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Abstract

Human embryonic stem cells and induced pluripotent stem cells proliferate rapidly and divide
symmetrically producing equivalent progeny cells. In contrast, lineage committed cells acquire an
extended symmetrical cell cycle. Self-renewal of tissue-specific stem cells is sustained by
asymmetric cell division where one progeny cell remains a progenitor while the partner progeny
cell exits the cell cycle and differentiates. There are three principal contexts for considering the
operation and regulation of the pluripotent cell cycle: temporal, regulatory andstructural. The
primary temporal context that the pluripotent self-renewal cell cycle of human embryonic stem
cells (hESCs) is a short G1 period without reducing periods of time allocated to S phase, G2, and
mitosis. The rules that govern proliferation in hRESCs remain to be comprehensively established.
However, several lines of evidence suggest a key role for the naive transcriptome of hESCs, which
is competent to stringently regulate the ESC cell cycle. This supports the requirements of
pluripotent cells to self propagate while suppressing expression of genes that confer lineage
commitment and/or tissue specificity. However, for the first time, we consider unique dimensions
to the architectural organization and assembly of regulatory machinery for gene expression in
nuclear microenviornments that define parameters of pluripotency. From both fundamental
biological and clinical perspectives, understanding control of the abbreviated embryonic stem cell
cycle can provide options to coordinate control of proliferation versus differentiation. Wound
healing, tissue engineering, and cell-based therapy to mitigate developmental aberrations illustrate
applications that benefit from knowledge of the biology of the pluripotent cell cycle.
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Human embryonic stem cells (hESCs) are uniquely dedicated to rapid, unrestricted
proliferation (Figure 1)(Thomson et al., 1998;Amit et al., 2000;Zwaka and Thomson, 2005).
Within the blastocyst of the embryo as well as in culture, hESCs repeatedly traverse the cell
cycle and undergo successive symmetrical cell divisions to provide structurally and
functionally equivalent progeny cells to retain pluripotency and refrain from gene expression
and epigenetic control associated with lineage commitment (Savatier et al., 1994;White et
al., 2005;Galderisi et al., 2006;Singh and Dalton, 2009). It is particularly striking that hESCs
utilize oncogenes which include retinoblastoma (Rb) and Myc to traverse the cell cycle, yet
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do not undergo oncogenic transformation. There are unique architectural features to the
organization and assembly of genetic and epigenetic regulatory machinery in the nuclei of
pluripotent cells that, for the first time are presented in relation to the biology of stem cell
proliferation and differentiation. A relevant observation is that the cells divide
symmetrically, with equivalent distribution of the genome and structural and regulatory
machinery.

Two compelling questions are evident: What mechanism(s) allow hESCs to divide and
execute required functions without transforming? What is the significance of structural and
regulatory machinery retention during cell division? These are questions that go beyond the
characterization of regulatory molecules, pathways and networks. With a short G1 period in
hESCs the possibilities include accelerated progression of regulatory cascades, elimination
of components to regulatory networks that are operative during G1 and constituitive
expression of cell cycle regulatory factors that are confined to G1 following lineage
commitment.

Although there are exceptions, in general, hESCs divide rapidly with generation times of
8-16 hours. 65% of the time, pluripotent cells reside in S phase and 15% of the time in G1
(Becker et al., 2006). Somatic cells that are reprogrammed to pluripotency adhere to these
trends, suggesting that rapid cell division and shortening of the cell cycle are requirements
for pluripotency (Ghule et al., 2011;Koledova et al., 2010;Ruiz et al., 2011). In support of
this concept, committed cells have generation times greater than 16 hours and 40% of the
cell cycle is allocated to G1. Overexpression and knockdown of cell cycle regulatory factors
induces cell proliferation and increases efficiency of reprogramming. In contrast, cell cycle
arrest inhibits reprogramming. Consistent with these findings, cell cycle arrest is sufficient
to promote differentiation of hESCs (Neganova and Lako, 2008;Wang and Blelloch, 2009).

This review addresses these ideas with the realization that important mechanisms that
regulate the pluripotent cell cycle remain to be established.

A. Accommodating Cell Cycle Regulatory Cascades

Complex and inter-dependent signaling networks that modulate genetic and epigenetic
regulation are operative throughout the cell cycle in both hESCs and somatic cells to
promote proliferation, control movement through successive stages of the cell cycle, and
provide surveillance mechanisms that monitor genomic integrity, chromatin packaging, and
mitotic division (Becker et al., 2007; Stein and Pardee, 2004; Pardee and Stein, 2009) The
biochemical and molecular parameters of control for the pluripotent and lineage committed
cell cycles are illustrated and described in Figures 1 and 2, in Table 1, and are detailed in
Pardee et al. (Stein and Pardee 2004; Pardee and Stein 2009) Effectiveness of these
processes are essential for immediate detection of errors in genome replication or control at
checkpoints (Figure 2). During the G1 period of the cell cycle, a series of regulatory events
are orchestrated that support proliferation (Neganova and Lako, 2008). These include cell
cycle progression and initiation of DNA replication. The activities of cyclins, cyclin-
dependent kinases (CDKSs), cyclin-dependent kinase regulators, and signaling factors that
monitor and control the regulatory cascades that are operative during G1 are summarized in
Table 1.

