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Embryonic stem cells display wide-spread pervasive tran-
scriptional output. Here, we propose that multiple simultaneous 
transcriptional states underlay pluripotency.

Introduction

The first half of the 20th century in physics was marked with a 
live debate about the fate and origin of everything.1 The determin-
istic view regarded fate and finite states as well defined, while the 
other, probabilistic view, considered chance as an important deter-
minate. The debate, and the era in physics, became well known with 
Einstein’s famous quote “God does not play dice with the universe”,2 
where he tried to dismiss the “quantum” claim, in which a physical 
state is a probabilistic one. As years went by, the quantum, statistical, 
view took over as the major (some would say only) paradigm in 
physics.

The stem cell transcriptome portrays a metaphorically similar 
setting. The collective efforts to unequivocally characterize the stem 
cell molecular signature have so far produced a wide array of different 
profiles, with disappointing overlap. Thus, the deterministic view, 
regarding stem cells as well defined entities, seems to be experimen-
tally unsuccessful. A non deterministic view, on the other hand, 
perceiving cells as a collection of different states, may be able to settle 
disconcerted experimental findings. According to this view, the stem 
cell transcriptome would be expected to comprise of multiple such 
layers of transcription, resulting in promiscuous, pervasive transcrip-
tional output across the genome.3,4

Over recent years, this molecular characteristic has become of 
special importance in cancer research, with the discovery of a unique 
population in tumors, termed “tumor initiating cells” (or ‘cancer 
stem cells’), with an enhanced ability to initiate tumors, far superior 
to any other subpopulation.5 The capacity to characterize tumor 
initiating cells may provide the clinician with an ability to target 
disease causing cells without the toxicity associated with affecting 

other cell populations. Since embryonic stem cells (ESCs), similar 
to ‘cancer stem cells’ possess an inherent ability to form teratomas 
when transplanted into severe combined immunodeficient (SCID) 
mice, there are tight relationships between an ability to characterize 
stem cells and the ability to characterize tumor initiating cells and a 
successful signature of the phenotypes may be carried quickly into 
the clinic.

However, embryonic stem cells, unlike cancer stem cells or adult, 
tissue-specific, stem cells define an ‘ex vivo’ cultured state. The in 
vivo parallel—the inner cell mass (ICM) of the developing embryo 
at the blastocyst stage from which ESCs are derived—is extremely 
transient during development, and these cells lose their pluripotency 
during implantation and proceed to define specific germ layers 
during gastrulation. It therefore remains to be determined whether 
the molecular signature of ESCs is equivalent to that of the ICM. 
Regardless, the growing interest in ESCs in both the lab and the 
clinic and their enormous potential for regenerative medicine neces-
sitates understanding their molecular layer.

In Search of a Unifying Signature—“Stemness”

Whole transcriptome assays, combined with the accessibility of 
ESC lines, gave the means to profile gene expression differences 
between stem cells and their differentiated progeny. Over the past 
few years, such studies led to a series of papers that gave the first clues 
of transcriptional “stemness”, a molecular signature that would allow 
the community a focus on the basic building blocks of ESCs, e.g., 
pluripotency and self renewal. First in the current surge of papers 
were studies published in 2002, which demonstrated two convincing 
molecular signatures. The first one included a 216 gene signature, 
where the authors intersected lists of expressed genes from embry-
onic, hematopoietic and neural (murine) stem cells.6 The signature 
was composed of the minimal set of probes with expression in all 
three stem cell groups. The authors further showed non-trivial chro-
mosomal mapping of subsets of the signature genes. In the second 
study,7 the authors found shared genes between the human and 
murine gene expression profiles, and determined this intersection 
as a subset of foremost significance to the stem cell state. Another 
study of the same year8 identified candidate transcripts as important 
determinants of pluripotency and lineage specification.

