
M. Grskovic & M. Ramalho-Santos 

 165

 
International Journal of Biomedical and Health Sciences 0794-4748/2013 $5.00 + 0.00 
Vol. 9, No. 3, September 30, 2013  2013 African Studies on Population and Health 
Printed in Nigeria http://www.asopah.org 
 
 
 
IJBHS 2012154/9304 
 
 
 

The pluripotent transcriptome 
 

Marica Grskovic and Miguel Ramalho-Santos, 
 
Departments of Ob/Gyn and Pathology, Institute for Regeneration Medicine and Diabetes Center, University of 

California San Francisco, San Francisco, CA 94143, USA 
 
ABSTRACT: Pluripotent stem cells, such as Embryonic Stem cells, have the extraordinary ability to give rise to 
all cell types of the body, and hold great potential for regenerative medicine. Pluripotent stem cells are derived 
from in vitro culture of early embryos or by over-expression of specific transcription factors in somatic cells. In 
recent years great progress has been made towards understanding the molecular basis of pluripotency. The 
transcriptomes of various pluripotent stem cell lines have been examined in order to identify molecular 
mechanisms that control self-renewal and pluripotency. These studies have begun to reveal the components and 
architecture of the transcriptional regulatory networks of pluripotency, and suggest that transcription factors 
maintain the pluripotent state in the backdrop of a loose, accessible chromatin. Such a chromatin state may 
allow for increased global transcription, resulting in the expression of many novel and as yet uncharacterized 
transcripts. Fluctuations in the transcriptional networks may alternate pluripotent stem cells between states with 
distinct probabilities for self-renewal or differentiation. In this chapter, we review studies of the transcriptome of 
pluripotent stem cells, highlight intriguing transcriptional similarities between pluripotent stem cells, cancer 
cells and the germline, and discuss future avenues of research. 
 
 
1. Introduction 
 
     Embryonic Stem (ES) cells are the prototypical pluripotent stem cell: they are able to both 
self-renew and differentiate into all cell types. Because of these properties, ES cells are an 
excellent system to study cellular differentiation in both normal and diseased states. In 
addition, cells derived from ES cells have great potential for therapeutic applications, 
provided they can be efficiently expanded and differentiated in vitro. An important step 
towards therapeutic applications of ES cells is to identify the molecules and pathways 
governing ES cell proliferation and differentiation. 
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Figure 1: Gene expression profiling techniques used in studies of pluripotent cells. 
 
      ES cells are derived from in vitro culture of the inner cell mass (ICM) of the blastocyst, 
prior to implantation. Another pluripotent cell type, Embryonic Germ (EG) cells, can be 
derived from in vitro culture of the embryonic germline, Primordial Germ Cells (PGCs). 
Recently, induced Pluripotent Stem (iPS) cells have been derived from non-embryonic 
somatic cells by the introduction of specific key transcription factors (Aoi et al., 2008; 
Blelloch et al., 2007; Hanna et al., 2008; Lowry et al., 2008; Maherali et al., 2007; Meissner 
et al., 2007; Okita et al., 2007; Park et al., 2008; Takahashi et al., 2007; Takahashi and 
Yamanaka, 2006; Wernig et al., 2007; Yu et al., 2007). Both embryo-derived (ES and EG) 
and non-embryo-derived (iPS) pluripotent cells share highly similar transcriptional profiles 
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(Sharova et al., 2007; Takahashi et al., 2007; Takahashi and Yamanaka, 2006; Wernig et al., 
2007; Yu et al., 2007). 
      In recent years there has been great progress towards understanding the molecular basis 
of pluripotency. The transcriptomes of various pluripotent cell lines have been extensively 
examined in order to identify molecular factors and mechanisms that control self-renewal and 
differentiation. Genome-wide expression profiling using expressed sequence tag (EST) 
analysis (Brandenberger et al., 2004), serial analysis of gene expression (SAGE; Richards et 
al., 2004), massively parallel signature sequencing (MPSS; Brandenberger et al., 2004; Wei 
et al., 2005) and DNA microarrays (Abeyta et al., 2004; Bhattacharya et al., 2004; Ivanova et 
al., 2002; Ramalho-Santos et al., 2002; Sato et al., 2003; Sperger et al., 2003; see Figure 1) 
have uncovered gene networks and signaling pathways believed to be essential for 
maintenance of the pluripotent state. Here, we review studies of the transcriptome of 
pluripotent stem cells, and highlight intriguing similarities between pluripotent stem cells, 
cancer cells and the germline. 
     Genome-wide expression profiling using expressed sequence tag (EST) analysis, serial 
analysis of gene expression (SAGE), DNA microarrays and massively parallel signature 
sequencing (MPSS) have all been used to study the transcriptome of ES cells. ESTs are 
generated by inserting cDNA into cloning vectors to produce a cDNA library. The inserts are 
sequenced and the resulting EST sequences are analyzed. SAGE involves the generation of 
gene-specific tags, typically 10–14 basepairs in length. These tags are ligated to form di-tags, 
amplified by PCR, ligated again to form concatamers and sequenced. Expression microarrays 
are arrays of synthesized oligonucleotides or spotted cDNAs in a predetermined spatial 
orientation. Total RNA is reverse transcribed, fluorescently labeled and hybridized to the 
microarray. Specific hybridization signals are detected by a fluorescent scanner, and gene 
expression is deduced. Tiling arrays are modified microarrays where all non-repetitive 
genomic DNA is represented at various sequence resolutions. Unlike conventional 
microarrays, tiling arrays enable the discovery of novel transcribed sequences and regulatory 
elements through the unbiased examination of the genome. MPSS involves the cloning of a 
cDNA library on beads and the acquisition of 17–20-nucleotide tags from these cDNAs using 
an unconventional sequencing method that allows for large-scale sequencing. Recently 
developed deep sequencing approaches using 454 and Solexa platforms promise to provide a 
comprehensive description of the pluripotent transcriptome. 
 
2. Molecular signature of pluripotent stem cells 
 
      To define the molecular signature of pluripotent stem cells, several groups compared the 
expression profiles of ES cells to those of differentiated cells (Bhattacharya et al., 2004; 
Brandenberger et al., 2004; Liu et al., 2006; Miura et al., 2004; Zhou et al., 2007), to other 
stages of the developing embryo (Falco et al., 2007; Sharov et al., 2003), to other types of 
pluripotent and adult stem cells (Abeyta et al., 2004; Ivanova et al., 2002; Ramalho-Santos et 
al., 2002; Sharova et al., 2007; Zeng et al., 2004), or to ES cells of other species (Sato et al., 
2003; Sun et al., 2007; Wei et al., 2005). An emerging picture from these studies is that some 
genes are predominantly or exclusively expressed in pluripotent cells, such as Oct4, Nanog, 
Rex1 and Utf1. These studies also point to the activity of particular signaling pathways in ES 
cells, such as Jak/Stat, Bmp, Wnt and FGF. Many of these studies highlight an over-
representation of transcription, chromatin remodeling and DNA repair factors in the 
pluripotent transcriptome, suggesting that these play an essential role in pluripotency. Upon 
in vitro differentiation of ES cells, pluripotency-associated genes are consistently down-
regulated regardless of the method of differentiation, while the induced genes depend on the 
method of differentiation (Walker et al., 2007). 
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      Predominant or exclusive expression of a gene in ES cells provides insufficient evidence 
for a role of that gene in self-renewal or pluripotency. Some genes predominantly expressed 
in ES cells, such as Oct4 or Sox2, had been shown to be essential regulators of pluripotency 
before transcriptional profiling became widely used (Avilion et al., 2003; Nichols et al., 
1998). By combining expression profiling with RNA interference (RNAi), Ivanova and 
colleagues identified several novel regulators of ES cell self-renewal, such as Esrrb, Tbx3 
and Tcl1 (Ivanova et al., 2006). In addition, gene expression profiling of ES cells in which 
expression of a critical transcription factor has been perturbed can provide insight into the 
transcription regulatory networks of pluripotency (Ivanova et al., 2006; Matoba et al., 2006; 
Walker et al., 2007). For example, genes that are affected by downregulation of Oct4 are 
similarly affected by downregulation of Nanog or Sox2, indicating that Oct4, Sox2 and 
Nanog cooperate to control transcription of target genes (Ivanova et al., 2006; Walker et al., 
2007). Downregulation of Esrrb, Tbx3 and Tcl1 affected the expression of a different set of 
genes, suggesting that they regulate a distinct ES cell pathway (Ivanova et al., 2006). Thus, 
transcriptional profiling, in particular in the setting of gene-manipulated ES cells, will likely 
continue to provide important insights into the regulation of the pluripotent transcriptome. 
 
