scadden, 2008]. Thus, tight
regulation of cell cycle progression, especially at the G1/S transition, is probably critical to
maintain the self-renewal potential of hESCs, and a key issue in this field is to understand
how hESCs continuously proliferate without differentiating.

The product of the human retinoblastoma tumor suppressor gene (RB) belongs to a cellular
pathway (Figure 1) that has been implicated in cell cycle control, differentiation,
chromosome stability, chromatin structure, and a multitude of other functions [Burkhart and
Sage, 2008;Knudsen and Knudsen, 2008;Macleod, 2008;Sun et al., 2007]. Briefly, the RB
protein plays a key role in restricting the G1 to S transition in the cell cycle and its loss of
function in mammalian cells is most often associated with unrestricted and aberrant
proliferation. RB controls cell cycle progression through several mechanisms, including
through its ability to bind to the E2F family of transcription factors. During normal cell
cycle progression, phosphorylation of RB by Cyclin/CDK complexes in G1 and S changes
RB structure and inhibits the interaction between RB and E2Fs. This allows the freed E2Fs
to activate expression of their targets, which include key components of the machinery
needed for DNA replication and S phase progression. Some evidence suggests that RB may
also be important to maintain chromosomal stability as loss of RB function in mESCs results
in an increased loss of a selectable chromosomal marker compared to wild-type cells in
culture [Zheng et al., 2002]. Finally, the RB protein has been shown to bind to various
transcription factors to influence differentiation. For example, RB binds to MyoD to induce
expression of late markers of muscle differentiation and has also been shown to bind to and
repress inhibitor of differentiation 2 (ID2) to promote differentiation [De Falco et al.,
2006;Lasorella et al., 2000]. Thus, the can regulate both cellular growth and differentiation.
Below, we will highlight the research that has given us crucial insight into the regulation of
the cell cycle in hESCs and identify the gaps that remain in our knowledge. Specifically,
after describing what is known about the pattern of expression of key members of the RB
pathway in hESCs, we will investigate the potential function(s) of the RB pathway in
hESCs, and we will conclude by discussing key questions that remain unanswered in this
field.

Expression of RB pathway members in hESCs
Compared to most other cell types, both mouse and human ESCs have an abbreviated G1
phase and display a higher percentage of cells in S phase: mESCs have a very short cell
cycle, completing an entire generation in about 8–10 hours [White and Dalton, 2005].
Primate and human ESCs exhibit a slightly longer cell cycle (~12–16 hours) that is still
significantly shorter than that of somatic cells [Becker et al., 2006; Fluckiger et al., 2006].
This observation suggests that the control of cell cycle progression in mESCs and hESCs is
different than in other cell types, which has led several groups to analyze expression of
central cell cycle regulators in hESCs.

At the top of the RB pathway, Cyclin-dependent kinase inhibitors (CKIs) are found to be
expressed at very low levels or absent in hESCs. Members of the Cip/Kip family of CDK
inhibitors, p21, p27, and p57 are barely detectable at the RNA level in hESCs [Becker et al.,
2006]. At the protein level, p57 is detectable but p21 and p27 are low or absent [Sengupta et
al., 2009]. RNA from members of the INK4 family of inhibitors, p16, p18, and p19, whose
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products inhibit CDK4 and CDK6, is not expressed or expressed at very low levels in
hESCs [Miura et al., 2004]. At the protein level, p15INK4b and p16 INK4a are not detectable
and p18 INK4c and p19 INK4d have very low expression in hESCs [Zhang et al., 2009]. These
observations correlate well with what has been shown in mESCs [Faast et al., 2004; Savatier
et al., 1996; Stead et al., 2002; White and Dalton, 2005] and would be expected given the
abbreviated cell cycle of hESCs.

