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Abstract

Embryonic stem (ES) and induced pluripotent stem (iPS) cells self-renew and are pluripotent.
Differentiation of these cells can yield over 200 somatic cell types, making pluripotent cells an
obvious source for regenerative medicine. Before the potential of these cells can be maximally
harnessed for clinical applications, it will be necessary to understand the processes that maintain
pluripotentiality and signal differentiation. Currently, three unique molecular properties
distinguish pluripotent stem cells from somatic cells. These include a unique transcriptional
hierarchy that sustains the pluripotent state during the process of self-renewal; a poised epigenetic
state that maintains chromatin in a form ready for rapid cell fate decisions; and a cell cycle
characterized by an extremely short gap 1 (G1) phase and the near absence of normal somatic cell
checkpoint controls. Recently, B-MYB (MYBLZ2) was implicated in the gene regulation of two
pluripotency factors and normal cell cycle progression. In this article, the three pluripotency
properties and the potential role of B-Myb to regulate these processes will be discussed.
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Introduction

Embryonic stem (ES) cells are derived from the inner cell mass (ICM) of pre-implantation
embryos. When differentiated in vitro, ES cells give rise to all cell types derived from the
three primary germ layers and, following tetraploid aggregation, mouse ES cells can
generate a viable embryo (Wobus and Boheler, 2005). Since ES cells do not readily generate
all extra-embryonic tissues associated with normal embryo development, these cells are
most aptly described as pluripotent and not as totipotent. The ability to maintain stem cell
pluripotency in culture and differentiate these cells on demand has led to their widespread
use as an in vitro model of development. More importantly, these cells and other pluripotent
lines have been proposed as a possible source for cell replacement therapy to treat diseases
or syndromes like Parkinsonism, spinal cord injury, diabetes, and heart failure [for review
see (Wobus and Boheler, 2005)]. To achieve the goal of clinical applications, ES cells
ultimately need to be differentiated efficiently to specific cell types, and potential problems
associated with tumor formation or immunological rejection must be overcome. Tumor
formation may be obviated through differentiation to “mature” phenotypes or through
appropriate selection paradigms to remove any undifferentiated pluripotent stem cells.
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Immunologic limitations may be overcome through the generation of induced pluripotent
stem (iPS) cells that can be created in vitro through transcription factor reprogramming of
adult cells isolated directly from patients (Takahashi et al., 2007; Takahashi and Yamanaka,
2006; Yu et al., 2007). Other than confounding integration dependent events, these
pluripotent cells are very similar to or indistinguishable from blastocyst-derived ES cells
(Mabherali et al., 2007). Continued research and a thorough understanding of the molecular
mechanisms that underlie the pluripotency of stem cells are, however, prerequisites before
the goal of therapeutics can be realized. Three unique molecular properties distinguish
pluripotent stem cells from somatic cells, including a unique transcriptional hierarchy, a
poised epigenetic state, and a short cell cycle transit time (Figure 1).

Pluripotency Factors and Regulatory Hierarchies

Transcriptional control contributes to the maintenance of pluripotency, and three
transcription factors, including the homeodomain proteins POU5F1 (OCT3/4) and NANOG,
and the SRY-related HMG box containing protein SOX2, have been directly implicated in
the maintenance of pluripotent ES cells (Figure 1A). POU5F1 is a member of the POU
transcription factor family and is expressed in the mouse embryo from the 4-to 8-cell stage
until the epiblast begins to differentiate. Its presence is essential for the initial development
of pluripotentiality in the inner cell mass (ICM), and consequently, high levels of this
transcription factor are largely restricted to pluripotent lineages (Wobus and Boheler, 2005).
Mouse embryos lacking POU5F1 protein die following implantation due to a lack of an ICM
(Nichols et al., 1998). Importantly, POU5F1 must be present at appropriate levels to
maintain pluripotency, because even a two-fold increase in expression causes differentiation
into primitive endoderm and mesoderm, while loss of POU5F1 induces the formation of
trophectoderm concomitant with a loss of pluripotency (Niwa et al., 2000). The latter is
dependent upon interactions between POU5F1 and the definitive trophectodermal marker
and transcription factor CDX2 (Niwa et al., 2005). Thus POU5F1 represses differentiation to
trophoblast, and it works with other factors to maintain the undifferentiated state (Figure
1A). During early differentiation, however, POU5F1 exhibits pleiotrophic and dose-
dependent functions that direct differentiation of ES cells to some cell lineages (Zeineddine
et al., 2006).