These papers were closely followed by publications that referred to 
the fact that such stemness defining studies came up with distinctively 
different signature contents, and an alert discussion about the stem 

*Correspondence to: Eran Meshorer; The Hebrew University of Jerusalem; 
Department of Genetics; Edmond J. Safra; Givat Ram; Jerusalem 91904 Israel; Tel.: 
+972.2.6585161; Email: meshorer@cc.huji.ac.il/ Sol Efroni; The Mina and Everard 
Goodman Faculty of Life Sciences; Bar-Ilan University; Ramat-Gan 52900 Israel; 
Email: solefroni@gmail.com

Submitted: 08/18/08; Revised: 09/23/08; Accepted: 10/16/08

Previously published online as a Cell Cycle E-publication: 
http://www.landesbioscience.com/journals/cc/article/7216

Review

Stem cells do play with dice
A statistical physics view of transcription

Sol Efroni,1 Shai Melcer,2 Malka Nissim-Rafinia2 and Eran Meshorer2,*

1The Faculty of Life Sciences; Bar-Ilan University; Ramat-Gan Israel; 2Department of Genetics; The institute of Life Sciences; The Hebrew University of Jerusalem; Jerusalem Israel

Key words: embryonic stem cells, stem cells, transcription, chromatin, microarrays, genome-wide, systems biology

www.landesbioscience.com Cell Cycle 43

[Cell Cycle 8:1, 43-48; 1 January 2009]; ©2009 Landes Bioscience



© 20
08

 LA
NDES

 B
IO

SC
IE

NCE.
 D

O N
OT D

IS
TR

IB
UTE

.

Transcription in embryonic stem cells

cell state, the differences between different lines, and the reliability of 
the different technologies arose.9-13 The discussion was later followed 
by studies that aimed to fine tune the experimental assays with the 
purpose of generating a clear phenotypic contrast. It was argued that 
the transcriptional similarities and dissimilarities between comparable 
stem cell lines may serve as a defining property.14 In this work, the 
authors found significant dissimilarities between different ESC lines. 
Such differences have recently been independently corroborated, 
demonstrating how 17 human ESC lines carry diverse propensities to 
differentiate into specific lineages, sometimes with an up to 100-fold 
difference.15 In another report, 6 hESC lines have been studied, 
defining their own stem cell molecular repertoire.16 The obtained 
signature had, similar to previous attempts, only little overlap with 
the “stemness” genes defined in the preceding studies.

By utilizing a different technology, Expressed Sequence Tags 
(ESTs), it was shown that out of the 148,453 ESTs found in ESCs, 
more than 32,000 were unidentified, half of which had no close 
matches in UniGene.17 The authors of this study further showed 
how the strong statistical scrutiny they applied has been validated 
using meta-comparisons with other studies. Yet again, the signature 
obtained had only minor overlap with earlier studies (9 genes overlap 
with,6 32 genes overlap with7). Using massively parallel signature 
sequencing (MPSS), the transcriptomes of mouse and human ESCs 
have been compared with the transcriptomes of their differentiating 
embryoid bodies (EBs),18 with a special emphasis on some of the 
major signaling pathways—LIF, Wnt, FGF and the TGFβ super-
family. Comparing previous expression microarray experiments,6,7,11 
the authors show significant differences from their own, bringing 
us further away from a universal stem cell signature. By combining 
ESTs and MPSS signatures of ESCs and EBs together, a small subset 
of signature genes was pinned down and validated.19 Similar studies 
published during the same period of time20-23 highlighted a collec-
tion of potential “stemness” signature genes.

Two recent studies profiled the gene expression signature between 
embryonic germ cells and ESCs.24,25 Interestingly, these two popu-
lations have striking similarities in gene expression profiling. Yet, 
the authors were able to mine the data and obtain a signature that 
enabled separation of the two phenotypes. The intersection between 
the interesting group of multipotent adult progenitor cells and ESCs 
was less obvious,26 but by doing so, the authors could identify a list of 
hundreds of genes that change their expression between phenotypes 
and determine the differences between the transcriptome behaviors.