3. Co-expression to co-regulation: regulatory pathways 
 
      Genes co-expressed in pluripotent cells are likely to be (at least in part) co-regulated by 
the same transcription factors. Several key transcription factors have been identified as 
expressed in ES cells and involved in the maintenance of pluripotency. Among these are 
factors known as “core regulators of pluripotency”: Oct4, Sox2 and Nanog (see Figure 2). 
 
 

 
 
Figure 2: The transcriptome of pluripotent cells. 
 
 
     The “core” regulators of pluripotency Oct4, Sox2 and Nanog, act in concert with other 
transcription and chromatin modifying factors to establish and maintain the transcriptional 
program of pluripotency. The accessible chromatin of ES cells may allow for increased 
global transcription resulting in expression of many genes, their splicing isoforms, intergenic 
spliced mRNAs, non-coding intergenic transcripts and antisense transcripts. The function of 
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these novel transcripts in ES cells is not yet understood. Antisense transcripts are thought to 
regulate the expression of their sense counterparts, possibly by sense-anti-sense pairing and 
production of siRNAs. Endogenous siRNAs have been recently detected in oocytes (Tam et 
al., 2008; Watanabe et al., 2008), but so far they have not been described in ES cells. 
miRNAs however, have been shown to be expressed in ES cells and are required for their 
proliferation and differentiation (reviewed in (Bibikova et al., 2008)). 
      The POU-family transcription factor Oct4 is predominantly expressed in pluripotent cells 
of the developing mouse embryo (ICM, PGCs) and their in vitro counterparts (ES and EG 
cells, respectively; Pesce and Scholer, 2001). Embryos lacking Oct4 die at the blastocyst 
stage, and ES cells with perturbed levels of Oct4 expression exit self-renewal and 
differentiate (Nichols et al., 1998; Niwa et al., 2000). The Sry-related transcription factor 
Sox2 can act synergistically with Oct4 to activate Oct-Sox enhancers, which regulate the 
expression of pluripotent stem cell-specific genes, including Nanog, Oct4 and Sox2 itself 
(Chew et al., 2005; Kuroda et al., 2005; Nishimoto et al., 2005; Okumura-Nakanishi et al., 
2005; Rodda et al., 2005; Tomioka et al., 2002). A recent report indicates that the essential 
function of Sox2 may be to stabilize ES cells in a pluripotent state by maintaining the 
appropriate level of Oct4 expression (Masui et al., 2007). 
      Similarly to Oct4, the homeobox transcription factor Nanog is predominantly expressed 
in ICM, PGCs, ES and EG cells. Nanog has been shown to sustain pluripotency in ICM and 
ES cells, and to support self-renewal of mouse ES cells in the absence of LIF, a cytokine 
essential for mouse ES cells (Chambers et al., 2003; Mitsui et al., 2003). Recent genome-
wide studies using chromatin immunoprecipitation combined with microarrays (ChIP-chip) 
or paired-end ditag sequencing (ChIP-PET) revealed Nanog as part of a transcriptional 
network that regulates the activity of numerous genes in collaboration with Oct4 and Sox2 
(Boyer et al., 2005; Loh et al., 2006). Since each of these three genes contains binding sites 
for each of the three transcription factors, it was suggested that they may act as a self-
organizing feed-forward loop that sustains the expression levels needed to maintain 
pluripotency. However, Chambers et al recently showed that it is possible to derive ES cells 
that lack Nanog but still retain the expression of pluripotency markers, including Oct4 and 
Sox2 (Chambers et al., 2007). Although they are prone to differentiate, these ES cells are 
capable of self-renewal in the absence of Nanog, and they can contribute to all three germ 
layers in chimeras. Therefore, it appears that, rather than being essential for establishing 
pluripotency, Nanog may function to reinforce the stability of the pluripotent state. 
      To delineate regulatory relationships between Oct4, Sox2 and Nanog and their targets, 
Walker and colleagues combined available ChIP-chip data (Boyer et al., 2005; Boyer et al., 
2006; Loh et al., 2006) with time-course gene expression profiling of differentiating ES cells, 
as well as ES cells deficient for Oct4 or Sox2 (Walker et al., 2007). They found that 
polycomb group genes Eed and Phc1are both bound by Oct4 and Nanog, are downregulated 
upon downregulation of Oct4 and Nanog, and all four factors target the promoters of the 
same set of genes, implicating them as partners in repressing genes associated with 
development. While gene expression or transcription factor binding studies alone are not 
sufficient to identify regulatory transcription factor-target interactions, this integrative 
approach allowed for prediction of novel regulators and regulatory networks controlling ES 
cell fate, some of which were verified using RNAi combined with gene expression analysis. 
      To further expand the core transcriptional regulatory network of pluripotency, Kim et al. 
used a modified ChIP-chip to examine the function of six additional transcription factors 
(Klf4, c-Myc, Nac1, Zfp281, Dax1 and Rex1) in mouse ES cells (Kim et al., 2008). They 
showed that regulation of target genes correlates with the extent of promoter occupancy by 
multiple factors: promoters bound by few factors tend to be repressed, while promoters bound 
by more than four factors are largely active in the pluripotent state and become repressed 
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upon differentiation. Interestingly, while the majority of the nine factors tested share similar 
targets, c-Myc and Rex1 occupy promoters of a distinct subset. In addition, c-Myc target 
genes are associated with the active histone mark H3K4me3 and are more frequently 
expressed than targets of other factors in ES cells. These results are in agreement with the 
proposed function of c-Myc in the widespread maintenance of active chromatin (Knoepfler et 
al., 2006) and suggest a distinct function of c-Myc in regulation of chromatin accessibility in 
pluripotent cells. In a similar study, Chen et al. used ChIP-seq to determine binding sites of 
13 sequence-specific transcription factors (Nanog, Oct4, STAT3, Smad1, Sox2, Zfx, c-Myc, 
n-Myc, Klf4, Esrrb, Tcfcp2l1, E2F1 and CTCF) and 2 transcriptional regulators (p300 and 
Suz12; Chen et al., 2008). They found that the majority of genes upregulated in ES cells are 
bound by either Nanog, Oct4, Sox2, Smad1 and STAT3, or c-Myc and n-Myc. Smad1 and 
STAT3 share many target sites with Nanog, Oct4 and Sox2, integrating BMP and LIF 
signaling pathways, respectively, with the core ES cell transcription regulatory network. 
These two studies demonstrate that gene clustering based on combinatorial transcription 
factor occupancies has the potential to predict ES-cell specific gene expression. 
      ChIP-chip, ChIP-PET and/or RNAi in combination with gene expression profiling have 
proven to be valuable methods to dissect transcriptional regulatory networks. Nevertheless, 
they all require prior knowledge of the relevant transcription factors. With computational 
approaches, however, it is possible to identify novel transcription factors using only gene 
expression profiling data (GuhaThakurta et al., 2002; Liu et al., 2001; Roth et al., 1998; Zhu 
et al., 2002). Genes with co-regulated expression often share cis-regulatory motifs, 
corresponding to transcription factor binding sites, in their promoter and enhancer regions 
(MacIsaac and Fraenkel, 2006; Pennacchio and Rubin, 2001). Using a computational 
approach, we recently identified DNA motifs that are over-represented in the cis******-
acting regions of genes highly expressed in pluripotent cells (Grskovic et al., 2007). These 
motifs include the binding sites for transcription factors Oct4, Sox2 and Myc, as well as 
several novel motifs. The analysis of one of the novel motifs identified transcription factor 
Nfy as a regulator of gene expression in ES cells that is required for their proliferation 
(Grskovic et al., 2007). Nfy had not previously been implicated in regulation of pluripotency. 
In addition, gene expression profiling failed to detect Nfy as enriched in pluripotent cells, 
possibly because one of the Nfy subunits, Nfya, has two splicing isoforms. During ES cell 
differentiation, the expression of the two isoforms changes in opposite directions (Grskovic et 
al., 2007), which would be overlooked if expression levels of only common exons were 
analyzed, as is normally the case with standard microarrays. Therefore, it is important to use 
unbiased gene profiling approaches to obtain a more comprehensive description of the 
pluripotent transcriptome. 
 