The initial component of G1 is dedicated to establishing engagement in the proliferative
process. Responsiveness to a broad spectrum of physiological cues as well as to intrinsic and
extrinsic stress occur early during G1. Late in G1, the restriction point marks acquisition of
growth factor independence for cell cycle progression (Pardee, 1974;Pardee, 1989). At this
time, genes, including thymidine kinase, thymidylate synthetase, and
dihydrofolatereductase, that encode the enzymology for deoxynucleotide metabolism are
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upregulated. Subsequently, at the G1/S phase transition (the S point), the initiation of DNA
replication is accompanied by and functionally coupled with the activation of histone gene
expression. The relationship between histone gene expression and DNA replication ensures
the availability of histone proteins to package newly replicated DNA as chromatin. The
magnitude of this requirement is strikingly illustrated by biosynthesis of ~2.3 meters of
DNA during the 8-9 hour S phase. The G1/S phase transition is equally relevant to the
mechanisms that monitor fidelity of DNA replication and support compensatory processes,
such as editing, if necessary. This transition is associated with a series of surveillance
checkpoints that, if required, delay the onset of proliferation, invoke DNA repair and/or
default to apoptosis (Figure 3) (Becker et al., 2007).

The 2.5 — 3 hour abbreviated G1 phase in hESCs, compared to the 8-12 hour G1 period in
human somatic cells, appears to require the activity of the full complement of cell cycle
regulatory factors (Figure 1). However, the signaling cascades that control critical steps
during G1 that culminate in genome replication are confined to a brief period. Mapping the
temporal sequence of events that occurs during G1 in hESCs is imperative. Results to date
establish that regulatory activity, which is restricted to the interval between completion of
mitosis and the restriction point, may be modified. In contrast, the regulatory events that
support competency for genome replication, histone gene expression, and DNA synthesis
appear unaltered but occur rapidly following exit from mitosis. Perhaps the most compelling
evidence for a functional relationship between the abbreviated cell cycle and pluripotency is
transition from an abbreviated to an extended G1 period with the initiation of hESC
differentiation and reversion to an abbreviated cell cycle in human induced pluripotent stem
cells (hIPSCs) (Becker et al., 2006;Becker et al., 2007;Ghule et al., 2007;Ghule et al.,
2008;Ghule et al., 2009; Xie et al., 2009;Becker et al., 2010).

B. Molecular Components of the Pluripotent Cell Cycle

1. Proliferation-differentiation relationships

Because of the distinct architecturally organized nuclear signature of the pluripotent cell
cycle, it can be informative to consider which molecular parameters of control support the
relationship between competency for pluripotency and unrestricted proliferation
(summarized in Table 1). For example, it is well established that the Myc, Nanog, Sox2, and
Oct4 transcription factors promote pluripotency by transcriptional regulation of cell cycle
genes and miRNAs that promote pluripotency (Lee et al., 2010;Neganova and Lako,
2008;Wang and Blelloch, 2009). In contrast to pluripotency transcription factors, lineage
commitment factors control cell cycle progression in adult stem cells. This component of
control is demonstrated by the contribution of Sox17 to the maintenance of human fetal and
neonatal stem cells. Runx1 contributes to the G1/S transition in adult stem cells (He et al.,
2009;Friedman, 2009). Transcription factors assume independent architectural influences on
regulation of transcription. It will be instructive to determine if the functions of these and
other transcription factors are linked with established requirements for nuclear architecture
during the cell cycle.

2. The CDK Family: Major Regulators of Cell Cycle Progression

The primary function of cyclin-dependent kinases (CDKSs) is promotion of cell cycle entry.
Equally important, CDKs support cell cycle progression which includes transition from G1
to S phase, DNA replication, chromosome separation, and cell division. CDK activation is
accomplished by binding of cyclins that vary in expression levels periodically during the cell
cycle. In addition, CDK activity is modulated by CDK kinases, that include the CDK
activating complex, CAK (a complex of CDK?7, cyclin H), and Wee/Myt1, by CDK
phosphatases (CDC25 phosphatases), and by CDK inhibitors (CDKIs), including the Ink4
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(p15Ink4b, p16ink4a, p18Ink4c, and p19Ink4d) and Cip/Kip (p21Cipl, p27Kipl, and
p57Kip2) families (Koledova et al., 2010). Although these molecular processes are highly
regulated in somatic cells (at restriction points), ESCs have been shown to be refractory to
these canonical control mechanisms. There is an explanation for the apparent restriction
point-independent behavior of ESCs. They possess constitutively hyperphosphorylated pRB,
and almost all of the CDKs, with the exception of CDK1-cyclin B which becomes
selectively activated before mitosis, are active throughout the cell cycle (He et al., 2009).
The high levels of CDK activity in ESCs are a consequence of the absence or very weak
expression of CDKIs, which are associated with the relatively high and constant levels of the
cyclins throughout the cell cycle (Stein et al., 2010;Koledova et al., 2010;He et al., 2009).

CDK2 is considered the principle CDK controlling the G1-S transition. The inhibition of
CDK2 activity delays the G1-S transition, and knockdown of CDK2 leads to G1 arrest in
ESCs. Interestingly, these events are sufficient to induce differentiation of ESCs, which
reveal the existence of regulatory connections between cell-cycle and self-renewal for
pluripotency (Neganova et al., 2009) (Neganova et al., 2011). This linked relationship is
further supported by the observation that core pluripotency factors OCT4, SOX2, and
NANOG regulate the expression of key cell-cycle regulatory proteins such as CDK1, cyclin
D1, CDK6, CDC25A, and CDC7 (Neganova and Lako, 2008;Koledova et al., 2010;Zhang et
al., 2009).