In another recent study, a meta analyses of previously published 
gene expression data from stem cells was performed.27 The authors 
took a different approach and characterized genes through their 
alternative promoters and CpG richness, searching for correlations 
between promoter features and stem cell features. This approach 
positioned proliferating adult stem cells and ESCs in the same group, 
and quiescent stem cells and pooled tissues in another. Such data 
mining, enhancing feature selection according to previously ignored 
biological traits, opens a path to novel definitions of a so far resistant 
stem-cell signature.

Although a small number of genes, well identified even without 
transcriptome studies (such as Oct4, Sox2 and Nanog) does emerge 
from the combined efforts, the studies in general fail to deliver a 
unified molecular signature. One possibility for this heterogeneity is 
the dissociated origin of the samples themselves. This was suggested 

based on studies of non-human primates.28 Using cells derived 
from 41 rhesus embryos, the authors show homogenous expression 
profiles, suggesting that factors such as origin, derivation conditions, 
handling and culture might be one of the reasons for the inherent 
‘noise’ in the ESC system.

We propose that ‘noisy’ transcription is an underlying inherent 
feature that distinguishes ESCs from differentiated cells (Fig. 1). 
Using a whole genome tiling transcription array, we measured the 
entire transcriptome (exonic, intronic, intergenic) expression levels 
in differentiating ESCs over multiple time points during 7 days 
and followed the transcriptional differences as a global phenomena, 
and not at the single locus level. We were able to demonstrate that 
it is the global phenomenon that marks the progressive transition 
from ESC into neural progenitors29 and that the permissive tran-
scriptional state in ESCs across the entire genome is being silenced 
during differentiation. This occurs in most chromosomes and at 
all exonic, intronic and intergenic regions, although the latter, as 
expected from ‘promiscuous’ type of transcription, show the most 
pronounced effect. Moreover, when expression levels of every 
transcript at zero time (undifferentiated ESC) was compared with 
consecutive time points, the overwhelming majority of transcription 
probes displayed reduction in their expression levels. These findings 
combine to demonstrate a global transcriptional behavior associated 
with differentiation from pluripotency to commitment. This global 
transcription activity may be viewed as a promising profile to the 
stem cell “state”.

44 Cell Cycle 2009; Vol. 8 Issue 1

Figure 1. Pervasive transcription in ESCs. Shown are schematic diagrams 
of gene sets expressed in different cell lineages. Each lineage expresses a 
unique and characteristic gene set (lineage A, C, E, in different colors) while 
ESCs express their own characteristic gene set (red) plus low level transcrip-
tion of the different lineages, as well as normally silenced heterochromatic 
regions (Het) such as satellite repeats.
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Jacob and colleagues.32 Using RNA FISH against ETn transposons 
the authors found no expression at early cleavage embryos and high 
levels at all pluripotent cells of the ICM at the blastocyst stage. At 
later embryonic stages of 6.5 and 8.5 days, expression was restricted 
to specific embryonic regions and gradually disappeared. A similar 
pattern was observed in embryonal carcinoma (EC) cells, with high 
ETn expression at the undifferentiated state and a marked reduc-
tion (of more than 95%) after differentiation.32 In ESCs, expression 
patterns of transposable elements were reported several years later.33 
Using differential-display PCR, the authors identified EC-1 as an 
ESC-enriched transposable element. EC-1, they found, is highly 
expressed in EC and ESCs and is reduced by ~50% after 24 hours of 
retinoic acid treatment, and in a variety of differentiated cell types it is 
virtually absent. These observations were recently extended to human 
ESCs, where expression of the long interspersed nuclear element 1 
(LINE-1) was observed.34 Using a retrotransposition reporter assay, 
the authors could show that hESCs not only express but also support 
LINE-1 transpositions events, suggesting that retrotransposition may 
occur during early stages of development.