Expression of the homeodomain protein NANOG in pre-implantation embryos is restricted
to the inner cells of the compacted morula and blastocyst, and it is largely absent from
differentiated cells (Chambers et al., 2003; Mitsui et al., 2003). Elevated levels of NANOG
confer constitutive self-renewal of mouse ES cells in the absence of Leukemia Inhibitor
Factor (LIF)/gp130 stimulation, and NANOG over-expressing cells can be propagated in
serum-free media in the absence of Bone Morphogenetic Protein (BMP) (Ying et al., 2003).
Over-expression of NANOG promotes high levels of Inhibitor of DNA Binding (Id)
expression, which may serve to inhibit neuroectoderm formation. Nanog knockout mice
develop to the blastocyst stage, but when cultured, the ICM differentiates to parietal
endoderm-like cells. Thus, NANOG not only maintains pluripotency, it appears to inhibit
the transition of undifferentiated ES cells to primitive endoderm (Figure 1A). In human ES
cells, NANOG over-expression furthermore enables the cells to grow without feeder cells.
Activation of p53, however, induces the differentiation of DNA-damaged ES cells by
directly suppressing the expression of Nanog (Lin et al., 2005).

The sox2 gene encodes a transcription factor with a single HMG DNA binding domain that
generally functions to bend DNA. It is expressed in the pluripotent lineages of early mouse
embryos, but unlike POU5F1, it is also expressed in the multipotent cells of the extra-
embryonic ectoderm. Sox2-null mutant mice fail to develop beyond implantation (Avilion et
al., 2003), and down-regulation of Sox2 is associated with differentiation. Moreover,
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knockdown of Sox2 induced polyploidy (8C) and trophectoderm differentiation in mouse ES
cells (Li et al., 2007). These latter results suggest that SOX2 may cooperate with POU5F1 to
prevent trophectoderm differentiation in ES cells.

From chromosomal immunoprecipitation (ChlP)-on-chip or ChlP-paired-end ditag (PET)
analyses (Eisenstein, 2006), these three transcription factors were found to co-occupy a
substantial portion of target genes (Boyer et al., 2005; Loh et al., 2006). In both mouse and
human, POU5F1 and NANOG co-occupy transcriptionally active and silent genes, including
some that are transcriptional regulators implicated in lineage specification and cell fate
determination during development (Boyer et al., 2005; Kim et al., 2008; Loh et al., 2006;
Wang et al., 2006). Through RNA interference-mediated depletion of Pou5f1 and Nanog
transcripts coupled with microarray expression profiling, it was determined that these factors
can indeed activate or suppress gene transcription (Loh et al., 2006). Several other features
suggest that the NANOG and POUSF1 protein interactions are actively implicated in the
maintenance of ES cell pluripotency (Wang et al., 2006). First, the network is enriched in
proteins required for survival or differentiation of the ICM. Second, most genes encoding
the proteins in this network are co-regulated or down-regulated upon differentation. Some
examples of overlap include genes for Hoxal, Foxd3, Msx2 and Hexb. Third many of the
proteins in the interactome were independently identified by ChlP-on-chip or ChIP-PET
analyses, suggesting that these factors are common to pluripotent cell lines. Fourth, the
network was linked to several cofactor pathways involved in transcriptional repression; and
fifth, multiple interactions between key factors within the network may positively or
negatively affect the stoichiometry within the complexes that maintain pluripotency. This
latter finding may provide a framework for understanding the reprogramming of
differentiated cells to a pluripotent state. Thus, these two factors may act in concert to
regulate a common set of downstream pathways and developmental hierarchies. Octamer
and Sox elements are also required for transcriptional cis-regulation of both nanog (Kuroda
et al., 2005; Rodda et al., 2005) and pou5f1 gene expression (Okumura-Nakanishi et al.,
2005). Moreover, POU5F1 modulates an upstream enhancer in the sox2 gene (Catena et al.,
2004).