It appears to be significant that the induction of cell proliferation increases reprogramming
efficiency, whereas cell cycle arrest inhibits successful reprogramming (Ruiz et al., 2011).
Consistently, the reprogrammed cells possess high CDK2 levels and have a short cell cycle
length, reinforcing the idea that rapid division and shortening of the cell cycle is required for
pluripotency.

3. Myc: A persuasive influence on proliferation

Myc plays a pivotal role in regulating the pluripotent cell cycle. Although Myc contributes
to control of proliferation, it remains unclear how Myc specifically maintains the
pluripotent, self-renewing state of stem cells. Some studies are beginning to provide clues to
the mechanism of Myc-mediated pluripotency. Upon Myc inactivation, there is a decreased
rate of cell division and cell cycle remodeling (Smith et al., 2010). Several genome-wide
chromatin immunoprecipitation studies have identified direct Myc targets. Many of these
genes participate in cell cycle and metabolic control, including cyclins and cyclin dependent
kinases (CDKSs) (Chen et al., 2008;Kidder et al., 2008;Kim et al., 2008;Sridharan et al.,
2009).

Myc is mechanistically versatile because it can both activate and repress gene expression.
This dual role is attributed to the ability of Myc to control histone H3 and H4 modifications
across the genome. Activation of Myc target genes occurs in response to histone acetylation,
while repression occurs when histones are deacetylated (McMahon et al., 2000;Vervoorts et
al., 2003;Kleine-Kohlbrecher et al., 2006)((Iraci et al., 2011;Kurland and Tansey,
2008;Frank et al., 2003;Knoepfler et al., 2006). Myc binds and recruits LSD1, a flavin
dependent demethylase, and favors local and transient H3K4me3 demethylation at Myc
genomic targets. This mechanism may facilitate unwinding chromatin to initiate Myc-
mediated transcription (Amente et al., 2010b;Amente et al., 2010a). Recently, LSD1 has
been found to regulate the balance between self-renewal and differentiation of hESCs by
modulating the physiological balance between H3K4me2/me3 and H3K27me3 at target
developmental genes that are poised for expression in hESCs(Adamo et al., 2011). These
data are consistent with a contribution by Myc to LSD1-mediated gene expression in hESCs.
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Myc is a dominant determinant for reprogramming lineage-committed cells to a pluripotent-
like phenotype. Although it is possible to generate iPSCs without ectopic Myc (Nakagawa et
al., 2008;Yu et al., 2007), there is a plethora of reports that Myc increases competency for
stem cell reprogramming and maintenance of pluripotency (Takahashi and Yamanaka,
2006;Okita et al., 2007;Sridharan et al., 2009;Cartwright et al., 2005;Varlakhanova et al.,
2010). During reprogramming, dramatic changes in the cell cycle are observed and may be
due to regulation of gene expression by Myc (Singh and Dalton, 2009).

In addition to promoting pluripotency directly, Myc may concomittantly repress
differentiation. A characteristic of pluripotency is an open chromatin conformation. A
surprising observation from these studies is that in reprogrammed cells, the chromatin state
resembles that of embryonic stem cells (Park et al., 2008; Takahashi and Yamanaka,
2006;Kim et al., 2010;Chen et al., 2008). Myc may contribute to sustaining the euchromatic
chromatin organization by globally regulating histone acetylation and methylation (Lin et
al., 2009;Knoepfler, 2008). Further, Myc upregulates cell cycle genes and represses
fibroblast-specific gene expression (Sridharan et al., 2009). Myc can impact self-renewal by
influencing the cell cycle regulatory network and simultaneously maintain pluripotency by
repression of GATAG, a master regulator of primitive endoderm differentiation (Smith et al.,
2010). In mESCs, the GATAG locus is inactive, but poised for activation; it is marked
bivalently with H3K4me3 and H3K27me3 (Bernstein et al., 2006;Mikkelsen et al., 2007).
Nanog, another direct repressor of GATAG6 (Hough et al., 2006;Singh et al., 2007), may
cooperate with Myc to repress expression and thereby contribute to promoting and/or
sustaining the pluripotent state. Such mechanisms may be a crucial switch that determines
whether a cell will perpetuate pluripotency or differentiate.

4. microRNAs: Fine-tuning gene expression to promote pluripotency

In addition to transcription factors, specific microRNAs (miRNAS) regulate pluripotency
and the expression of cell cycle genes. miRNAS are short, (~21 nucleotide) non-coding
RNAs that directly, negatively regulate gene expression by binding to sequences in the
target mMRNA, usually in the 3’ untranslated region (UTR) (Kapinas and Delany, 2011; Lian
etal., 2012; Hassan et al., 2011). Several lines of evidence implicate microRNAs in
establishing and/or perpetuating pluripotency in hESCs during development as well as
supporting restoration of pluripotency by reprogramming lineage committed cells. The
miRNA family studied most extensively within the context of pluripotency is the miR-302
cluster on human chromosome 4 (Barroso-del et al., 2009;Stadler et al., 2010).
Overexpression of this cluster, particularly miR-367, efficiently reprograms cells to a
pluripotent iPSC state (Anokye-Danso et al., 2011;Card et al., 2008;Lin et al., 2008;L.in et
al., 2011). In addition, miR-302 expression decreases with differentiation (Card et al.,
2008;Stadler et al., 2010), suggesting this cluster promotes pluripotency. miR-367 activates
Oct4 gene expression and suppress HDAC? for generation of iPSCs (Anokye-Danso et al.,
2011). Oct4, Sox2, and Nanog bind the promoter region of the miR-302 cluster in hESCs,
but only Oct4 and Sox2 are required for expression of the miR-302 cluster (Card et al.,
2008;Liu et al., 2011). An indication of a relationship between miR-302 and cell cycle
control is provided by evidence that expression of the miR-302 cluster is associated with a
short G1 phase, and longer S and G2/M phases, in HelLa cells (Card et al., 2008). This may
be attributable to miR-302 targeting cyclin D1 and/or CDKZ2. As differentiation progresses,
cyclin D1 and CDK2 protein levels increase (Card et al., 2008). Additional support for
regulation of the cell cycle (Chen et al., 2008) are findings that overexpression attenuates the
normal cell cycle rate without causing apoptosis. The antiproliferative effect has been
attributed to suppression of the CDK2 and CDK4/6 cell cycle pathways (Lin et al., 2010).