Non-genic expression in ESCs extends beyond transposons. 
Repetitive elements, including the major and minor satellite repeats, 
which are normally heterochromatic and silenced, are expressed at 
high levels in undifferentiated ESCs.29 This is also true for some 
long intergenic regions found scattered throughout the genome, 
which are no longer expressed following differentiation.29 In addi-
tion, several primary miRNAs (pri-miRNAs) are highly expressed 
in human and mouse ESCs, mouse EC cells, and human primary 
tumors, but, interestingly, their corresponding mature species are 
not detectable.35 This situation is reminiscent of low-level transcrip-
tion of tissue-specific genes in ESCs, of which protein products are 
undetectable.29 A protein repression mechanism likely plays a role 
in undifferentiated ESCs, suppressing protein synthesis,36 as well 
as degrading nascent transcripts,37 although the latter is likely a 
distinct mechanism operating inside the nucleus. Along the same 
lines, the processing of several pri-miRNAs is blocked in embryonic 
tissues, with activation of processing occurring only as development 
proceeds.35 This suggests, as is the case for protein translation, that 
there may be a posttranscriptional block in miRNA (miR) biogen-
esis, the mechanism of which remains unknown.

Among the growing number of studies showing miR regulation 
in ESCs, Let-7 serves as an intriguing example for ESC-specific 
post-transcriptional silencing.38,39 The level of pri-let-7 is similar 
in ESCs and EBs, whereas the mature let-7 is undetectable in ESCs 
but is strongly elevated in EBs. This shift is mediated by the pluri-
potency factor Lin-28, which selectively blocks let-7 processing and 
therefore regulates the maturation of pri-let-7 in ESCs.39 Additional 
noteworthy examples demonstrate that miRNAs control cell lineage 
determination in ESCs, likely by fine-tuning the transcriptome of 
differentiating cells during the commitment to a newly adopted fate. 
For example, miR-124a and miR-9, both of which are expressed at 
the primary transcript level but have undetected mature products in 
ESCs, regulate ESC neuronal differentiation,40 while the similarly 
behaved miR-1 and miR-133 affect mesoderm commitment in 
mouse ESC by promoting muscle lineage decisions and repressing 
ectodermal and endodermal differentiation.41 miR-21 is also present 
at low levels in ESCs and at higher level in EBs, but its ESC-specific 
suppression is mediated by REST (RE1 silencing transcription 

Evidence for Enhanced Global Transcription in ESC

The collection of studies over the past few years, in search of a 
stemness signature, left behind them a trail of evidence in support of 
the global transcription claim. We will show how findings embedded 
within the reported results serve to demonstrate how the transcrip-
tional machinery of ESC is more “active” than in the differentiated 
state. Most revealing in this respect are the non biased EST and 
MPSS studies, as well as deep sequencing technologies, where, unlike 
gene expression microarrays, the entire transcriptome is collected at 
different resolutions.

Elevated levels of gene expression have been reported in many 
studies. For example, in the earlier studies, 60% of the genes were 
shown to be expressed in mouse ESCs6 and over 30% in human 
ESCs, larger proportion than any other cell type examined.14 By 
EST profiling in ESCs, the authors stumbled upon unusually high 
novelty rates in transcripts extracted from ESCs, and they observed 
that this is a general phenomenon when looking at ESCs.8 MPSS 
analysis also led the authors to observe that “most genes (including 
tissue-specific genes) are maintained in an open state with low/unde-
tectable levels of transcription”.19 MPSS allows the simple count 
of transcripts (counted by tpm—transcripts per million), and in 
this study the authors show that ESCs had a count of 21,874 tpm, 
compared with 15,336 tpm in EBs, again, demonstrating a higher 
transcriptional output, complexity and abundance in the undiffer-
entiated state. The authors go on to claim that “this suggests that 
repression of gene expression is an important aspect of development”. 
They further show that 2,376 genes are being downregulated during 
differentiation, while 1,996 are being upregulated. When the authors 
discuss the reasons for the major differences between studies, they 
report that most genes in ESCs are expressed at very low levels, with 
70% of them at less than 50 tpm, which would render them practi-
cally undetectable in hybridization microarrays, for example. This is 
compatible with another microarray study30 and an additional MPSS 
study mentioned above,18 which shows a total of 13,824 unique 
signatures in mouse ESCs, compared with 9,845 in EBs. The latter 
study also shows 20,027 (or 23,500 in another line) unique tran-
scripts in human ESCs contrasted with 17,278 unique transcripts 
in human EBs.