Additional transcription factors implicated in the maintenance of ES cell pluripotentiality
include those encoded by c-Myc (Cartwright et al., 2005), Essrb (van den Berg et al., 2008;
Zhang et al., 2008), Fgf4 (Ambrosetti et al., 1997), Foxd3 (Genesis)(Sutton et al., 1996),
Gbx2 (Chapman et al., 1997), Pem (Fan et al., 1999), Rifl (Loh et al., 2006), Sall4 (Zhang
et al., 2006), Thx3 (Ogawa et al., 2007), Utfl (Okuda et al., 1998), Zfp42 (Rex1)(Hosler et
al., 1993), Zfx (Galan-Caridad et al., 2007), and Zic3 (Lim et al., 2007). Most of these have
been shown to be expressed in the ICM of blastocysts and are down-regulated or post-
translationally modified upon differentiation; however, many of these are not exclusively
expressed by pluripotent ES cells and can be found in other cell types in the soma. In the
context of pluripotency network control, transcription factors like fgf4, utfl, rex1 are all
direct targets of POUSF1 regulation; whereas, essrb and rifl are primary targets of both
POUS5F1 and NANOG (Loh et al., 2006). Multiple others, including zic3 appear to be
controlled either directly or indirectly by the regulatory core of POU5F1, NANOG and
SOX2. Thus, POU5F1, SOX2, and NANOG collaborate or function independently to form a
regulatory circuitry consisting of auto-regulatory and feed-forward loops that promote
pluripotency and inhibit differentiation (Figure 1A).

The generation of induced pluripotent stem (iPS) cells using POU5F1/SOX2/MYC/KLF4
(in mouse) or POU5F1/SOX2/NANOG/LIN28 (in human) to reprogram adult cells into
pluripotent cells has further demonstrated the role of these transcription factors in
maintaining pluripotentiality; and recent studies have shown how POU5F1 and SOX2 alone
with the histone deactylase inhibitor valproic acid can generate pluripotent cells (Huangfu et
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al., 2008). The reprogramming process is time dependent, and recent work from Brambrink
et al and Stadtfeld et al have shown the sequence of events that occurs during this
reprogramming process (Brambrink et al., 2008; Stadtfeld et al., 2008). Using inducible
constructs and mouse embryonic fibroblasts, the authors found that during mouse iPS cell
derivation, endogenous alkaline phosphatase in activated, followed by the expression of
stage specific embryonic antigens and a loss of Thy1 expression. Expression of endogenous
nanog and pou5f1 genes is observed only late in the process, marking the full
reprogramming of these cells. At least in these experiments, the transduced cDNAs (Pou5f1,
Sox2, KIf4 and c-Myc) must be expressed for at least 12 days to generate iPS cells.
Subsequently, silencing of these exogenous genes is necessary for normal cell
differentiation.

Epigenetics and Chromatin

Dolly the cloned sheep (Wilmut et al., 1997) and the establishment of iPS cells (Okita et al.,
2007; Takahashi et al., 2007) have challenged the dogma that only totipotent (fertilized egg
up to the 8 cell stage) or ES cells are capable of generating a viable organism. Since these
clones were generated from adult somatic cell nuclei or cells, the results establish that cell
reprogramming through altered epigenetic control is intimately related to pluripotentiality.

The term epigenetics specifically refers to heritable changes in a genotypic change that is
caused by mechanisms other than changes in the primary DNA sequence; consequently,
non-genetic factors cause the organism’s genes to behave differently (Bibikova et al., 2008;
Surani et al., 2007). A more rigorous definition of epigenetics refers specifically to traits that
can be passed on as a heritable trait; however, modifications to chromatin that normally
occur during cellular differentiation (e.g., ES cells differentiating to mature cardiomyocytes
or neurons) may also be an apt use of this term (Ptashne, 2007). During morphogenesis, for
example, totipotent stem cells evolve into various pluripotent cell types that can fully
differentiate into almost 200 different cell types including adult stem cells, neurons, muscle
cells, liver cells, blood cells, epithelium, endothelium, and others. Since the primary DNA
sequence does not change during this process, epigenetic modifications represent key
regulators of developmental events that include X-inactivation, genomic imprinting,
patterning by Hox genes and cellular differentiation and development (Surani et al., 2007).
Importantly, epigenetic modifications may be maintained long-term, including through cell
divisions, and multiple generations of cellular progeny.