Another family of miRNAs that has a prominent role in ESCs is the miR-17-92 family. This
cluster is regulated by Myc. In stem cells, the cluster is marked by H3K4me3 and
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H3K36me3 activation modifications (Smith 2011). Although the miR-17-92 family has been
studied extensively in numerous cancers, its role in ESCs is not as clearly defined. However,
this family may target cell cycle regulators that include the E2F transcription factors,
cyclins, and the retinoblastoma (Rb) family of tumor suppressors (Mendell, 2008;Wang et
al., 2008).

C. Architectural Organization of Cell Cycle Regulatory Machinery in a
Minimally Organized Pluripotent Cell Nucleus

1. The Pluripotent Nuclear Landscape

a. Hierarchical organization of nuclear regulatory machinery—Multiple levels of
nuclear organization contribute to genetic and epigenetic control of transcription in
pluripotent as well as lineage committed cells (Figure 4). From a hierarchical perspective,
there is linear organization of genes with regulatory elements strategically residing
upstream, downstream and within mRNA coding sequences. Chromatin structure,
nucleosome organization and higher order conformations include long range protein-DNA,
protein-protein interactions, nuclear matrix association, cross talk between gene loci residing
in independent chromosomes and organization of regulatory machinery in punctate nuclear
microenvironments.

Compartmentalization of the components for transcriptional control is dynamic and supports
integration of regulatory signals. A synergistic relationship between nuclear organization
and epigenetic control is reflected by localization of factors that support DNA methylation
and histone modifications at promoter regulatory domains. Here, conformational
modifications support and influence transcriptional activation and/or suppression by mitotic
retention of regulatory complexes at target gene loci during mitosis (e.g. bookmarking) to
sustain competency for gene expression in progeny cells (Zaidi et al., 2010; Pockwinse et
al., 2011).

b. A dominant “open” genomic organization—There are unique features to the
nuclear organization of regulatory machinery in hESCs that are distinct from the nuclear
regulatory landscape of lineage committed cells (Bakshi et al., 2010; Young et al.,
2007a;Stein et al., 1989;Young et al., 2007b;Kouzarides, 2007;Li et al., 2007;Rao et al.,
2004;Bhattacharya et al., 2004;Wei et al., 2005;Boyer et al., 2005). The hESC genome is
primarily packaged as euchromatin with minimal presence of heterochromatin. Although the
functional significance remains to be mechanistically established, considerations include: 1)
a genomic organization that is poised to support initial lineage-specific gene expression and
tissue-specific gene expression, 2) a genomic organization that is essential for pluripotency,
but is compatible with a limited extent of architectural remodeling that can be
accommodated during an abbreviated cell cycle, and 3) limited compartmentalization of
regulatory machinery in nuclear microenvironments that characterize differentiated cells.

The genomic organization in pluripotent cells is a component of transcriptional control.
There are low levels of transcripts from phenotypic genes, but an absence of the encoded
proteins. Some parameters of subnuclear organization (e.g., X chromosome inactivation
(Hall and Lawrence, 2010;Hall et al., 2009;Clemson et al., 2006;Hall and Lawrence,
2003;Chow et al., 2003;Chow et al., 2002;Hall et al., 2002)) are established during the initial
stages of development, while other parameters are in place and functionally operative during
the earliest stages of development in hESCs. This includes nucleoli and histone locus body
(HLB) organization. The significance of the relationships between functionally-organized,
temporally staged and architecturally-associated regulatory complexes with biological
control is evident, as described in the following sections.
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c. Expeditious genomic reorganization in the pluripotent cell cycle—There are
fundamental architectural modifications in genome configurations during the abbreviated
cell cycle of hESCs that establish competency for DNA replication. Chromosome
decondensation as cells exit mitosis and immediate assembly of chromatin-related nuclear
microenvironments essential for gene expression (HLBs) are expedited during hESC self-
renewal (Ghule et al., 2008). The mechanisms that render genes required for S phase
selectively and rapidly accessible to regulatory factors during the abbreviated G1 phase of
hESCs must be understood.

Maintenance of an open chromatin structure is essential for the pluripotent state. For
example, depletion of the chromatin remodeling factor Chd1 in mouse ESCs results in
accumulation of heterochromatin and loss of pluripotency (Gaspar-Maia et al., 2009). The
transcription factors Oct4, Sox2, Nanog, and Myc constitute the core regulatory circuitry of
ESCs and sustain pluripotency by activating cohorts of genes (Cole and Young,
2008;Marson et al., 2008;Silva and Smith, 2008;Chen et al., 2008). These pluripotency
factors also repress cell-lineage-specific regulators to maintain the undifferentiated state
(Bilodeau et al., 2009;Pasini et al., 2008;Lee et al., 2006;Loh et al., 2006) (Boyer et al.,
2005;Boyer et al., 2006b;Boyer et al., 2006a).