4. Novel genes and splice variants 
 
      A limitation of gene expression studies using standard microarrays is that novel non-
annotated genes may not be probed for in the array platform used. A further limitation is that 
standard microarrays do not generally distinguish between differentially spliced isoforms (see 
above). Studies of the ES cell transcriptome that did not rely on microarrays revealed that ES 
cells express numerous uncharacterized or novel transcripts (Araki et al., 2006; Sharov et al., 
2003). A large number of ESTs and SAGE tags with no match to a known gene were found 
to be abundantly and specifically expressed in ES cells (Brandenberger et al., 2004; Richards 
et al., 2004). In addition, the analysis of gene trap screens revealed thousands of novel exons 
and genes, many of which are found in gene trapping hotspots associated with loci 
significantly expressed in ES cells (Roma et al., 2007). Further studies identified naturally 
occurring antisense transcripts for several pluripotency genes, including Oct4 and Nanog, 
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suggesting that sense-antisense pairing may have a role in regulation of pluripotency 
(Richards et al., 2006). It should be noted that antisense transcription is not specific for ES 
cells: recent analysis of global transcription in mouse revealed that a large proportion of the 
genome produces transcripts from both strands (Katayama et al., 2005). 
      A next step will be to characterize novel genes expressed in ES cells and evaluate their 
role in the regulation of pluripotent cells. To this end, Kunarso et al. have analyzed several 
novel transcripts predominantly expressed in ES cells and found that they represent novel 
protein-coding genes or intergenic splicing isoforms (Kunarso et al., 2008). Using combined 
computational and experimental approaches, Pritsker et al. have identified alternative splicing 
of numerous genes in ES cells, with high levels of alternative splicing in components of 
signaling pathways that are functional in stem cells (Pritsker et al., 2005). While the 
identification of novel transcripts and alternative splicing isoforms increases the complexity 
of the pluripotent transcriptome, future work should reveal what role, if any, they play in 
maintaining the pluripotent state of ES cells. 
 
5. Is everything transcribed? In every ES cell? 
 
      The increase in the number of expressed genes as well as a high number of novel 
transcripts in ES cells may be due to two possibilities: 1) the transcriptome of ES cells only 
appears to be more complex than that of other cell types, due to the extensive investigation of 
ES cells; or 2) ES cells do express a higher number of genes compared to differentiated cells. 
To investigate these two possibilities, Efroni et al. used tiling microarrays to compare 
genome-wide transcription profiles of ES cells and neuronal progenitor cells (Efroni et al., 
2008). Their analysis revealed genome-wide hypertranscription specifically in ES cells, 
including expression of normally silent, noncoding regions. In addition, several tissue-
specific genes are expressed at low levels in ES cells, suggesting their expression might occur 
stochastically within the population (Efroni et al., 2008). Increased global transcription in ES 
cells is in agreement with specific features of the ES cell chromatin, such as a “loose” 
chromatin structure and the presence of bivalent chromatin marks (Azuara et al., 2006; 
Bernstein et al., 2006; Meshorer et al., 2006; Niwa, 2007). In addition, ES cells contain 
higher levels of acetylated H3K9 and methylated H3K4, markers of open chromatin (Azuara 
et al., 2006). Therefore, it seems that the increase in global transcription in undifferentiated 
ES cells is an inherent characteristic of ES cells (see Figure 2). However, it is still not clear 
whether this hypertranscription is simply a consequence of the chromatin properties of ES 
cells, or whether it has a major role in regulation of pluripotency and self-renewal of ES cells. 
Furthermore, it is possible that some of the hypertranscription detected in ES cells is derived 
from heterogeneity in the cell population. 
      Genome-wide transcriptional profiling typically requires a high number of cells and has 
therefore been performed using populations of ES cells. However, recent reports have 
demonstrated cell-to-cell differences in the expression patterns of several genes among 
undifferentiated ES cells, suggesting that ES cells are not a homogeneous population (Carter 
et al., 2008; Chambers et al., 2007; Toyooka et al., 2008). Indeed, Toyooka et al. have 
identified two populations within ES cells that differ in Rex1 expression level and have 
distinct differentiation potential (Toyooka et al., 2008). Similarly, Nanog is undetectable in a 
subpopulation of undifferentiated ES cells (Chambers et al., 2007). This subpopulation of 
cells is predisposed to differentiate but may remain undifferentiated and can subsequently re-
express Nanog. These results show that ES cells are a heterogeneous cell population 
consisting of different types or states of cells. It has been suggested that ES cells may exist in 
a metastable state which fluctuates between a Nanog-Oct4-Sox2 stabilized state, where 
differentiation-associated transcription is maintained below threshold levels, and a Nanog-
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deficient state, where an increase in specific signals, such as phosphorylated-Erk, may trigger 
differentiation-associated transcriptional networks (Silva and Smith, 2008). Future work 
should reveal if heterogeneity of undifferentiated cells is limited to the cells tested, or if it is 
an intrinsic property of all ES cells. 
      The differential expression of genes in subpopulations of ES cells may be a product of 
stochastic gene expression, or it may be regulated by an as yet unidentified mechanism (for 
example, linked to the cell cycle stage). It is also possible that only a subset of 
undifferentiated ES cells in culture retain full pluripotency. Future work focusing on single-
cell transcriptome analysis should clarify the profile and potential of different subpopulations 
of ES cells. 
 
6. Differences between mouse and human ES cells 
 
      Pluripotent mouse and human ES cells by definition share the fundamental properties of 
self-renewal and the ability to give rise to cells of all three germ layers. Therefore, it is not 
surprising that they both express components of the core transcriptional network of 
pluripotency, such as Oct4, Sox2 and Nanog. Nevertheless, there are important differences in 
the targets of Oct4, Sox2 and Nanog between mouse and human ES cells (Boyer et al., 2005; 
Loh et al., 2006). These differences are reflected in the divergence between mouse and 
human transcriptomes, and correlate with differential cytokine and growth factor 
requirements, growth rates and marker expression between the ES cells of the two species 
(Wei et al., 2005). For example, human ES cells lack transcripts of the LIF signaling 
pathway, while this signaling pathway is expressed, active and required for mouse ES cells. 
Similarly, several components of the FGF pathway are expressed in human ES cells while 
being absent from mouse ES cells. Cell surface markers SSEA1, SSEA3 and SSEA4 are also 
differently expressed in mouse and human ES cells (Thomson et al., 1998). 
      The differences between mouse and human ES cells may represent species-specific 
transcriptional programs. Alternatively, mouse and human ES cells may represent different 
stages of early development. Consistent with the latter hypothesis, pluripotent epiblast cells 
(EpiSCs) can be derived from post-implantation mouse embryos (Brons et al., 2007; Tesar et 
al., 2007). Unlike mouse ES cells, but similarly to human ES cells, mouse EpiSCs require 
Activin/Nodal and FGF signaling for their derivation and maintenance (reviewed in (Yu and 
Thomson, 2008)), and are able to differentiate into trophectoderm. In addition, there is a 
greater overlap between genes bound by Oct4 in human ES cells and mouse EpiSCs than 
between human and mouse ES cells (Tesar et al., 2007). Therefore, it is possible that mouse 
and human ES cells correspond to different stages of embryonic development. Future studies 
of EpiSCs may reveal the extent of species- and stage-specific differences between the mouse 
and human pluripotent transcriptome. 
      In summary, there is substantial evidence that both conserved and divergent pathways act 
to regulate self-renewal and pluripotency in mouse and human ES cells. Even though mouse 
ES cells are an excellent model to study developmental processes and diseases, care must be 
taken when extrapolating results obtained using mouse ES cells to human ES cells. 
 