Central to epigenetic control is chromatin, a complex of DNA, histones, and other proteins
that make up chromosomes (Meshorer, 2007; Misteli, 2004; Misteli, 2007). The
fundamental unit of chromatin is the nucleosome, which is comprised of two copies each of
four core histones (H2A, H2B, H3 and H4) that form a histone octamer wrapped inside of
147 bp of genomic DNA (Figure 1B). The DNA bridging two adjacent nucleosomes is
termed linker DNA. In eukaryotes, chromatin is folded into dynamically regulated
structures, and changes to chromatin state directly influence genome activity and nuclear
function (Gasser, 2002; Misteli, 2001). Its structure can be specifically influenced by histone
modifications (e.g., methylation, acetylation, phosphorylation and ubiquitination) and
binding proteins that may only transiently associate with chromatin. Alternatively, genes
like pou5f1 and nanog can be turned off through cytosine methylation modifications to the
promoter regions (Hattori et al., 2007; Hattori et al., 2004).

The dynamics of histone modification and association with chromatin binding proteins are
particularly evident in ES cells and other multipotent cells during differentiation (Meshorer,
2007). During neuronal differentiation, for example, Meshorer et al (2006) showed that the
number, size and distribution of heterochromatin foci is altered (Meshorer and Misteli,
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2006); and following retinoic acid stimulation, Park et al, (2004) found an increase in the
amount of compact heterochromatin (Park et al., 2004). Although chromatin reorganization
during differentiation is not restricted to ES cells (Arney and Fisher, 2004), the unique
aspects of ES cell chromatin dynamics have led to suggestions that the chromatin state holds
some of the secrets of pluripotency (Meshorer and Misteli, 2006).

Additional epigenetic complexity comes from lysine methylation that in histones may take
one of several forms, including mono-, di-, or trimethyl. This array of possible
modifications, among others, increases the potential for functional responses. For example,
the methylation of Histone 3, Lysine 4 (H3K4) residues is generally associated with
trithorax group proteins; while, the methylation of Histone 3, Lysine 27 (H3K27) is
associated with polycomb group genes (Ringrose and Paro, 2004) (Figure 1B). The former is
associated with gene activation, while the latter is generally associated with gene repression.
The simultaneous methylation of both H3K4 and HeK27 is associated with a bipolar status,
whereby a gene may be “poised” to either be fully activated or repressed (Bernstein et al.,
2006; Lee et al., 2006). More specifically in ES cells, Polycomb group (PcG) proteins bind
promoter regions of numerous lineage specific genes (Boyer et al., 2006; Lee et al., 2006).
Activation of these genes would normally promote ES cell differentiation, but the PcG
proteins keep them repressed, but in a “poised state” in undifferentiated cells. Thus, the
dynamic regulation of developmental pathways by Polycomb repression complexes may be
required for maintaining mouse and human ES cell pluripotency and plasticity (Boyer et al.,
2006; Lee et al., 2006).

Based on what is currently known about epigenetic control during normal embryonic
development (Surani et al., 2007), it is likely that these factors, among others, interact with
chromatin remodeling proteins and histone modifying enzymes to modulate the chromatin
state. Similarly and if chromatin remodeling is indeed part of the mechanism underlying
pluripotency, it remains unclear whether reprogramming associated with the generation of
iPS cells is associated with a partial or complete loss of the epigenetic status or whether
reprogrammed cells retain “memory” of their former state, which may have beneficial or
adverse effects on cellular pluripotency.