To retain options for differentiation into all cell types, the chromatin of undifferentiated
ESCs is transcriptionally permissive, with pronounced sensitivity to nucleases, limited
heterochromatinization, as well as highly dynamic binding of structural proteins (e.g.,
histones H2A and H2B, HP1), general transcription factors (e.g., GTF2al, GTF2b) and
chromatin remodeling factors (e.g., Smarca4, Chdl) (Efroni et al., 2008;Mattout and
Meshorer, 2010). Upon differentiation of ES cells, chromatin structure becomes more
compact and repressive (Ahmed et al., 2010;Efroni et al., 2008;Schaniel et al., 2009). Thus,
in contrast to the gene-selective chromatin remodeling that occurs during the cell cycle on a
‘mixed background’ of euchromatin and heterochromatin in committed cells, S phase related
changes in chromatin architecture in ESCs must be achieved on a predominantly
euchromatin background.

This open chromatin structure of proliferating pluripotent cells must be rapidly re-
established following mitosis by global decondensation while selectively generating
accessibility to cell cycle stage specific genes. The very short G1 phase of ESCs temporally
compresses chromatin remodeling of genes that are transcriptionally induced at the G1/S-
phase transition. Therefore, it is important to establish how chromatin structure is locally re-
organized to support gene activation of a limited number of genomic loci that are essential
for S phase progression, while cells decondense chromatin following mitotic division in
anticipation of accelerated S-phase entry. It is necessary to define molecular mechanisms
that control the selective activation of the genes most highly expressed at the G1/S-phase
transition of pluripotent stem cells. Modulation of histone gene expression as the most
prominent gene regulatory program at S-phase entry is mediated by active remodeling of
chromatin, dynamic recruitment of gene regulatory factors and epigenetic marking of
nucleosomes that are distinctly organized. It is critical to establish mechanisms that support
gene-selective reconfiguration of chromatin architecture that proceeds in parallel with
decondensation of chromatin as cells exit from mitosis through an abbreviated G1 phase in
preparation for S-phase in pluripotent hESCs.

2. Nuclear Compartmentalization of Histone Gene Regulatory Machinery for the Pluripotent

Cell Cycle

The architectural events necessary for initiation of histone gene expression contributes to
control of the G1/S phase transition in pluripotent cells (Figure 5). Histone gene expression
in hESCs is coupled to architectural localization of regulatory machinery in nuclear
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microenvironments (Figure 6). Further, the S-phase specific expression of histone genes is
temporally and functionally coupled with DNA replication. This was the initial example of
cell cycle dependent gene regulation and provides a paradigm for understanding regulatory
mechanisms at the G1/S transition (Stein et al., 1975; Stein et al., 1996;Stein et al.,
1975;0sley, 1991;Stein et al., 1984;Marzluff, 1992;Prescott, 1966). The induction of histone
MRNA and protein synthesis at the initiation of S phase supports packaging newly replicated
DNA into chromatin (Stein et al., 1975; Chrysogelos et al., 1985; Chrysogelos et al., 1989;
Osley, 1991;Marashi et al., 1982;Morris et al., 1986;Plumb et al., 1983;Baumbach et al.,
1987). Histone H4 gene transcription is activated at the G1/S phase transition and down-
regulated during quiescence or differentiation (Shakoori et al., 1995;van Wijnen et al.,
1997;van Wijnen et al., 1991;van den Ent et al., 1993;Ramsey-Ewing et al., 1995;Stein et
al., 1989;Hovhannisyan et al., 2003;Cho et al., 2002;Wright et al., 1992;Pauli et al.,
1987;Pauli et al., 1989;Pauli et al., 1988;Kroeger et al., 1995). These transcriptional
modulations occur concomitant with dynamic modifications in chromatin structure and /n
vivo occupancy of histone gene promoters in somatic cells (Hovhannisyan et al., 2003;Pauli
et al., 1988;Chrysogelos et al., 1989;Moreno et al., 1986;Chrysogelos et al., 1985). The
increase in histone gene transcription early in S phase is mediated by transcription factors
that have been identified in somatic cells (Mitra et al., 2003;Miele et al., 2005;Holmes et al.,
2005;van Wijnen et al., 1992;Vaughan et al., 1995;van Wijnen et al., 1994;van den Ent et
al., 1994;van Wijnen et al., 1996;Guo et al., 1995;Guo et al., 1997;Birnbaum et al.,
1995;Mitra et al., 2001;van Wijnen et al., 1989;Ramsey-Ewing et al., 1994).

In pluripotent stem cells, as in somatic cells, histone genes are not regulated by an E2F/RB
switch but by a HiINF-P/p220NPAT co-activation complex (Stead et al., 2002). The number
of p220NPAT foci increases in G1 prior to the CDK dependent phosphorylation of p220NPAT
in S phase. This increase may render the p220NPAT/HiNF-P/histone gene regulatory
complex poised for rapid activation by cyclin/CDK complexes to induce histone gene
expression at the onset of DNA synthesis. The CLNE/CDK2/NPAP/HINFP pathway defines
a novel cell cycle transition point, designated the ‘S-point’. S point-related cell cycle control
mechanisms in the context of subnuclear organization can provide an understanding of the
assembly of the histone gene expression machinery at dedicated subnuclear domains
(p220NPAT foci or HLBS) in both naive and pre-committed hESCs.