CDKs are the targets of the CKIs. At the mRNA level in hESCs, CDK4 was shown to have a
higher expression level compared to CDK2 and CDK6 [Becker et al., 2006]. There also
appears to be some cell cycle dependent regulation at the RNA level; CDK2, CDK4, and
CDK6 have increased mRNA levels in G1 and CDK1 in G2 [Becker et al., 2006; Neganova
et al., 2009]. In mESCS, CDK2 protein levels were found to be high and lack cell cycle
periodicity [Stead et al., 2002]. At the protein level, CDK6 is expressed at a low level in
hESCs [Card et al., 2008; Neganova et al., 2009]. CDK4 and CDK1 display unchanging
expression of their proteins throughout all phases of the cell cycle [Neganova et al., 2009].
Thus, all CDKs may participate in the rapid cell cycle of hESCs.

One of the most striking differences between mESCs and hESCs is the cell cycle dependent
expression of Cyclins, the partners of CDKs (Figure 2). In mESCs, all Cyclins are
constitutively expressed except Cyclin B1, whose expression peaks during M phase [White
and Dalton, 2005]. Transcriptionally, Cyclin D1, D2, and D3 have been shown to be
upregulated in G1 and Cyclin A, E, B1 and D2 to be upregulated at G2 in hESCs [Becker et
al., 2006;Neganova et al., 2009]. In a comparison of mRNA levels using quantitative RT-
PCR, Cyclins A2, B1, and B2 have the highest expression levels compared to the other
Cyclins [Becker et al., 2006]. However, Cyclins can be regulated post-transcriptionally and
in fact, hESCs show slightly different Cyclin expression patterns when examined at the
protein level: the Cyclin B1 pool of proteins is upregulated around G2/M, similar to mESCs
[Ghule et al., 2007;Neganova et al., 2009;White et al., 2005]. However, in contrast to
mESCs, where Cyclin E levels remain constant throughout the cell cycle, Cyclin E protein
levels increase around the G1/S transition and Cyclin A protein levels are upregulated in late
G1/S through G2/M in hESCs [Ghule et al., 2007;Neganova et al., 2009]. In another study,
FACS analysis and immunofluorescence staining showed that Cyclin E is constitutively
expressed but Cyclin A is upregulated in S and G2/M in hESCs [Filipczyk et al., 2007]. This
cyclical nature of Cyclin E and Cyclin A expression is more similar to what is seen in adult
cells than in mESCs, and correlates to the observation that hESCs cycle more slowly than
mESCs. At the protein level, Cyclin D appears to be present and expressed constitutively
throughout the cell cycle of hESCs using Western blot analysis [Ghule et al.,
2007;Neganova et al., 2009]. However, one research group reported being unable to detect
Cyclin D1, D2, and D3 by immunofluorescence in undifferentiated hESCs [Filipczyk et al.,
2007]. The discrepancy between these reports may be due to a higher sensitivity of the
western blot assay, some contribution from spontaneously differentiated cells, or some
variability between hESC lines as each of the three groups used different hESCs in their
experiments.

Cyclins form complexes with CDKs to phosphorylate RB and other cellular targets. In
mESCs, the predominantly active complex is Cyclin E/CDK2, with high Cyclin D3/CDK6
activity but almost undetectable activity from Cyclin D1/CDK4 [White and Dalton, 2005].
Using immunoprecipitation studies, multiple Cyclin/CDK complexes have been detected in
hESCs. Cyclin D1 was shown to be associated mainly with CDK6 and to a lesser extent with
CDK4 [Neganova et al., 2009]. In contrast, Cyclin D2 is mostly associated with CDK4 and
Cyclin D3 with both CDK4 and CDK6 [Neganova et al., 2009]. Cyclin A/CDK2 and Cyclin
E/CDK2 complexes are present in hESCs as well as complexes between CDK2 and
CDC25A (a phosphatase that can activate CDKs) and CDK2 with c-Myc (a cellular
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oncogene) [Neganova et al., 2009]. CDK2 was shown to have the highest kinase activity in
S phase, while CDK4 and CDK6 displayed the highest kinase activity in the G1 phase in
hESCs [Neganova et al., 2009]. In asynchronously cycling hESCs, CDK2 displayed the
highest kinase activity overall [Neganova et al., 2009]. CDC25A is upregulated at the
protein level in G1 [Neganova et al., 2009]. These finding underscore the differences
between mouse and human ESCs; mESCs rely on high CDK2 activity with little or no
CDK4 activity, while hESCs display CDK2, 4, and 6 activity in a cell cycle regulated
manner.