Unique Cell Cycle

Relative to most somatic cells, ES cells divide very rapidly. Undifferentiated mouse ES cells
transit the cell cycle once every 8-12 hours, depending on the cell line and cultivation
conditions (Figure 1C). Human ES cells take approximately 15-30 hours to transit this cycle
[rev. in (Becker et al., 2006; Wobus and Boheler, 2005)]. Irrespective of the timing
differences, both mouse and human ES cells have a very short G1 phase. In mouse it is
roughly 1-2 hours (Savatier et al., 1994) and in primate and human cells it takes about
2.5-3.0 hours (Becker et al., 2006; Fluckiger et al., 2006). In contrast, mouse embryonic
fibroblasts transit the G1 phase in 6-12 hours and many adult cells take even longer. In
somatic cells, passage from G1 into the S phase normally requires mitogen activated cyclin
dependent kinases (Cdk) 4 and 6, cyclins (D and E), and members of the retinoblastoma
(Rb) tumor suppressor protein family, including pRb, p107 and p130. In general, Cdk
activity is opposed by a number of cell cycle inhibitory proteins, including p15INK4B,
pl6INK4A, p18INKA4C, p19INK4D, p19INK4D, p21CIP, p27KIP1 and p57Kip2. In ES
cells, cyclin D is mostly inactive and cell division is driven by high and constitutively active
Cdk2-cyclin E activity (Stead et al., 2002), low levels of p21Cipl and p27Kipl, and
hyperphosphorylation of members of the retinoblastoma (Rb) tumor suppressor protein
family, including p107 (Savatier et al., 1994). The presence of hyperphosphorylated,
inactive Rb proteins allows E2F-responsive genes to be transcribed independently of cell
cycle progression (Stead et al., 2002; White et al., 2005).
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The only cell cycle regulators that show cell cycle-dependent expression in undifferentiated
mouse ES cells are Cdk1 and cyclin B1, both of which show regulation during the G2 phase
of the cell cycle (Stead et al., 2002). An uncoupled G2 mitotic-spindle checkpoint, which
normally helps maintain chromosomal integrity during cell divisions, does not however
initiate apoptosis in mouse and human ES cells as it does in somatic cells; consequently, ES
cells fail to undergo mitosis and develop polyploidy. The absence of a robust checkpoint at
this phase of the cell cycle is a likely source of karyotypic abnormalities in ES cells and their
derivatives (Mantel et al., 2007).

Differentiation of pluripotent ES cells leads to progressive up-regulation of D cyclins
(Savatier et al., 1996), decreased Cdk activity and regulation by the Rb pathway (White et
al., 2005). Moreover, proliferating mouse ES cells contain very little of the truncated form
of cyclin A2, which binds to and activates cyclin-dependent kinase 2 (CDK2); but as cells
differentiate the amount of truncated cyclin A2 increases (Anger et al., 2003). This increase
may be associated with the activation of CDK2, which is essential for the cell cycle
transition from G1 to S. Cdc6, an activator of S phase kinase (AKT), cyclin A2, cyclin B1
and B-Myb also appear to be highly abundant in ES cells, but are down-regulated upon
differentiation (Fujii-Yamamoto et al., 2005; Tarasov et al., 2008a; Tarasov et al., 2008b).
Importantly, changes in these cell cycle regulators with differentiation occur prior to loss in
POUS5F1, NANOG or SOX2 protein abundance, suggesting that the absence of robust cell
cycle checkpoints may be critical to the maintenance of pluripotency. Concomitant with the
establishment of robust cell cycle checkpoints is the enhanced potential for apoptosis and
other forms of cell death (Mantel et al., 2007).

In contrast to mouse, a number of essential regulators show cell cycle dependent levels of
expression in human ES cells. More specifically, Cdc25a, a phosphatase required for
progression from G1 to the S phase, is most abundant in the G1 phase of the cell cycle,
cyclin E is highest in G1 and S phase cells, Cdk2 shows higher expression in the S phase,
cyclin A and c-Myc are highest in S and G2, and cyclin B1 in the G2 phase. (Neganova and
Lako, 2008a; Neganova and Lako, 2008b). NANOG also regulates S-phase entry in hESCs
via transcriptional regulation of cell cycle regulatory components (Zhang et al., 2009).
Irrespective of any species differences, cell cycle regulation in ES cells is fundamentally
different from that of other somatic cell types, and an understanding of the processes that
maintain the unique features of pluripotent stem (including iPS cells) cell cycle regulation
appear critical to understanding pluripotency.