7. Expression of the pluripotent transcriptome in cancer 
 
      Cancer cells are capable of self-renewal and possess high phenotypic plasticity, which are 
the major features of stem cells. In fact, it is thought that some cancers may arise from 
aberrant stem or progenitor cells, or that cancer cells develop by progressive de-
differentiation of their normal counterparts. Such de-differentiation might occur if a particular 
combination of stem cell-associated factors is expressed in cancer cells, perhaps in a manner 
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analogous to the generation of iPS cells. Indeed, ectopic expression of Oct4 inhibits 
progenitor cell differentiation and causes dysplasia in epithelial tissues (Hochedlinger et al., 
2005). It should be noted, however, that somatic cancers have not been conclusively shown to 
express Oct4: the expression reported by several groups (Atlasi et al., 2007; Ezeh et al., 2005; 
Gibbs et al., 2005; Iki and Pour, 2006; Ponti et al., 2005; Tai et al., 2005) was recently 
attributed to the expression of an Oct4 pseudogene or of Oct4B, an isoform of Oct4 that is not 
associated with pluripotency (Cantz et al., 2008). 
      Recently, two groups have analyzed the expression of particular ES cell-associated gene 
sets in various tumors (Ben-Porath et al., 2008; Wong et al., 2008). Interestingly, they found 
that the ES cell-like transcriptional program is active in several human tumors and is 
correlated with metastasis and mortality. This ES cell-like transcriptional program includes 
genes with roles in cell cycle, signaling, transcription, DNA repair, stress response and 
differentiation. The targets of Oct4/Sox2/Nanog are found to be expressed in some cancers 
despite the lack of Oct4 and Nanog, indicating that the pluripotency-associated transcriptional 
program may be activated by alternative mechanisms. Furthermore, Wong et al. have shown 
that c-Myc can activate the ES cell-like transcriptional program in adult epithelia and in an in 
vivo model of human epithelial cancer, leading to an increase in the number of tumor-
initiating cells. In particular, expression of c-Myc led to induction of Sox2 and repression of 
differentiation regulators, such as Hox genes. These findings are in agreement with the role of 
c-Myc as one of the key transcription factors involved in inducing pluripotency (Lowry et al., 
2008; Maherali et al., 2007; Meissner et al., 2007; Park et al., 2008; Takahashi et al., 2007; 
Takahashi and Yamanaka, 2006; Wernig et al., 2007; Yu et al., 2007) and may relate to the 
function of c-Myc in the widespread maintenance of active chromatin (Knoepfler et al., 
2006). It should be noted, however, that pluripotent cells can be derived from somatic cells in 
the absence of c-Myc, albeit with a lower efficiency (Nakagawa et al., 2008; Wernig et al., 
2008). 
      Some germ cell tumors, which are thought to arise from transformation of PGCs 
(Stevens, 1967), have transcriptional profiles similar to ES cells, including the expression of 
Oct4, Sox2 and Nanog (Santagata et al., 2007; Skotheim et al., 2005; Sperger et al., 2003). It 
is important to note that the expression of Oct4, Sox2 and Nanog is not sufficient to cause 
tumors: normal PGCs express all three factors at levels similar to those in ES cells. To 
identify genes with possible role in germ cell tumor formation, we compared the expression 
profiles of PGCs to pluripotent stem cell types (ES cells, EG cells and ICM) and to publicly 
available expression data from germ cell tumors (Wei et al., submitted). We found that the 
genes absent from PGCs but highly expressed in pluripotent cell types are up-regulated in 
some germ cell tumors. Among these is Klf4, a transcription factor that functions with c-Myc 
to induce pluripotency in somatic cells. It is possible that Klf4, similarly to c-Myc, activates 
the ES cell-like transcriptional program and induces tumor-initiating cells. In agreement with 
this model, expression of Klf4 in basal keratinocytes leads to squamous epithelial dysplasia 
(Foster et al., 2005). These results suggest that similar mechanisms may govern the 
conversion of PGCs to the pluripotent stem cell state (EGs) and germ cell tumorigenesis. 
Further functional studies should address the role of regulators of pluripotency in 
tumorigenesis. Detailed characterization of the ES cell-like transcriptional networks in cancer 
cells may reveal novel diagnostic markers and potential therapeutic targets (see Figure 3). 
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Figure 3: Future avenues in research of pluripotent cells. 
 
      The development of high-throughput genome-wide expression analyses has led to the 
identification of the ES cell transcriptome. There are still several issues that need to be 
addressed, such as permissive transcription, stochastic gene expression and heterogeneity in 
the population of undifferentiated ES cells (see text). Insights gained by analyzing the 
transcriptome of pluripotent cells will feed into, and feed back from, research focusing on: a) 
the role of pluripotency in vivo, in particular through the study of the function of regulators 
of pluripotency in PGCs, b) the role of ES cell-like gene expression in cancer, which may 
lead to development of novel diagnostic and prognostic markers as well as new therapies; and 
c) the regulation of ES cell self-renewal and differentiation and of somatic cell 
reprogramming to the pluripotent state. 
 
8. In vivo transcriptomics – a germline connection? 
 
      The majority of the transcriptional profiling studies aimed at understanding pluripotency 
were performed using pluripotent stem cells grown in vitro, mostly because this type of 
analysis requires large numbers of cells that are difficult to obtain in vivo. However, 
understanding the transcriptome of pluripotent cells in vivo may provide novel insights into 
the significance and regulation of pluripotency. Recently, we performed a comparative study 
of the gene expression profiles of mouse pluripotent stem cells and the cells in the embryo 
from which they are derived (Wei et al, submitted). We found that PGCs express the global 
transcriptional program for pluripotency at levels similar to ES cells. Furthermore, PGCs 
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express high levels of pluripotency regulators such as Oct4, Sox2, Nanog, Sall4, N-Myc, Utf1 
and Rex1, indicating that some of the factors and mechanisms that maintain pluripotency in 
early embryos and ES cells may also be operating in the embryonic germline. 
      The evolution of the molecular mechanisms that regulate pluripotency has not been 
studied in detail. The sequence and function of known regulators of pluripotency, such as 
Oct4 and Nanog, do not appear to be well conserved outside of mammals. Putative orthologs 
of Oct4 or Nanog have been identified in Xenopus and chicken (Lavial et al., 2007; Morrison 
and Brickman, 2006), but they are more broadly expressed than in the mouse embryo. 
XenopusOct4 is required for maintaining the numbers of uncommitted cells during 
gastrulation, suggesting an ancestral role for Oct4-like proteins in preserving the 
undifferentiated state in early embryos (Morrison and Brickman, 2006). Oct4 and Nanog 
promote self-renewal in chicken ES cells, but their function in the chick embryo has yet to be 
determined (Lavial et al., 2007). It is interesting to note that chicken Oct4 and Nanog are 
expressed in PGCs, and that the axolotl also contains an Oct4 gene expressed in gastrulating 
embryos and oocytes (Bachvarova et al., 2004). It is possible that the program for 
pluripotency evolved in mammals, from molecular components already present in low 
vertebrates, to inhibit somatic differentiation and preserve germline competence until the 
germline is induced and fully developed. If that is the case, regulators of pluripotency are 
expected to have essential roles in PGC development. Interestingly, Nanog-deficient PGCs 
fail to mature into germ cells (Chambers et al., 2007). As the timing of the defect corresponds 
to the timing when PGCs undergo extensive epigenetic changes (imprint erasure, genome-
wide demethylation and X chromosome inactivation in female cells), it was suggested that 
Nanog functions by maintaining PGCs in a state of minimal epigenetic control, similar to the 
ES cell state (Chambers et al., 2007). In addition, inactivation of Oct4 specifically in PGCs 
leads to a loss of germ cells (Kehler et al., 2004). Further studies of gene expression and 
dissection of the transcriptional regulatory networks in PGCs should shed light on the role of 
pluripotency in the germline (see Figure 3). 
 