RB and its two family members, p107 and p130, have been shown to be expressed in hESCs
[Becker et al., 2007] and mESCs [Sage et al., 2000]. In mESCs, RB and its family members
p107 and p130 are hyperphosphorylated and do not associate with E2Fs [White and Dalton,
2005]; mESCs deficient for the three RB family members have no reported cell cycle
phenotype [Dannenberg et al., 2000; Sage et al., 2000]. In hESCs, p130 seems to be the
predominantly expressed family member in hESCs at the mRNA level [Becker et al., 2007];
however, p130 protein levels are highly regulated and high levels of p130 RNA may not
correlate with protein levels [Tedesco et al., 2002]. In response to DNA damage, RB mRNA
is modestly increased while p107 and p130 mRNA expression is decreased. At the protein
level in hESCs, RB exists in both the hyperphosphorylated and hypophosphorylated forms,
as assessed by western blot and immunofluorescence staining, while p107 and p130 levels
have not been studied [Filipczyk et al., 2007]. Further analysis showed that a pool of
hypophosphorylated RB exists, predominantly in the G1 phase of the cell cycle [Filipczyk et
al., 2007]. Future studies should comprehensively examine the expression levels and the
phosphorylation state of RB and its family members at each stage of the cell cycle using
multiple methods.

A comparison of mRNA expression for E2F family members in hESCs indicates that the
E2F4 and E2F5 repressors have the highest expression levels [Becker et al., 2007]. After
DNA damage, an increase in E2F5 and E2F6 mRNA was observed [Becker et al., 2007].
Nothing is known in hESCs about the expression of the three E2F family members that can
bind DNA and control gene expression independently of RB family members, E2F6
[Cartwright et al., 1998; Gaubatz et al., 1998], E2F7, and E2F8 [Li et al., 2008; Moon and
Dyson, 2008]. Because of the high activity of Cyclin/CDK complexes in hESCs, one would
expect that RB family members would be largely unable to bind to E2Fs, allowing E2F1-3
to activate their target genes and leaving E2F4-5 off the DNA. However, the DNA binding
activity of the three RB family members and eight E2F family members in hESCs has not
been investigated. It also remains to be shown whether E2F dependent transcription is cell
cycle independent, as in mESCs, or cell cycle dependent [White and Dalton, 2005].

Other major regulators of the cell cycle whose activity is connected to the RB pathway
include p53, c-Myc, and telomerase. At the RNA level, p53 is not expressed or expressed at
very low levels in hESCs [Miura et al., 2004]. p53 is also low at the protein level, but its
expression can increase upon exposure to UV or gamma-irradiation [Qin et al., 2007]. At the
RNA level, c-Myc expression is the highest in the G1 phase of the cell cycle in hESCs, but
has been shown to increase in S and G2 at the protein level [Neganova et al., 2009].
Telomerase activity has also been linked to the cell cycle, having been shown to both
stimulate cell proliferation and mediate expression of growth-promoting and growth-
inhibiting genes [Jagadeesh and Banerjee, 2006; Yang et al., 2008]. In hESCs, both the
telomerase reverse transcriptase (TERT) and the RNA component (TR) were found to be
expressed, and high amounts of telomerase activity was detected [Saretzki et al., 2008]. The
TERT protein has also been shown to control the activity of adult stem cells [Sarin et al.,
2005]. This suggests that telomerase may be important to regulate the cell cycle of hESCs,
an idea that has not been thoroughly tested yet.
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In conclusion, major cell cycle regulators in hESCs appear to display unique expression
patterns compared to mESCs and adult cells. In adult cells, dramatic cell cycle dependent
expression changes are important for progression through the different phases of the cell
cycle. hESCs lack this marked periodicity in expression of cell cycle regulators and CDK
activity is much higher than that observed in adult cells. In contrast to mESCs, CDK2
activity decreases in activity briefly during G1, which may result in the de-phosphorylation
of RB, potentially slowing cell cycle progression and creating a time window when hESCs
in culture may be more sensitive to differentiation signals. Because both mESC and hESCs
proliferate indefinitely while retaining their undifferentiated status, these differences may
not be critical for the maintenance of self-renewal. It is also possible that the culture
conditions for hESCs are still not as optimal as for mESCs, which would lead to some
culture stress and may affect cell cycle progression and explain why the two ESC types
show these differences. Alternatively, it has been suggested that mESCs and hESCs
represent two different stages of embryo development [Brons et al., 2007; Tesar et al.,
2007]. Therefore, the cell cycle differences between the mESCs and hESCs may reflect the
properties of two developmentally distinct pluripotent cell populations.