Spatial mechanisms for synthesis and processing of histone gene transcripts are different
between hESCs (Becker et al., 2007) and lineage-committed somatic cells (Mitra et al.,
2003;Miele et al., 2005; Zhao et al., 1998;Zhao et al., 2000;Ma et al., 2000;Ye et al.,
2003;Wei et al., 2003). For example, the number of p220NPAT foci double from two to four
upon entry into S phase in somatic cells (Frey and Matera, 1995;Shopland et al., 2001;Ma et
al., 2000;Zhao et al., 2000;Miele et al., 2005). In contrast, in hESCs, p220NPAT forms two
subnuclear foci in G1 that double to four foci prior to the onset of S phase (Ghule et al.,
2007). The biological basis of how hESCs expedite G1 progression to accelerate the self-
renewal cell cycle is of extreme importance for the development of potential therapeutic
measures.

In another example, while Cajal bodies and p220NPAT subnuclear foci are relatively stable,
they exhibit fluctuations in their resident components depending on the species, cell type,
and/or cell cycle stage. The p220NPAT foci detected in G1 of hESCs do not colocalize with
coilin. Although a subset of p220NPAT foci co-localizes with coilin as S phase progresses, a
minor subset of foci contain only one of the proteins. Therefore, p220NPAT foci and Cajal
bodies containing coilin may be related, but are distinct subnuclear entities, likely with a
variety of functions. In somatic cells, p220NPAT and HiNF-P are associated with the two
large human histone gene clusters on Chromosomes 1 and 6, as well as the unique U7
snRNP that cleaves the 3’ end of nascent histone gene transcripts to generate mature non-
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polyadenylated mRNAs. The prototypical Cajal body component coilin interacts with
U7snRNP, thereby providing structural linkage between Cajal bodies and the histone pre-
mRNA processing machinery (Bellini and Gall, 1998). A subset of p220NPAT foci may
coincide with Cajal bodies. These bodies contain an integrated architectural complex of
histone gene transcription factors, p220NPAT  histone gene clusters, and the U7 snRNP
related 3’ end processing machinery. p220NPAT and FLASH may be necessary to maintain
this structure during the cell cycle (Ye et al., 2003;Barcaroli et al., 2006).

Lastly, the restoration of an abbreviated G1 period in iPSCs, with organization of HLBs
immediately following completion of mitosis, supports the functional relationship between
the intranuclear localization of transcriptional regulatory machinery and cell cycle control
that is retained in hESCs but modified to occur immediately in G1 for accommodation of the
abbreviated G1 period. It remains unknown as to what extent the nuclear organization of
regulatory machinery that characterizes hESCs is restored with reprogramming. However, it
appears that critical components of cell cycle control exhibit conserved interrelationships
between nuclear structure and function.

3. Biological Relevance for an Abbreviated G1 in the Pluripotent Cell Cycle

Cell growth is a principle metabolic process in the G1 period of the cell cycle. The
abbreviated G1 period in pluripotent cells may be linked to the reduced size compared with
specialized cells that have an extended G1 period. The physiological relevance of the
abbreviated G1 period in pluripotent cells remains to be experimentally determined.
However, division of pluripotent versus differentiated cells may involve different molecular
mechanisms for cell cycle control that reflect the unique requirements of these “primitive”
cells. For example, it is necessary to mechanistically accommodate the priority of an ESC to
proliferate and maintain pluripotency, in contrast to the requirement of a differentiated cell
to acquire and support a specialized role.

Cells preferentially initiate differentiation from G1. Therefore, a short G1 limits the time
during which a cell can be influenced by and responsive to external differentiation cues.
Inhibition of G1 progression compromises pluripotency. An extended S phase supports
maintenance of euchromatin, that can be conducive to rapid regulation of gene transcription.
During mitosis, the displacement of some but not all transcription factors from condensing
chromatin may “reset” transcriptional programs for the next G1, which requires significant
time to remodel. In the absence of mitogenic signals, cells exit cycle in G1 and become
quiescent (G0), but in response to mitogenic signaling, can re-enter the cycle in response to
mitogenic signaling (R restriction point). Subsequent to the R point, signaling is no longer
required for cell cycle progression.

Organization of the regulatory machinery at punctate foci designated HLBs (Ghule et al.
2008) at the onset of DNA synthesis provides a benchmark for experimentally establishing
functional linkage of nuclear microenvironments with control of the pluripotent cell cycle.
The restoration of an abbreviated G1 period in iPSCs, with organization of histone locus
bodies immediately following completion of mitosis, supports the functional relationship
between the intranuclear localization of transcriptional regulatory machinery and cell cycle
control that is retained in hESCs but modified to occur immediately in G1 for
accommodation of the abbreviated G1 period. It remains unknown as to what extent the
nuclear organization of regulatory machinery that characterizes hESCs is restored with
reprogramming. However, it appears that critical components of cell cycle control exhibit
conserved interrelationships between nuclear structure and function.
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4. Regulatory Infrastructure in Pluripotent Cell Nucleus: Options and Obligations

The abbreviated cell cycle in hESCs provides a streamlined process for proliferation during
initial stages of development where pluripotency is required. From a regulatory perspective,
genes that mediate competency to proliferate and cell cycle progression, that are selectively
expressed in a cell cycle dependent manner, appear to be constitutive. Superimposed, there
is retention of mechanisms that control execution of M/G1, G1/S, S/G2 and G2/M
transitions as well as fidelity of R-point and S-point regulation. Other components of cell
cycle control that are specific for hESCs include preferential expression of regulatory
factors.