9. Concluding remarks 
 
      It is becoming apparent that a detailed understanding of regulation of gene expression in 
pluripotent cells will continue to make important contributions to developmental, stem cell 
and cancer biology. The emerging picture is one where specific transcription factors, 
operating through self-enforcing mechanisms, maintain the pluripotent state in the backdrop 
of a loose, non-restricted chromatin. Increased global transcription in ES cells may be a by-
product of loose chromatin. Alternatively, increased transcription may be required to 
maintain the chromatin in accessible, pluripotent state. Fluctuations in the transcriptional 
regulatory network may cause ES cells to oscillate between different states with distinct 
propensities for self-renewal or differentiation. It will be of interest to investigate whether 
probabilistic behavior is central to ES cell pluripotency, and if so how the probabilities of 
self-renewal or differentiation can be modulated (Ramalho-Santos, 2004). 
      Accessible chromatin and fluctuating transcriptional networks could allow for stochastic 
gene expression that escapes deterministic transcriptional regulation. Therefore, it will be 
necessary to annotate and characterize novel transcripts found in ES cells and determine 
whether they have a role in regulating pluripotency. The development of new, more sensitive 
methods, such as deep sequencing, should allow for unbiased identification of low-abundance 
transcripts, as well as newly emerging small RNA species. As even more sensitive large-scale 
analytical techniques to assess gene expression are developed, it will be important to analyze 
gene expression in single ES cells, and ideally to correlate individual transcriptomes to 
developmental potential. The results of transcriptome analysis will have to be complemented 



Int. J. Biomed. & Hlth. Sci. Volume 9, No. 3 (2013) 

 176

by proteome and RNAome analysis to account for the role that post-transcriptional regulation 
may play in pluripotent cells. Several miRNAs were found to be predominantly expressed in 
ES cells, and their analysis revealed that miRNAs play crucial roles in ES cell self-renewal 
and differentiation (reviewed in (Blakaj and Lin, 2008). Future work will determine the role 
that miRNAs may have on modulating the transcriptional regulatory network of pluripotency 
(Marson et al., 2008). Finally, it will be crucial to investigate the role(s) of pluripotency in 
vivo in the germline and in tumor development. 
      Elucidation of mechanisms governing pluripotency should deepen our fundamental 
understanding of early embryogenesis and germline development. It will also inform our 
efforts to generate disease- or patient-specific pluripotent stem cells and to target 
differentiation towards cell types of therapeutic interest (see Figure 3). Finally, insights 
gained into the regulation of pluripotency may facilitate the identification of new cancer 
markers and therapeutic targets. Clearly, the pluripotent transcriptome is “poised” for 
significant impact in a variety of fields in the years ahead. 
 
ACKNOWLEDGEMENTS: We would like to thank Robert Blelloch, Kevin Corbit, Erica 
Jackson, Collin Melton, Yuki Ohi, Jeremy Reiter and Yangming Wang for helpful comments 
on the manuscript. M.G. was supported by CIRM, and M.R.S. by CIRM, JDRF and IRM. 
 
 
 
References 
 
Abeyta, M.J.. Clark, A.T.. Rodriguez, R.T.. Bodnar, M.S.. Pera, R.A.. Firpo, M.T.. (2004). Unique gene 

expression signatures of independently-derived human embryonic stem cell lines. Hum Mol Genet 13, 601–
608.  

Aoi, T.. Yae, K.. Nakagawa, M.. Ichisaka, T.. Okita, K.. Takahashi, K.. Chiba, T.. Yamanaka, S.. (2008). 
Generation of Pluripotent Stem Cells from Adult Mouse Liver and Stomach Cells. Science.  

Araki, R.. Fukumura, R.. Sasaki, N.. Kasama, Y.. Suzuki, N.. Takahashi, H.. Tabata, Y.. Saito, T.. Abe, M.. 
(2006). More than 40,000 transcripts, including novel and noncoding transcripts, in mouse embryonic stem 
cells. Stem Cells 24, 2522–2528.  

Atlasi, Y.. Mowla, S.J.. Ziaee, S.A.. Bahrami, A.R.. (2007). OCT-4, an embryonic stem cell marker, is highly 
expressed in bladder cancer. Int J Cancer 120, 1598–1602.  

Avilion, A.A.. Nicolis, S.K.. Pevny, L.H.. Perez, L.. Vivian, N.. Lovell-Badge, R.. (2003). Multipotent cell 
lineages in early mouse development depend on SOX2 function. Genes Dev 17, 126–140.  

Azuara, V.. Perry, P.. Sauer, S.. Spivakov, M.. Jorgensen, H.F.. John, R.M.. Gouti, M.. Casanova, M.. Warnes, 
G.. Merkenschlager, M.. Fisher, A.G.. (2006). Chromatin signatures of pluripotent cell lines. Nat Cell Biol 8, 
532–538.  

Bachvarova, R.F.. Masi, T.. Drum, M.. Parker, N.. Mason, K.. Patient, R.. Johnson, A. D.. (2004). Gene 
expression in the axolotl germ line: Axdazl, Axvh, Axoct-4, and Axkit. Dev Dyn 231, 871–880.  

Ben-Porath, I.. Thomson, M.W.. Carey, V.J.. Ge, R.. Bell, G.W.. Regev, A.. Weinberg, R.A.. (2008). An 
embryonic stem cell-like gene expression signature in poorly differentiated aggressive human tumors. Nat 
Genet 40, 499–507.  

Bernstein, B.E.. Mikkelsen, T.S.. Xie, X.. Kamal, M.. Huebert, D.J.. Cuff, J.. Fry, B.. Meissner, A.. Wernig, M.. 
Plath, K.. et al. (2006). A bivalent chromatin structure marks key developmental genes in embryonic stem 
cells. Cell 125, 315–326.  

Bhattacharya, B.. Miura, T.. Brandenberger, R.. Mejido, J.. Luo, Y.. Yang, A.X.. Joshi, B.H.. Ginis, I.. Thies, 
R.S.. Amit, M.. et al. (2004). Gene expression in human embryonic stem cell lines: unique molecular 
signature. Blood 103, 2956–2964.  

Bibikova, M.. Laurent, L.C.. Ren, B.. Loring, J.F.. Fan, J.B.. (2008). Unraveling epigenetic regulation in 
embryonic stem cells. Cell Stem Cell 2, 123–134.  

Blakaj, A.. Lin, H.. (2008). Piecing together the mosaic of early mammalian development through microRNAs. 
J Biol Chem 283, 9505–9508.  

Blelloch, R.. Venere, M.. Yen, J.. Ramalho-Santos, M.. (2007). Generation of induced pluripotent stem cells in 
the absence of drug selection. Cell Stem Cell 1, 245–247.  



M. Grskovic & M. Ramalho-Santos 

 177

Boyer, L.A.. Lee, T.I.. Cole, M.F.. Johnstone, S.E.. Levine, S.S.. Zucker, J.P.. Guenther, M.G.. Kumar, R.M.. 
Murray, H.L.. Jenner, R.G.. et al. (2005). Core transcriptional regulatory circuitry in human embryonic stem 
cells. Cell 122, 947–956.  

Boyer, L.A.. Mathur, D.. Jaenisch, R.. (2006). Molecular control of pluripotency. Curr Opin Genet Dev 16, 455–
462.  

Brandenberger, R.. Khrebtukova, I.. Thies, R.S.. Miura, T.. Jingli, C.. Puri, R.. Vasicek, T.. Lebkowski, J.. Rao, 
M.. (2004). MPSS profiling of human embryonic stem cells. BMC Dev Biol 4, 10.  

Brandenberger, R.. Wei, H.. Zhang, S.. Lei, S.. Murage, J.. Fisk, G.J.. Li, Y.. Xu, C.. Fang, R.. Guegler, K.. et 
al. (2004). Transcriptome characterization elucidates signaling networks that control human ES cell growth 
and differentiation. Nat Biotechnol 22, 707–716.  

Brons, I.G.. Smithers, L.E.. Trotter, M.W.. Rugg-Gunn, P.. Sun, B.. Chuva de Sousa Lopes, S.M.. Howlett, 
S.K.. Clarkson, A.. Ahrlund-Richter, L.. Pedersen, R.A.. Vallier, L.. (2007). Derivation of pluripotent 
epiblast stem cells from mammalian embryos. Nature 448, 191–195.  

Cantz, T.. Key, G.. Bleidissel, M.. Gentile, L.. Han, D.W.. Brenne, A.. Scholer, H.R.. (2008). Absence of OCT4 
expression in somatic tumor cell lines. Stem Cells 26, 692–697.  

Carter, M.G.. Stagg, C.A.. Falco, G.. Yoshikawa, T.. Bassey, U.C.. Aiba, K.. Sharova, L.V.. Shaik, N.. Ko, 
M.S.. (2008). An in situ hybridization-based screen for heterogeneously expressed genes in mouse ES cells. 
Gene Expr Patterns 8, 181–198.  