Strikingly, the pattern of expression of members of the RB pathway changes dramatically
upon differentiation. Cyclin D1, 2, 3, and Cyclin B1 all show increased protein levels upon
differentiation while Cyclin E and Cyclin A levels decrease [Card et al., 2008; Filipczyk et
al., 2007; Neganova et al., 2009]. CDK4 and CDK6 protein levels also decrease but CDK2
may increase upon differentiation [Neganova et al., 2009]. CKIs p16, p18, and p21 mRNAs
increase upon differentiation, and p27 protein levels increase while levels of its inhibitor,
SKP2, decrease as differentiation progresses, thereby re-instating the regulation seen in
somatic cells [Egozi et al., 2007; Miura et al., 2004]. Telomerase activity, TERT and TR also
decrease upon differentiation [Saretzki et al., 2008]. The specific patterns of expression of
cell cycle regulators in hESCs suggest that some of these cell cycle regulators have key
functions in the proliferative capacity of these cells, the maintenance of self-renewal
potential, and the prevention of untimely differentiation.

Functional studies of cell cycle regulators in hESCs
While there is no published report of any direct functional studies for RB and its family
members p107 and p130 in hESCs, many groups have begun to tease out the role of the RB
pathway by assessing the function of critical upstream regulators of the G1/S transition of
the cell cycle (Figure 1). The only CKI that has been manipulated thus far in hESCs is p21.
As expected from its role in somatic cells, overexpression of p21 leads to an increase in the
percentage of hESCs in G1 [Wang et al., 2008]. Another study showed an increase in
markers of differentiation upon activation of p21, both in p53-dependent and independent
manners [Maimets et al., 2008]. p21 normally acts to inhibit Cyclin E/CDK2 complexes so
this data suggests that this kinase activity is important for cell cycle progression and
prevention of differentiation in hESCs. Future experiments should compare these results to
studies of the INK4 family and the other Cip/Kip family members to determine if certain
Cyclin/CDK complexes are more critical for cell cycle progression than others.

Two independent groups showed that hESCs arrest in the G1 phase of the cell cycle upon
inhibition of CDK2 activity [Filipczyk et al., 2007; Neganova et al., 2009]. Treatment with
CDK2 inhibitor roscovitine also revealed an increase in the number of cells expressing
hypophosphorylated RB, as assessed by immunofluorescence [Filipczyk et al., 2007].
Concomitantly to G1 arrest, knockdown of CDK2 expression by siRNAs induced
differentiation toward the extra-embryonic lineage accompanied by a corresponding increase
in Cyclin D2, p21 and p27 protein levels [Neganova et al., 2009]. This G1 arrest upon
decreased CDK2 activity is consistent with what was seen with p21 overexpression. These
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data also correlate with what is seen in mESCs where inhibition of CDK2 results in a
lengthening of the cell cycle [White and Dalton, 2005], but hESCs show a more dramatic
phenotype with an arrest in G1. CDK2 is also involved in the progression of the cell cycle in
a process independent from RB. p220NPAT, a substrate for CDK2/Cyclin E-mediated
phosphorylation interacts with its cofactor HiNF-P to modulate histone H4 expression
necessary for cell cycle progression in hESCs [Becker et al., 2007; Ghule et al., 2007]. It
was recently shown that p57 was the most effective Cip/Kip family member at blocking the
p220NPAT/HiNF-P pathway by forming a complex with p220NPAT and suppressing its
phosphorylation by CDK2/Cyclin E complexes [Mitra et al., 2009]. This suggests that
members of the RB pathway may act through RB independent means to control cell cycle
progression. Together, these results support a role for CDK2 in the G1/S transition in hESCs
and also generate evidence to support a model where a change in the length of the G1 phase
shifts the delicate balance between self-renewal and differentiation.