B-Myb and ES cell pluripotency

The transcription factor B-MYB (avian myeloblastosis viral oncogene homolog-2 (Mybl2))
has been implicated in somatic cell differentiation, cell cycle progression and apoptosis
(Joaquin and Watson, 2003; Sala and Watson, 1999), and was recently implicated in the
maintenance of pluripotency, chromatin stability and normal cell cycle progression (Figure
2) (Tarasov et al., 2008a). This protein contains an N-terminal DNA binding domain made
up of three tandem repeats containing a helix-turn-helix motif and a C-terminal domain
containing regulatory and transactivation domains that exhibit sequence-specific DNA-
binding activity (Ness, 1996; Ness, 2003). Consistent with its function as a transcription
factor, consensus myb bindings sites have been identified that are directly modulated by B-
MY B, including apolipoprotein J and Cyclin B (Cervellera et al., 2000; Zhu et al., 2004)
(Figure 2), but most genes regulated by B-MYB do not involve binding to consensus myb
binding sites (e.gs., cyclin A, cyclin D1, B-Myb, Fgf4) (Bartusel et al., 2005; Johnson et al.,
2002; Sala, 2005; Sala et al., 1999). The gene encoding B-Myb is regulated by E2F
transcription factors, and its transcription in somatic cells is induced maximally at the G1/S
boundary of the cell cycle (Joaquin and Watson, 2003; Sala, 2005). Although B-MYB was
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initially thought to regulate the progression from G1 to S phase, it also has important
cellular functions in transit through G2/M. In Drosophila, dMyb (the homolog of
mammalian B-Myb) mutants display a variety of abnormalities including spindle defects and
increased aneuploidy (Manak et al., 2002); and in zebrafish carrying a loss-of-function
mutation in the mybl2 gene (crash&burn mutant), embryos show defects in spindle
formation, mitotic progression, and genomic instability (Shepard et al., 2005).

In a mouse knock-out model, the absence of B-MYB results in post-implantation embryonic
lethality, and in vitro, explanted embryos fail to form an inner cell mass (Tanaka et al.,
1999). Since the ICM is the source of ES cells, B-Myb must be critical for pluripotency.
Consistent with this assumption, B-Myb is highly expressed in ES and pluripotent
embryonic carcinoma (EC) cells. While over-expression of B-Myb in ES cells has marginal
effects on the ES cell phenotype, short-hairpin RNA mediated knockdown of B-Myb causes
a significant decrease in both Sox2 and Pou5F1 transcripts prior to an up-regulation in gene
markers of differentiation (Figure 2A) (Tarasov et al., 2008a; Tarasov et al., 2008b). In
chromosomal immunoprecipitation (ChIP) assays, B-Myb dynamically binds to the
promoters of both sox2 and pou5f1, but not to nanog. Moreover, B-Myb modulates the
activity of human pou5f1 promoter constructs in mouse ES cells, a finding that was
supported by site specific mutagenesis of a putative myb-binding site. It was however a
paradox when these same promoter constructs were introduced into 293T cells and only
modest effects on promoter activity were observed with myb-binding site mutants. This led
to speculation that other factors might bind to this site to regulate its activity in vitro.
Binding to the sox2 promoter, but not the pou5fl promoter, has been reconfirmed through
ChlIP-on-chip assays using an antibody with higher specificity to B-Myb than that employed
in the original assays (unpublished data). This suggests that the major effect of B-Myb on
pluripotency networks in mouse ES cells may depend on SOX2 and its control of the
pluripotency transcriptional hierarchy in ES cells.

Most dramatically, however, knockdown of B-Myb alters cell cycle kinetics and causes ES
cells polyploidy/aneuploidy (Figure 2B) (Tarasov et al., 2008a). The major cell cycle defects
caused by the absence of B-Myb are a decrease in the number of cells in the S phase, and a
significant accumulation of cells in G2/M. The changes in G2/M are not associated with an
altered incidence of sister chromatin exchange, a change in y-H2AX histone
immunoreactivity (as an index of DNA strand breaks), or an increase in the number of DNA
events associated with fragmentation, fusion, and breakage (abnormalities/chromosome);
however, mitotic cells are characterized by an apparent broadening of metaphase plates, an
accumulation of monopolar centrosome complexes, and pronounced mitotic spindle defects.
The most dramatic change was the increase in DNA ploidy (8C, 16C and 32C). Because
cyclin B1 is a known target for B-Myb and a decrease in cyclin B1 expression was observed
following knockdown of B-Myb, the observed mitotic defects have been attributed, at least
partially, to this protein. This would be consistent with prior results from megakaryocytes,
where transient loss of cyclin B1 led to cellular polyploidy (Zhang et al., 1996). Unlike in
megakaryocytes, however, the polyploid state in ES cells does not appear to be stable, and
when cells are allowed to recover from the loss of B-Myb, polyploidy is lost. Many of the
surviving “ES cells” are however aneuploid; consequently, these survivors can no longer be
considered bona fide ES cells and are perhaps best described a possible cancer stem cells.
Since knockdown of Sox2 induces polyploidy in mouse ES cells (Li et al., 2007), there is
also a question as to whether these two factors lead to aneuploidy independently or if there
is a direct interaction between the two.