These characteristics of cell cycle-regulated pluripotency raise a series of mechanistic
questions. What is the extent that regulatory events which are confined to specific stages of
the cell cycle become constitutive in pluripotent cells? How extensive is regulatory
machinery for DNA replication organized and assembled immediately following mitotic
division? Are unique cell cycle regulatory proteins involved at the transition from an
abbreviated pluripotent cell cycle to an extended cell cycle in lineage committed cells? Can
parameters of cell cycle and growth control be identified to account for properties of lineage
committed stem cells which exhibit extended periods of quiescence and mitotic divisions
that are generally asymmetric rather than symmetric? How does proliferative dormancy of
cancer stem cells contribute to resistance to both radiation and chemotherapy? A
provocative answer, with a positive outlook, to the latter question is reviewed in Clevers
2011.

Beyond the biochemical mechanisms that are hallmarks of pluripotent cells, the parameters
of nuclear organization that distinguish these primitive cells from lineage committed cells
may offer insight into nuclear structure-gene expression relationships that can facilitate
exploitation of pluripotent cells for tissue engineering and provide therapeutic targets in
cancer stem cells. The minimal organization of regulatory machinery in nuclei of pluripotent
cells may identify components of nuclear architecture that are fundamental to governing
proliferation and cellular function in a broader context.

Architectural organization and compartmentalization of cell cycle regulatory complexes can
be instructive for discriminating between regulatory processes that are operative in biology
and pathology. The assembly and activity of HLBs when S phase is initiated rapidly
following completion of mitosis in hESCs points to cellular dependence on
compartmentalization of cell cycle regulatory machinery. Assembly happens after an
extended G1 period in lineage committed cells, and after completion of mitosis in
reprogrammed pluripotent stem cells, which have an abbreviated G1 period,. Whether there
are variations in the mechanisms for such architectural organization of genes and cognate
factors that support cell cycle and growth control that are operative in pluripotent and
lineage committed cells remains to be established. However, it is realistic to anticipate that
further insight into linkage of nuclear structure and gene expression will be mechanistically
informative. From both fundamental regulatory and clinical perspectives, further
understanding of the pluripotent cell cycle is relevant to applications of stem cells for
regenerative medicine and new dimensions to therapy where traditional drug discovery
strategies have been minimally effective.
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Figure 1. Differences between pluripotent and lineage committed cell cycle length

The four stages of the somatic cell cycle (G1: gap 1, S: synthesis of DNA, G2: gap 2, and
M: mitosis) support duplication of the genome and subsequent segregation of a diploid set of
chromosomes into two progeny cells. Post-fertilization, during early development,
embryonic stem cells (ESC), derived from the inner cell mass (ICM) of blastocysts, have an
abbreviated cell cycle, as a consequence of a very short G1 phase (red continuous segment;
2-3 h). During lineage commitment, ESCs undergo asymmetric division to produce more
stem cells and new precursor cells (lineage committed stem cells and lineage specific
progenitors) that will support growth, differentiation, and organogenesis. These precursor
cells continue dividing with a normal cell cycle, but extended G1 phase (red/blue continuous
segments; 8-12 h). The reprogramming of pre-committed somatic cells to a pluripotent state
results in the reacquisition of a shortened cell cycle with a short G1 phase (red continuous
segment; 2-3 h) and constant S, G2 and M phases. Upon differentiation, the cell exits the
cell cycle after mitosis and goes to GO (gray continuous segment). All pluripotent cells have
the potential to undergo symmetric or asymmetric division. This equilibrated state (central
black line) allows the cells to be responsive to signals for self-renewal or lineage
commitment. The green and blue dotted lines depict cell divisions during self-renewal. The
purple dotted lines represent the intermediate steps necessary for lineage commitment. The
red dotted lines symbolize the chain of events necessary to reprogram cells (iPS cells). For
simplicity, the intermediary states between lineage-committed stem cells and differentiated
cells are not shown. R and S points represent the restriction points controlling the G1/S
transition. Note, that the R point is only present in committed cells. Both restriction points
are more extensively described in Figure 5.
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Figure 2. Multiple checkpoints control cell cycle progression

(@) The cell cycle is regulated by several critical cell cycle checkpoints (ticks) at which
competency for cell cycle progression is monitored. Entry into and exit from the cell cycle
(black lines and lettering) is controlled by growth regulatory factors (e.g. cytokines, growth
factors, cell adhesion and/or cell-cell contact), which determine self-renewal of stem cells
and expansion of pre-committed progenitor cells. The biochemical parameters associated
with each cell cycle checkpoint are indicated by red lettering. Options for defaulting to
apoptosis (yellow lettering) during G1 and G2 are evaluated by surveillance mechanisms
that assess fidelity of structural and regulatory parameters of cell cycle control. (b)
Transcription factors (green) are organized in distinct foci in the interphasic nuclei.
Although some lineage-specific transcription factors (i.e. RUNX2) are retained on target
gene promoters in chromosomes at all stages of mitosis, others do not associate with
chromosomes and are degraded. This retention of transcription factors in addition to the
occurrence of certain histone modifications indicate that certain genes are bookmarked for
expression after mitosis.
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Figure 3. Surveillance and editing mechanisms mediating checkpoint control