In contrast to CDK2, inhibition of CDK4 activity elicits no obvious changes in the
morphology or the cell cycle profile of hESCs [Filipczyk et al., 2007]. Overexpression of
Nanog in hESCs revealed an increase in the cell cycle regulators CDK6 and CDC25A at
both the RNA and protein level, and a corresponding decrease in response to Nanog
knockdown [Zhang et al., 2009]. Further analysis revealed the ability of the C terminus of
Nanog to bind to and regulate the expression of both CDK6 and CDC25A, adding another
piece of evidence that self-renewal/pluripotency and cell cycle control are entwined [Zhang
et al., 2009]. Functional analyses revealed that overexpression of either CDK6 or CDC25A
results in a faster S phase (~2 hours) than in control cells, and this overexpression rescued
the delay in cell cycle entry after synchronization seen in hESCs with Nanog knockdown
[Zhang et al., 2009]. CDK6 knockdown also showed a delay in S phase entry or progression
after release from nocodazole synchronization and similarly, CDC25A knockdown resulted
in retention of cells in G1 [Zhang et al., 2009]. These results suggest CDK6 and CDC25A
are, at least in part, acting downstream of Nanog to control the G1 to S transition in hESCs,
thereby linking the regulatory networks critical for the maintenance of stemness to the cell
cycle machinery. A work-in-progress model of these cell cycle regulators in the G1 to S
transition of hESCs is shown in Figure 1. Cyclins have not been functionally studied in
hESCs, but recently Cyclin A has been shown to be essential for cell cycle progression in
mESCs, suggesting these cell cycle regulators may be critical to the biology of ESCs
[Kalaszczynska et al., 2009].

The p53 pathway directly interacts with the RB pathway and also has a role in cell cycle
regulation. Knockdown of p53 in hESCs results in an increase in proliferation and single cell
survival, with decreased spontaneous apoptosis and a decreased ability to differentiate into
definitive endoderm using low concentrations of Activin A [Qin et al., 2007]. This correlates
well with the phenotype of overexpression of HDM2, a direct inhibitor of p53. HDM2
overexpression increased single cell survival in hESCs, while decreasing spontaneous
differentiation and also decreasing the RNA levels two p53 target genes, Bax and Nova [Qin
et al., 2007]. These results highlight the role of p53 in the survival of hESCs. Another group
studied the result of p53 activation using the small molecule nutlin [Maimets et al., 2008].
Treatment with nutlin rapidly induced expression of p21 and HDM2, two direct p53 target
genes, and resulted in an increased percentage of cells in G1 and an increase in markers of
differentiation [Maimets et al., 2008]. Furthermore, in this study, activation of p21 was
accompanied by phosphorylation of CDK2 and subsequent degradation of Cyclin A and
Cyclin E, which correlated with p53 de-phosphorylation [Maimets et al., 2008]. Treatment
of hESCs with sodium butyrate, an inducer of differentiation, activated p21, but not p53,
resulting in expression of differentiation markers similar to that seen with nutlin treatment,
suggesting that the effects of p53 activation are mediated by p21 [Maimets et al., 2008].
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These data again point to a tight correlation between proliferation and differentiation in
hESCs.