Data from mammalian cells and from Drosophila have furthermore demonstrated that B-
Myb is part of a dynamic DNA binding complex (Mammals:LINC; Drosophila:dREAM)
that consists of at least five subunits (Korenjak et al., 2004; Schmit et al., 2007). In humans,
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LINC contains Lin-9, Lin-37, Lin-54, Lin-52 and RbAp48, and early in the cell cycle, this
complex binds to E2F4 and either p130 or p107 to repress transcription of E2F target genes
regulating the G1 to S cell cycle transition (Litovchick et al., 2007). In the S and G2 phase
of non-pluripotent cells, this complex associates with B-MYB to either activate or repress
the transcription of genes required for this cell cycle transition and mitosis. Moreover it was
recently shown that a LIN-9-containing complex is recruited by B-MYB to activate
transcription of G2/M genes in undifferentiated and pluripotent EC cells (Knight et al.,
2009). Both B-MYB and LIN-9 were thus required for transcription of G2/M genes (e.g.,
cyclin B and survivin), but unlike what has been shown in somatic cells, members of the Rb
family did not associate with the LIN complex until the EC cells were induced to
differentiate. These findings demonstrated that B-MYB/LIN complexes are required for
progression through mitosis in pluripotent cells lacking a robust G1/S cell cycle checkpoint.

B-MYB proteins are transiently and significantly reduced in abundance once differentiation
begins, but this protein returns to pre-differentiation levels within a matter of hours (Figure
2C) (Tarasov et al., 2008a). This transition is correlated with the establishment of robust cell
cycle checkpoint controls, a prolonged cell cycle transit time and enhanced potential for
apoptosis (Yamanaka et al., 2008). During this transition, the amount of hyper-
phosphorylated B-MYB is also reduced in the G2/M phase of the cell cycle. It is currently
unclear whether there is a direct relationship between these events, but modulation of B-
MY B function appears to be one of the earliest markers of pluripotent cell differentiation.
While speculative, it is also possible that this transient loss of B-MYB permits more active
control of cell cycle progression through Rb association with the LIN complex.

In Drosophila, Wen et al showed that dMYB (the Drosophila equivalent of B-Myb) is
required for the in vivo expression of Polo kinase (PIk1 equivalent), a serine/threonine
kinase regulates centrosome maturation and spindle assembly during mitosis. In Drosophila,
E2F2 (mammalian equivalent of E2F4), RBF (Rb binding factors p107 or p130) and Mip130
(Lin-9) proteins, as part of the dREAM (Drosophila equivalent of the LIN) complex, also act
in opposition to dMYB to repress the expression of Polo kinase (Wen et al., 2008). The
absence of both dMyb and either Mip130 (Lin-9) or E2F2 however caused variegated
expression of Polo kinase (i.e., and epigenetic modification). This resulted in either high or
low levels of Polo kinase that were stably inherited through successive cell divisions in
imaginal wing discs, demonstrating that this complex can and does exert epigenetic
regulation of dREAM (LINC) regulated genes. Knight et al furthermore demonstrated that
Lin-9 (as part of the complex) may regulate polo-like kinase 1 gene expression in mouse EC
cells (Knight et al., 2009). Although some differences exist between the mammalian LIN
and Drosophila (d)REAM complexes, we have confirmed that a number of MYB targets
identified in Drosophila also bind (ChIP-on-chip, unpublished) B-MYB in mammalian ES
cells (e.g. cyclin B, aurora kinases, polo-like kinase). Because the effects of B-Myb on
mitosis, centrosome maturation and spindle formation are all relatively well conserved
between Drosophila cell models and mammalian EC and ES cells, it is likely that this latter
function of B-Myb will also be broadly conserved across species. Consequently, B-Myb
should prove to be a critical regulator not only of cell cycle progression but also of
epigenetic states in pluripotent ES cells (Figure 2C). When coupled with the findings that B-
MY B regulates the expression of both pou5f1 and sox2, and is critical for cell cycle
progression, it is reasonable to postulate that this transcription factor is intimately associated
with and potentially a prime regulator of the three traits that define pluripotency.