(@) Surveillance mechanisms monitor multiple biochemical and architectural parameters that
control cell cycle progression. These parameters include the intracellular levels of regulatory
proteins, structural and informational integrity of the genome, as well as extracellular signals
governing cell cycle progression. The integration of this regulatory input can result in (i)
competency for cell cycle progression (green traffic light and arrows), (ii) cell cycle
inhibition and activation of editing mechanisms (yellow traffic light and arrows) or (iii) the
active and regulated destruction of the cell in response to apoptotic signals (red traffic light
and red arrow). (b) Traverse of the cell cycle is regulated by a series of checkpoints at
strategic positions within the cell cycle. Several major checkpoints (yellow arrows with ticks
and light purple lettering) only allow a cell to commit to a subsequent cell cycle stage upon
satisfying essential biochemical and architectural criteria governing competency for cell
cycle progression (green traffic lights). For example, at the ‘restriction point” surveillance
mechanisms (yellow traffic lights) integrate cell growth stimulatory and inhibitory signals,
including growth factors, cell adhesion and nutrient status (light purple lettering).
Checkpoints in G1 and G2 are necessary to ensure the integrity of the genome and, if
necessary, activate chromatin editing mechanisms (light purple lettering). The spindle
assembly checkpoint ensures equal chromosome segregation. (c) Checkpoint control
mechanisms monitor intracellular levels of cell cycle regulatory factors, as well as
parameters of chromatin architecture. For example, the activation of cyclin-dependent
kinases reflects the sensing of intracellular concentrations of the cognate cyclins. CDK
activation is attenuated by CDK inhibitor proteins (CKIs) which inactivate CDK/cyclin
complexes. Competency for cell cycle progression requires that cyclin levels reach a
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threshold (e.g. by exceeding the levels of available CKIls, or phosphorylation events altering
the affinities of cyclins and CKIls for CDKSs). As a consequence, activated CDK/cyclin
complexes phosphorylate transcription factors that regulate expression of cell cycle stage-
specific genes. Furthermore, key checkpoints in G1 and G2 monitor chromatin integrity and
perform essential editing functions. DNA damage activates DNA-repair mechanisms that fix
informational errors in the genome and restore nucleosomal organization by chromatin
remodeling.
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Level 1: Linear arrangement of transcription factor binding sites in gene promoters
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Figure4. (A) Multiple Levels of Nuclear Organization

The organization of cognate DNA-regulatory elements in a linear fashion within gene
promoters comprises the primary level of nuclear organization. The distance between these
regulatory sites is additionally regulated by the folding of DNA into nucleosomes and higher
order chromatin structures. Scaffolding nuclear proteins, usually transcription factors (TF),
assemble multiprotein complexes to facilitate the combinatorial control of gene expression
within the context of nuclear structure, thus forming dynamic microenvironments within the
nucleus. Typical nuclear microenvironments contain various co-regulatory proteins that are
involved in combinatorial control of gene activation, as well as repression, chromatin
remodeling and cellular signaling. In addition, many nuclear microenvironments are equally
partitioned during mitosis to epigenetically regulate cell growth and phenotypic properties.
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Figure 5. Transcriptional control at the G1/S phasetransition

The genes encoding cell cycle regulatory subunits (e.g. cyclin E) and histone biosynthesis
(e.g. H4) are each controlled by intricate arrays of promoter regulatory elements that
influence transcriptional initiation by RNA polymerase Il. E2F elements in the promoter of
the cyclin E gene interact with E2F factors that associate with CDKSs, cyclins and pRB-
related proteins (R-point). In contrast, histone genes are controlled by the site 11 cell cycle
regulatory element, which interacts with CDP-cut and IRF2 proteins, and the HINFP/
p220NPAT complex. Analogous to E2Fdependent mechanisms, CDP-cut interacts with
CDK1, cyclin A and pRB, whereas IRF2 performs an activating function similar to ‘free’
E2F. HINFP binds to this cell cycle regulatory element (site 11) and recruits p220NPAT,
thus integrating signals from the cyclin E/CDK2 kinase pathway (S-point). The presence of
SP1 in the promoters of G1/S phase-related genes provides a shared mechanism for further
enhancement of transcription at the onset of S phase.
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Figure 6. Thecell cycle control of histone gene expression isrequired to support the abbreviated
cell cyclein pluripotent stem cells

In pluripotent stem cells, as in lineage committed cells, histone genes are not regulated by an
E2F/RB switch but by a HINF-P/p220NPAT co-activation complex. However, the cell cycle
dependent organization of p220NPAT foci is different between somatic and pluripotent stem
cells. For example, in pluripotent stem cells, the number of p220NPAT foci increases in G1
prior to the CDK dependent phosphorylation of p220NPAT in the S phase (a, b; top panel). In
contrast, the number of p220NPAT foci double from two to four upon entry into S phase in
lineage committed cells (a, b; bottom panel). The increase in the kinetic of HLBs formation
in pluripotent stem cells may render the p220NPAT/HINF-P/histone gene regulatory complex
poised for rapid activation by cyclin/CDK complexes to induce histone gene expression at
the onset of DNA synthesis. (a) Diagrammatic representation of temporally different
assembly of Histone Locus Bodies (HLBs) during G1/S transition in pluripotent vs lineage
committed cells. (b) Immunofluorescence microscopy demonstrating temporal differences in
the assembly of HLBs during G1/S transition in pluripotent vs lineage committed cells.
Mitotically synchronized hES cells at various cell cycle stages were monitored by
immunofluorescence (IF) microscopies for association of NPAT (green), showing spatial
and temporal linkage of the histone gene cluster at 6p22 (red). DAPI staining (blue) was
used to visualize the nucleus.
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