c-Myc is both a target of E2F and a regulator of the expression of Cyclin E and CDK2
[Bartek and Lukas, 2001; Neganova and Lako, 2008]. Overexpression of c-Myc in hESCs
triggers both apoptosis and differentiation [Sumi et al., 2007]. This phenotype coincides
with an increase in p53 and p21 protein levels; c-Myc-induced differentiation occurred
independently of p53 upregulation, as assayed in knock-down cells, but the role of p21 was
not tested in this experiment [Sumi et al., 2007]. Also lacking is the distribution of the cell
cycle in response to c-Myc overexpression. One could postulate that an increase in p21 after
overexpression of c-Myc would delay or arrest the cells in the G1 phase, resulting in the
differentiation of c-Myc-expressing hESCs. Future experiments could test this possibility,
and if correct, it would add to the growing evidence that cell cycle regulation is tightly
controlled and critically linked to self-renewal ability in hESC populations.

Finally, manipulation of the telomerase reverse transcriptase, TERT, in hESCs has shown its
importance in maintaining pluripotency and in cell cycle regulation. Overexpression of
TERT in hESCs resulted in increased proliferation and suppression of differentiation, with
an increased percentage of cells in S phase, at the expense of G1 [Yang et al., 2008]. This
was accompanied by an increase in protein levels of Cyclin D1, transcription of CDC6, an
E2F target gene, and an increase in RB phosphorylation [Yang et al., 2008]. Knockdown of
TERT resulted in the opposite effect; decreased proliferation with an increase in the
percentage of cells in G1, down-regulation of Cyclin D1 and CDC6, accompanied by loss of
pluripotency and an increase in markers of differentiation [Yang et al., 2008]. These data
suggest that TERT may play a critical role in regulating the cell cycle and pluripotency of
hESCs.

An increasing number of cell cycle regulators have been shown to be regulated themselves
by microRNAs, including at the G1/S transition [Card et al., 2008; Sengupta et al., 2009;
Wang et al., 2008]. Some of these experiments suggest that p57, p21, p130, and Cyclin D1
are all regulated by microRNAs and may play a critical role in cell cycle progression in
hESCs [Card et al., 2008; Sengupta et al., 2009; Wang et al., 2008]. However, each of the
microRNAs studied has multiple targets and, in the absence of functional experiments, it is
difficult to identify which target has a more prominent role in hESCs.

Thus far, the data reviewed has shown that a delay or arrest of the cell cycle, particularly in
G1, results in an increase of differentiation in hESCs. This is strong evidence that hESCs are
susceptible to differentiation signals when G1 is lengthened. Therefore, tight control of a
rapid cell cycle is critical to the self-renewal of hESCs. However, the precise epistatic
relationship between the control of self-renewal and differentiation as regulated by the RB
pathway remains unclear. Important functional studies of RB itself are lacking in hESCs,
and it is possible that RB has critical functions in hESCs aside from cell cycle control.
Finally, there has been little evidence for the role of p107 and p130, the two family members
of RB. Future studies should examine the specific functions of RB, p107, and p130 in
hESCs.

Future directions
The studies reviewed here provide substantial evidence that proper regulation of the G1/S
transition of the cell cycle is critical for hESCs. These studies have also begun to point to a
specific role for certain members of the RB pathway in hESCs. However, it is clear that
these experiments are just touching on the complexity of cell cycle regulation in these cells
and that a number of follow-up studies will be required to better understand how hESCs
achieve indefinite proliferation while retaining the ability to produce differentiated progeny.
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One first important aspect of these experiments will be to study the expression and
mechanisms of action of the RB pathway in several independently derived lines of hESCs,
to ensure that the observations made are not due to the specific genetic make-up of one or a
few cell lines or to specific culture conditions.

A second area of future investigation is to continue exploring the differences between
hESCs and ESCs from other species, including mESCs (Figure 2). For instance, it has been
suggested that mESCs and hESCs represent two different stages of embryo development
[Brons et al., 2007;Tesar et al., 2007]. This raises the question whether the cell cycle
differences between mESCs and hESCs are due to the fact that these cells arise from two
distinct developmental stages. These cell cycle differences may also eventually inform us
about the minimal and maximal length of the G1 phase that is compatible with maintenance
of self-renewal potential and rapid proliferation in ESCs.