Chambers, I.. Colby, D.. Robertson, M.. Nichols, J.. Lee, S.. Tweedie, S.. Smith, A.. (2003). Functional 
expression cloning of Nanog, a pluripotency sustaining factor in embryonic stem cells. Cell 113, 643–655.  

Chambers, I.. Silva, J.. Colby, D.. Nichols, J.. Nijmeijer, B.. Robertson, M.. Vrana, J.. Jones, K.. Grotewold, L.. 
Smith, A.. (2007). Nanog safeguards pluripotency and mediates germline development. Nature 450, 1230–
1234.  

Chen, X.. Xu, H.. Yuan, P.. Fang, F.. Huss, M.. Vega, V.B.. Wong, E.. Orlov, Y.L.. Zhang, W.. Jiang, J.. et al. 
(2008). Integration of external signaling pathways with the core transcriptional network in embryonic stem 
cells. Cell 133, 1106–1117.  

Chew, J.L.. Loh, Y.H.. Zhang, W.. Chen, X.. Tam, W.L.. Yeap, L.S.. Li, P.. Ang, Y.S.. Lim, B.. Robson, P.. Ng, 
H.H.. (2005). Reciprocal transcriptional regulation of Pou5f1 and Sox2 via the Oct4/Sox2 complex in 
embryonic stem cells. Mol Cell Biol 25, 6031–6046.  

Efroni, S.. Duttagupta, R.. Cheng, J.. Dehghani, H.. Hoeppner, D.J.. Dash, C.. Bazett-Jones, D.P.. Le Grice, S.. 
McKay, R.D.. Buetow, K.H.. et al. (2008). Global transcription in pluripotent embryonic stem cells. Cell 
Stem Cell 2, 437–447.  

Ezeh, U.I.. Turek, P.J.. Reijo, R.A.. Clark, A.T.. (2005). Human embryonic stem cell genes OCT4, NANOG, 
STELLAR, and GDF3 are expressed in both seminoma and breast carcinoma. Cancer 104, 2255–2265.  

Falco, G.. Lee, S.L.. Stanghellini, I.. Bassey, U.C.. Hamatani, T.. Ko, M.S.. (2007). Zscan4: a novel gene 
expressed exclusively in late 2-cell embryos and embryonic stem cells. Dev Biol 307, 539–550.  

Foster, K.W.. Liu, Z.. Nail, C.D.. Li, X.. Fitzgerald, T.J.. Bailey, S.K.. Frost, A.R.. Louro, I.D.. Townes, T.M.. 
Paterson, A.J.. et al. (2005). Induction of KLF4 in basal keratinocytes blocks the proliferation-differentiation 
switch and initiates squamous epithelial dysplasia. Oncogene 24, 1491–1500.  

Gibbs, C.P.. Kukekov, V.G.. Reith, J.D.. Tchigrinova, O.. Suslov, O.N.. Scott, E.W.. Ghivizzani, S.C.. Ignatova, 
T.N.. Steindler, D.A.. (2005). Stem-like cells in bone sarcomas: implications for tumorigenesis. Neoplasia 7, 
967–976.  

Grskovic, M.. Chaivorapol, C.. Gaspar-Maia, A.. Li, H.. Ramalho-Santos, M.. (2007). Systematic identification 
of cis-regulatory sequences active in mouse and human embryonic stem cells. PLoS Genet 3, e145.  

GuhaThakurta, D.. Palomar, L.. Stormo, G.D.. Tedesco, P.. Johnson, T.E.. Walker, D.W.. Lithgow, G.. Kim, S.. 
Link, C.D.. (2002). Identification of a novel cis-regulatory element involved in the heat shock response in 
Caenorhabditis elegans using microarray gene expression and computational methods. Genome Res 12, 
701–712.  

Hanna, J.. Markoulaki, S.. Schorderet, P.. Carey, B.W.. Beard, C.. Wernig, M.. Creyghton, M.P.. Steine, E.J.. 
Cassady, J.P.. Foreman, R.. et al. (2008). Direct reprogramming of terminally differentiated mature B 
lymphocytes to pluripotency. Cell 133, 250–264.  

Hochedlinger, K.. Yamada, Y.. Beard, C.. Jaenisch, R.. (2005). Ectopic expression of Oct-4 blocks progenitor-
cell differentiation and causes dysplasia in epithelial tissues. Cell 121, 465–477.  

Iki, K.. Pour, P.M.. (2006). Expression of Oct4, a stem cell marker, in the hamster pancreatic cancer model. 
Pancreatology 6, 406–413.  

Ivanova, N.. Dobrin, R.. Lu, R.. Kotenko, I.. Levorse, J.. DeCoste, C.. Schafer, X.. Lun, Y.. Lemischka, I.R.. 
(2006). Dissecting self-renewal in stem cells with RNA interference. Nature 442, 533–538.  

Ivanova, N.B.. Dimos, J.T.. Schaniel, C.. Hackney, J.A.. Moore, K.A.. Lemischka, I.R.. (2002). A stem cell 
molecular signature. Science 298, 601–604.  



Int. J. Biomed. & Hlth. Sci. Volume 9, No. 3 (2013) 

 178

Katayama, S.. Tomaru, Y.. Kasukawa, T.. Waki, K.. Nakanishi, M.. Nakamura, M.. Nishida, H.. Yap, C.C.. 
Suzuki, M.. Kawai, J.. et al. (2005). Antisense transcription in the mammalian transcriptome. Science 309, 
1564–1566.  

Kehler, J.. Tolkunova, E.. Koschorz, B.. Pesce, M.. Gentile, L.. Boiani, M.. Lomeli, H.. Nagy, A.. McLaughlin, 
K.J.. Scholer, H.R.. Tomilin, A.. (2004). Oct4 is required for primordial germ cell survival. EMBO Rep 5, 
1078–1083.  

Kim, J.. Chu, J.. Shen, X.. Wang, J.. Orkin, S.H.. (2008). An extended transcriptional network for pluripotency 
of embryonic stem cells. Cell 132, 1049–1061.  

Knoepfler, P.S.. Zhang, X.Y.. Cheng, P.F.. Gafken, P.R.. McMahon, S.B.. Eisenman, R.N.. (2006). Myc 
influences global chromatin structure. Embo J 25, 2723–2734.  

Kunarso, G.. Wong, K.Y.. Stanton, L.W.. Lipovich, L.. (2008). Detailed characterization of the mouse 
embryonic stem cell transcriptome reveals novel genes and intergenic splicing associated with pluripotency. 
BMC Genomics 9, 155.  

Kuroda, T.. Tada, M.. Kubota, H.. Kimura, H.. Hatano, S.Y.. Suemori, H.. Nakatsuji, N.. Tada, T.. (2005). 
Octamer and Sox elements are required for transcriptional cis regulation of Nanog gene expression. Mol Cell 
Biol 25, 2475–2485.  

Lavial, F.. Acloque, H.. Bertocchini, F.. Macleod, D.J.. Boast, S.. Bachelard, E.. Montillet, G.. Thenot, S.. Sang, 
H.M.. Stern, C.D.. et al. (2007). The Oct4 homologue PouV and Nanog regulate pluripotency in chicken 
embryonic stem cells. Development 134, 3549–3563.  

Liu, X.. Brutlag, D.L.. Liu, J.S.. (2001). BioProspector: discovering conserved DNA motifs in upstream 
regulatory regions of co-expressed genes. Pac Symp Biocomput , 127–138. 

Liu, Y.. Shin, S.. Zeng, X.. Zhan, M.. Gonzalez, R.. Mueller, F.J.. Schwartz, C.M.. Xue, H.. Li, H.. Baker, S.C.. 
et al. (2006). Genome wide profiling of human embryonic stem cells (hESCs), their derivatives and 
embryonal carcinoma cells to develop base profiles of U.S. Federal government approved hESC lines. BMC 
Dev Biol 6, 20.  

Loh, Y.H.. Wu, Q.. Chew, J.L.. Vega, V.B.. Zhang, W.. Chen, X.. Bourque, G.. George, J.. Leong, B.. Liu, J.. et 
al. (2006). The Oct4 and Nanog transcription network regulates pluripotency in mouse embryonic stem cells. 
Nat Genet 38, 431–440.  