Conclusions

The three distinguishing traits of pluripotent cells include the presence of transcription
factors (POU5F1, NANOG and SOX2) that regulate a transcriptional hierarchy to prevent
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differentiation and foster self-renewal; a poised chromatin state (H3K4me3 and H3K27me3)
that permits rapid activation or repression of genes and microRNAs ; and a short cell cycle
that lacks normal somatic cell cycle checkpoint controls in the G1 and G2 phases. The
transcription factor B-MYB is required for expansion of the inner cell mass and derivation
of embryonic stem cells. Although it can directly regulate the expression of some genes,
recent results have demonstrated it to be part of a dynamic DNA binding complex that
associates with E2F transcription factors and members of the pRb tumor suppressor family
to activate or repress gene expression through direct transcriptional regulation or epigenetic
controls. Since RB is a key cell cycle regulatory protein and senescence-inducing factor, the
ability of B-MYB to associate with and possibly exclude RB from this DNA binding
complex, may foster the escape of cells from normal cell cycle controls and cellular
senescence. Because of its modulator effects on pou5f1 and sox2 gene expression, the
reactivation of B-MYB may also be necessary for the establishment of pluripotent cells.
Understanding its mechanisms of action and how it is involved with pluripotent traits may
lead to novel methods of creating pluripotent cells and to differentiation paradigms capable
of generating functional and chromosomally normal cells suitable for direct clinical
applications. The next few years should therefore yield important insights into its function
and continued research may lead to identification of other novel pathways regulated by Myb
family members.
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Figure 1.

Unique characteristics of pluripotent cells. A) Regulatory network controlled at least
partially by the master transcriptional regulators POU5F1, SOX2 and NANOG. The network
illustrated here describes known interactions among the core regulators (black arrows) and
their protein interaction partners (grey lines). Grey arrows depict targets regulated either by
individual master regulators or by the combinations of regulators located in the ellipses.
Specific target examples are taken from (Zhou et al., 2007). Moreover, NANOG inhibits
formation of primitive endoderm and POUS5F1 inhibits formation of trophectoderm. B)
Central to epigenetic control is chromatin, and its fundamental unit the nucleosome, which is
subject to modifications through a variety of enzymes and pathways. In the example to the
right, the methylation states of histone 3 at residues lysine 4 and 27 are given. Methylation
of lysine 4 is generally associated with gene activation (trithorax group proteins) and lysine
27 with gene repression (polycomb group proteins); however, the simultaneous
trimethylation of both residues (H3K4 and H3K27, denoted by dashed line) is associated
with a “poised” state, where transcription is generally low, but upon differentiation, gene
transcription either can be rapidly activated or repressed. Additional epigenetic traits that are
unique to pluripotent cells involve other histone modifications and DNA methylation
modifications, which are not discussed here. C) Pluripotent cells generally do not have a GO
phase, have very short G1, and G2/M phases, and lack robust checkpoint controls.
Consequently, several cell cycle-related proteins are maintained at high levels throughout
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the cell cycle. These include Cyclins E and A, hyper-phosphorylated pRB proteins, and
sustained levels of B-MYB.
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Figure 2.

Probable roles of B-Myb in the regulation of the pluripotent state, either through function as
a direct modulator of gene expression or part of a complex. A) B-MYB can modulate the
expression of several pluripotency genes (e.g., Sox2 and Pou5F1). B) B-MYB is a direct
modulator of cell cycle progression and gene (e.g., cyclin B1) expression. Reduced levels of
B-Myb in pluripotent cells lead to polyploidy, centrosome and mitotic spindle abnormalities,
and enhanced apoptosis. Differentiation of ES cells is also associated with a transient
decrease in expression that may occur prior to the establishment of robust cell cycle
controls. This transient decrease in expression is not associated with aneuploidy, but may be
indicative of the establishment of cell cycle checkpoint controls. C) Differentiation of
pluripotent cells promotes a rapid but transient loss of B-MYB. In this example,
undifferentiated ES cells and ES cells following serum withdrawal are shown. In the latter,
B-MYB expression is markedly reduced, but within another 12-18 hours, it returns to pre-
differentiation levels of abundance. Because B-MYB can also modulate gene expression
directly or as part of a protein complex (LIN complex), its effects are multifactorial, and
recent evidence from Drosophila indicate that its expression together with that of either
Lin-9 or E2F proteins can lead to epigenetic modifications (i.e., variegation) in gene
expression. Currently, there is no direct evidence in pluripotent cells for epigenetic control
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regulated by B-MYB, but because its mechanisms of action are well conserved across
species, it is a possibility that merits continued investigation.
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