Another key area to continue to investigate in future studies is the connection between the
cell cycle machinery and the network of factors that are essential to maintain the
undifferentiated phenotype of ESCs and induce the reprogramming of cells into pluripotent
cells (iPSCs), including core factors such as Oct4, Sox2, c-Myc, Klf4 and Nanog [Hanna et
al., 2008; Yamanaka, 2009]. An obvious link between the RB pathway and these stemness
factors is c-Myc, a transcription factor that works both downstream and in parallel of the RB
pathway [Santoni-Rugiu et al., 2000; Sears and Nevins, 2002]. E2F was also found to be a
transcription factor whose targets are significantly enriched in a network of proteins
associated with pluripotency in murine pluripotent stem cells, a category that includes
embryonic stem cells [Muller et al., 2008]. Recent evidence also suggests that E2F activity
may act as a regulatory co-factor for Oct4 on the promoter of Oct4 target genes and that
ORC1L, a direct E2F target involved in DNA replication, belongs to the core Oct4
regulatory network, suggesting that E2F and Oct4 activities are linked (Figure 3) [Chavez et
al., 2009]. Both Sox2 and Nanog may display some binding activity on the E2F3 promoter,
although these data from high throughput chromatin immunoprecipitation experiments need
to be functionally validated [Boyer et al., 2005]. Nanog may also directly regulate cell cycle
progression by directly binding to CDK6 and CDC25A, two regulators of the G1/S [Zhang
et al., 2009]. Finally, very little is known on how the cell cycle regulators of the RB pathway
may impact the reprogramming of cells into iPSCs, but it is very likely that accelerating or
slowing the cell cycle may change the reprogramming efficiency. For instance, decreased
p53 levels have been shown to increase cellular reprogramming [Zhao et al., 2008]. It is
likely that many more connections exist between the master regulators of cell cycle and
stemness, including via the regulation of microRNAs [Gunaratne, 2009], and this will be an
area of active investigation in the next few years. These studies will have an impact not only
on our basic knowledge of embryonic development and stem cell biology but certainly also
on our understanding of the mechanisms of tumorigenesis. Some evidence points to a direct
connection of the RB pathway to self-renewal; other evidence has simply shown that some
of the cell cycle regulators are critical for maintaining the rapid cell cycle, and a disturbance
of this can result in loss of self-renewal. Future research in the areas described here will
undoubtedly gain us knowledge that will be critical for the use of hESCs and iPSCs in
therapeutic applications.
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Figure 1. Schematic representation of the RB pathway in hESCs
Members of the RB pathway that are expressed in hESCs are shown. CKIs (INK4 family
and Cip/Kip family) are expressed at low or undetectable levels. In contrast to mESCs where
RB family members (RBf) are thought to be always hyperphosphorylated (P represents a
phosphorylated residue), RB is found in a hypophosphorylated state in G1 in hESCs and
becomes hyperphosphorylated for the rest of the cell cycle. Increased size of the Cyclin/
CDK complexes reflects an increase of Cyclin E and Cyclin A protein levels and activity
near the G1/S transition.
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Figure 2. Expression of G1/S Cyclins in embryonic stem cells and adult cells
mESCs display little cell cycle dependent regulation of Cyclins except for Cyclin B. In
contrast, Cyclins in hESCs do show cell cycle-dependent expression, except for the D
Cyclins, which are expressed at a low level. This suggests that the regulation of the cell
cycle of hESCs differs from what has been shown for mESCs in culture, and may more
closely resemble mouse epiblast stem cells than mESCs.
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Figure 3. Functional interactions between the RB pathway and the core regulatory network
maintaining stemness in hESCs
Emerging evidence suggests that members of the RB pathway are regulated by and function
with factors involved in the maintenance of self-renewal and stemness in hESCs. See text
for references.
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