Lowry, W.E.. Richter, L.. Yachechko, R.. Pyle, A.D.. Tchieu, J.. Sridharan, R.. Clark, A. T.. Plath, K.. (2008). 
Generation of human induced pluripotent stem cells from dermal fibroblasts. Proc Natl Acad Sci U S A 105, 
2883–2888.  

MacIsaac, K.D.. Fraenkel, E.. (2006). Practical strategies for discovering regulatory DNA sequence motifs. 
PLoS Comput Biol 2, e36.  

Maherali, N.. Sridharan, R.. Xie, W.. Utikal, J.. Eminli, S.. Arnold, K.. Stadtfeld, M.. Yachechko, R.. Tchieu, J.. 
Jaenisch, R.. et al. (2007). Directly reprogrammed fibroblasts show global epigenetic remodeling and 
widespread tissue contribution. Cell Stem Cell 1, 55–70.  

Marson, A.. Levine, S.S.. Cole, M.F.. Frampton, G.M.. Brambrink, T.. Johnstone, S.. Guenther, M.G.. Johnston, 
W.K.. Wernig, M.. Newman, J.. et al. (2008). Connecting microRNA genes to the core transcriptional 
regulatory circuitry of embryonic stem cells. Cell 134, 521–533.  

Masui, S.. Nakatake, Y.. Toyooka, Y.. Shimosato, D.. Yagi, R.. Takahashi, K.. Okochi, H.. Okuda, A.. Matoba, 
R.. Sharov, A.A.. et al. (2007). Pluripotency governed by Sox2 via regulation of Oct3/4 expression in mouse 
embryonic stem cells. Nat Cell Biol 9, 625–635.  

Matoba, R.. Niwa, H.. Masui, S.. Ohtsuka, S.. Carter, M.G.. Sharov, A.A.. Ko, M.S.. (2006). Dissecting Oct3/4-
regulated gene networks in embryonic stem cells by expression profiling. PLoS ONE 1, e26.  

Meissner, A.. Wernig, M.. Jaenisch, R.. (2007). Direct reprogramming of genetically unmodified fibroblasts into 
pluripotent stem cells. Nat Biotechnol 25, 1177–1181.  

Meshorer, E.. Yellajoshula, D.. George, E.. Scambler, P.J.. Brown, D.T.. Misteli, T.. (2006). Hyperdynamic 
plasticity of chromatin proteins in pluripotent embryonic stem cells. Dev Cell 10, 105–116.  

Mitsui, K.. Tokuzawa, Y.. Itoh, H.. Segawa, K.. Murakami, M.. Takahashi, K.. Maruyama, M.. Maeda, M.. 
Yamanaka, S.. (2003). The homeoprotein Nanog is required for maintenance of pluripotency in mouse 
epiblast and ES cells. Cell 113, 631–642.  

Miura, T.. Luo, Y.. Khrebtukova, I.. Brandenberger, R.. Zhou, D.. Thies, R.S.. Vasicek, T.. Young, H.. 
Lebkowski, J.. Carpenter, M.K.. Rao, M.S.. (2004). Monitoring early differentiation events in human 
embryonic stem cells by massively parallel signature sequencing and expressed sequence tag scan. Stem 
Cells Dev 13, 694–715.  

Morrison, G.M.. Brickman, J.M.. (2006). Conserved roles for Oct4 homologues in maintaining multipotency 
during early vertebrate development. Development 133, 2011–2022.  

Nakagawa, M.. Koyanagi, M.. Tanabe, K.. Takahashi, K.. Ichisaka, T.. Aoi, T.. Okita, K.. Mochiduki, Y.. 
Takizawa, N.. Yamanaka, S.. (2008). Generation of induced pluripotent stem cells without Myc from mouse 
and human fibroblasts. Nat Biotechnol 26, 101–106.  



M. Grskovic & M. Ramalho-Santos 

 179

Nichols, J.. Zevnik, B.. Anastassiadis, K.. Niwa, H.. Klewe-Nebenius, D.. Chambers, I.. Scholer, H.. Smith, A.. 
(1998). Formation of pluripotent stem cells in the mammalian embryo depends on the POU transcription 
factor Oct4. Cell 95, 379–391.  

Nishimoto, M.. Miyagi, S.. Yamagishi, T.. Sakaguchi, T.. Niwa, H.. Muramatsu, M.. Okuda, A.. (2005). Oct-3/4 
maintains the proliferative embryonic stem cell state via specific binding to a variant octamer sequence in 
the regulatory region of the UTF1 locus. Mol Cell Biol 25, 5084–5094.  

Niwa, H.. (2007). Open conformation chromatin and pluripotency. Genes Dev 21, 2671–2676.  
Niwa, H.. Miyazaki, J.. Smith, A.G.. (2000). Quantitative expression of Oct-3/4 defines differentiation, 

dedifferentiation or self-renewal of ES cells. Nat Genet 24, 372–376.  
Okita, K.. Ichisaka, T.. Yamanaka, S.. (2007). Generation of germline-competent induced pluripotent stem cells. 

Nature 448, 313–317.  
Okumura-Nakanishi, S.. Saito, M.. Niwa, H.. Ishikawa, F.. (2005). Oct-3/4 and Sox2 regulate Oct-3/4 gene in 

embryonic stem cells. J Biol Chem 280, 5307–5317.  
Park, I.H.. Zhao, R.. West, J.A.. Yabuuchi, A.. Huo, H.. Ince, T.A.. Lerou, P.H.. Lensch, M.W.. Daley, G.Q.. 

(2008). Reprogramming of human somatic cells to pluripotency with defined factors. Nature 451, 141–146.  
Pennacchio, L.A.. Rubin, E.M.. (2001). Genomic strategies to identify mammalian regulatory sequences. Nat 

Rev Genet 2, 100–109.  
Pesce, M.. Scholer, H.R.. (2001). Oct-4: gatekeeper in the beginnings of mammalian development. Stem Cells 

19, 271–278.  
Ponti, D.. Costa, A.. Zaffaroni, N.. Pratesi, G.. Petrangolini, G.. Coradini, D.. Pilotti, S.. Pierotti, M.A.. Daidone, 

M.G.. (2005). Isolation and in vitro propagation of tumorigenic breast cancer cells with stem/progenitor cell 
properties. Cancer Res 65, 5506–5511.  

Pritsker, M.. Doniger, T.T.. Kramer, L.C.. Westcot, S.E.. Lemischka, I.R.. (2005). Diversification of stem cell 
molecular repertoire by alternative splicing. Proc Natl Acad Sci U S A 102, 14290–14295.  

Ramalho-Santos, M.. (2004). Stem cells as probabilistic self-producing entities. Bioessays 26, 1013–1016.  
Ramalho-Santos, M.. Yoon, S.. Matsuzaki, Y.. Mulligan, R.C.. Melton, D.A.. (2002). “Stemness”: 

transcriptional profiling of embryonic and adult stem cells. Science 298, 597–600.  
Richards, M.. Tan, S.P.. Chan, W.K.. Bongso, A.. (2006). Reverse serial analysis of gene expression (SAGE) 

characterization of orphan SAGE tags from human embryonic stem cells identifies the presence of novel 
transcripts and antisense transcription of key pluripotency genes. Stem Cells 24, 1162–1173.  

Richards, M.. Tan, S.P.. Tan, J.H.. Chan, W.K.. Bongso, A.. (2004). The transcriptome profile of human 
embryonic stem cells as defined by SAGE. Stem Cells 22, 51–64.  

Rodda, D.J.. Chew, J.L.. Lim, L.H.. Loh, Y.H.. Wang, B.. Ng, H.H.. Robson, P.. (2005). Transcriptional 
regulation of nanog by OCT4 and SOX2. J Biol Chem 280, 24731–24737.  

Roma, G.. Cobellis, G.. Claudiani, P.. Maione, F.. Cruz, P.. Tripoli, G.. Sardiello, M.. Peluso, I.. Stupka, E.. 
(2007). A novel view of the transcriptome revealed from gene trapping in mouse embryonic stem cells. 
Genome Res 17, 1051–1060.  

Roth, F.P.. Hughes, J.D.. Estep, P.W.. Church, G.M.. (1998). Finding DNA regulatory motifs within unaligned 
noncoding sequences clustered by whole-genome mRNA quantitation. Nat Biotechnol 16, 939–945.  

Santagata, S.. Ligon, K.L.. Hornick, J.L.. (2007). Embryonic stem cell transcription factor signatures in the 
diagnosis of primary and metastatic germ cell tumors. Am J Surg Pathol 31, 836–845.  

Sato, N.. Sanjuan, I.M.. Heke, M.. Uchida, M.. Naef, F.. Brivanlou, A.H.. (2003). Molecular signature of human 
embryonic stem cells and its comparison with the mouse. Dev Biol 260, 404–413.  

Sharov, A.A.. Piao, Y.. Matoba, R.. Dudekula, D.B.. Qian, Y.. VanBuren, V.. Falco, G.. Martin, P.R.. Stagg, 
C.A.. Bassey, U.C.. et al. (2003). Transcriptome analysis of mouse stem cells and early embryos. PLoS Biol 
1, E74.  

Sharova, L.V.. Sharov, A.A.. Piao, Y.. Shaik, N.. Sullivan, T.. Stewart, C.L.. Hogan, B.L.. Ko, M.S.. (2007). 
Global gene expression profiling reveals similarities and differences among mouse pluripotent stem cells of 
different origins and strains. Dev Biol 307, 446–459.  

Silva, J.. Smith, A.. (2008). Capturing pluripotency. Cell 132, 532–536.  
Skotheim, R.I.. Lind, G.E.. Monni, O.. Nesland, J.M.. Abeler, V.M.. Fossa, S.D.. Duale, N.. Brunborg, G.. 

Kallioniemi, O.. Andrews, P.W.. Lothe, R.A.. (2005). Differentiation of human embryonal carcinomas in 
vitro and in vivo reveals expression profiles relevant to normal development. Cancer Res 65, 5588–5598.  

Sperger, J.M.. Chen, X.. Draper, J.S.. Antosiewicz, J.E.. Chon, C.H.. Jones, S.B.. Brooks, J.D.. Andrews, P.W.. 
Brown, P.O.. Thomson, J.A.. (2003). Gene expression patterns in human embryonic stem cells and human 
pluripotent germ cell tumors. Proc Natl Acad Sci U S A 100, 13350–13355.  

Stevens, L.C.. (1967). Origin of testicular teratomas from primordial germ cells in mice. J Natl Cancer Inst 38, 
549–552. 

Sun, Y.. Li, H.. Liu, Y.. Shin, S.. Mattson, M.P.. Rao, M.S.. Zhan, M.. (2007). Cross-species transcriptional 
profiles establish a functional portrait of embryonic stem cells. Genomics 89, 22–35.  



Int. J. Biomed. & Hlth. Sci. Volume 9, No. 3 (2013) 

 180

Tai, M.H.. Chang, C.C.. Kiupel, M.. Webster, J.D.. Olson, L.K.. Trosko, J.E.. (2005). Oct4 expression in adult 
human stem cells: evidence in support of the stem cell theory of carcinogenesis. Carcinogenesis 26, 495–
502.  

Takahashi, K.. Tanabe, K.. Ohnuki, M.. Narita, M.. Ichisaka, T.. Tomoda, K.. Yamanaka, S.. (2007). Induction 
of pluripotent stem cells from adult human fibroblasts by defined factors. Cell 131, 861–872.  

Takahashi, K.. Yamanaka, S.. (2006). Induction of pluripotent stem cells from mouse embryonic and adult 
fibroblast cultures by defined factors. Cell 126, 663–676.  

Tam, O.H.. Aravin, A.A.. Stein, P.. Girard, A.. Murchison, E.P.. Cheloufi, S.. Hodges, E.. Anger, M.. 
Sachidanandam, R.. Schultz, R.M.. Hannon, G.J.. (2008). Pseudogene-derived small interfering RNAs 
regulate gene expression in mouse oocytes. Nature.  

Tesar, P.J.. Chenoweth, J.G.. Brook, F.A.. Davies, T.J.. Evans, E.P.. Mack, D.L.. Gardner, R.L.. McKay, R.D.. 
(2007). New cell lines from mouse epiblast share defining features with human embryonic stem cells. Nature 
448, 196–199.  

Thomson, J.A.. Itskovitz-Eldor, J.. Shapiro, S.S.. Waknitz, M.A.. Swiergiel, J.J.. Marshall, V.S.. Jones, J.M.. 
(1998). Embryonic stem cell lines derived from human blastocysts. Science 282, 1145–1147.  

Tomioka, M.. Nishimoto, M.. Miyagi, S.. Katayanagi, T.. Fukui, N.. Niwa, H.. Muramatsu, M.. Okuda, A.. 
(2002). Identification of Sox-2 regulatory region which is under the control of Oct-3/4-Sox-2 complex. 
Nucleic Acids Res 30, 3202–3213.  

Toyooka, Y.. Shimosato, D.. Murakami, K.. Takahashi, K.. Niwa, H.. (2008). Identification and characterization 
of subpopulations in undifferentiated ES cell culture. Development 135, 909–918.  

Walker, E.. Ohishi, M.. Davey, R.E.. Zhang, W.. Cassar, P.A.. Tanaka, T.S.. Der, S.D.. Morris, Q.. Hughes, 
T.R.. Zandstra, P.W.. Stanford, W.L.. (2007). Prediction and testing of novel transcriptional networks 
regulating embryonic stem cell self-renewal and commitment. Cell Stem Cell 1, 71–86.  

Watanabe, T.. Totoki, Y.. Toyoda, A.. Kaneda, M.. Kuramochi-Miyagawa, S.. Obata, Y.. Chiba, H.. Kohara, Y.. 
Kono, T.. Nakano, T.. et al. (2008). Endogenous siRNAs from naturally formed dsRNAs regulate transcripts 
in mouse oocytes. Nature.  

Wei, C.L.. Miura, T.. Robson, P.. Lim, S.K.. Xu, X.Q.. Lee, M.Y.. Gupta, S.. Stanton, L.. Luo, Y.. Schmitt, J.. et 
al. (2005). Transcriptome profiling of human and murine ESCs identifies divergent paths required to 
maintain the stem cell state. Stem Cells 23, 166–185.  

Wernig, M.. Meissner, A.. Cassady, J.P.. Jaenisch, R.. (2008). c-Myc is dispensable for direct reprogramming of 
mouse fibroblasts. Cell Stem Cell 2, 10–12.  

Wernig, M.. Meissner, A.. Foreman, R.. Brambrink, T.. Ku, M.. Hochedlinger, K.. Bernstein, B.E.. Jaenisch, R.. 
(2007). In vitro reprogramming of fibroblasts into a pluripotent ES-cell-like state. Nature 448, 318–324.  

Wong, D.J.. Liu, H.. Ridky, T.W.. Cassarino, D.. Segal, E.. Chang, H.Y.. (2008). Module map of stem cell 
genes guides creation of epithelial cancer stem cells. Cell Stem Cell 2, 333–344.  

Yu, J.. Thomson, J.A.. (2008). Pluripotent stem cell lines. Genes Dev 22, 1987–1997.  
Yu, J.. Vodyanik, M.A.. Smuga-Otto, K.. Antosiewicz-Bourget, J.. Frane, J.L.. Tian, S.. Nie, J.. Jonsdottir, G.A.. 

Ruotti, V.. Stewart, R.. et al. (2007). Induced pluripotent stem cell lines derived from human somatic cells. 
Science 318, 1917–1920.  

Zeng, X.. Miura, T.. Luo, Y.. Bhattacharya, B.. Condie, B.. Chen, J.. Ginis, I.. Lyons, I.. Mejido, J.. Puri, R.K.. 
et al. (2004). Properties of pluripotent human embryonic stem cells BG01 and BG02. Stem Cells 22, 292–
312.  

Zhou, Q.. Chipperfield, H.. Melton, D.A.. Wong, W.H.. (2007). A gene regulatory network in mouse embryonic 
stem cells. Proc Natl Acad Sci U S A 104, 16438–16443.  

Zhu, Z.. Pilpel, Y.. Church, G.M.. (2002). Computational identification of transcription factor binding sites via a 
transcription-factor-centric clustering (TFCC) algorithm. J Mol Biol 318, 71–81. 

 