A recent study, mostly a tour de force of the novel method-
ology RNE-seq31 mentions that when looking at the transcriptome 
complexity of ESCs versus EBs, the ESCs gave 53,056 transcripts 
from 31,872 ESC loci while EBs gave 50,881 mRNAs from 29,606 
EB loci. The same study also shows that 31–37% of all transcription 
comes from intergenic regions and that “much of the non-exonic 
expression we observed in gene regions was pervasive and low”, again, 
showing a global, low level transcription, although to a lesser extent. 
Taken together, these studies show that whenever transcriptional 
complexity has been measured, ESCs demonstrated a larger number 
of transcripts, originating from a larger set of unique sequences.

Non-Genic Transcription

As indicated above, undifferentiated ESCs display elevated levels 
of transcription throughout their genome. Non-coding regions pose 
a particularly interesting aspect of pervasive transcriptional output. 
Expression of transposable elements during an early window of mouse 
embryonic development was reported over 20 years ago by Francois 
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regions.48 The authors found alternative Transcription Start Sites 
(TSSs) with new 5' ‘microexons’ (most of which are non-coding) that 
precede extremely long intronic sequences (‘megaintrons’), more than 
10-fold longer than the average annotated intron length (averaging at 
~20 kb with examples of over 100 kb). Considering the compactness 
and transcriptional efficiency of the fly genome, this combination 
seemed to serve no purpose other than transcription itself, or rather 
to communicate to remote regions that active transcription is taking 
place elsewhere.

Such large scale transcription-without-translation during fly early 
development, not unlike in mammalian ESCs, tempts to consider 
that throughout eukaryotic evolution different mechanisms have 
been formed, utilizing transcription and subsequently maintaining 
chromatin in an open state. Alternative TSSs and ‘microexons’ 
coupled with ‘megaintrons’ evidently serve this purpose.

However attractive this possibility is, different mechanisms might 
have been formed to maintain chromatin at an open configuration 
in order to allow access for transcription. In this view, the default 
state of chromatin, or its minimal energy configuration, is a compact, 
heterochromatin-like state, and chromatin-bound proteins, such as 
chromatin remodeling factors, are required to maintain chromatin 
in its decondensed, open form. It is possible that they would also 
recruit transcriptional repressors to prevent massive transcription 
from all open loci in ESCs. Although it is difficult to unequivocally 
discern between these two possibilities (Fig. 2), based on the collec-
tion of data, we find the former more attractive, considering the 
nature of the expressed transcripts. Permissive transcription resulting 
from chromatin conformation held open by proteins would likely 
result in a collection of transcripts of all possible sizes. On the other 
hand, transcription-mediated open chromatin, we argue, could 
be explained by low-level tissue-specific gene expression as well as 
defined families of non-genic, intergenic transcripts as observed. 
Thus, expression, albeit promiscuous, of specific transcription units 
of relatively defined length, maintains the open chromatin state. 
Along these lines, it can be argued that early development, during 
which multiple choices are made regarding cell identity and tissue 
formation requires high flexibility in protein expression profiles and 
the ability to quickly alter transcription patterns. This would require 
high accessibility of DNA sequences AND high availability of tran-
scription machinery and so maintaining open chromatin by way of 
promiscuous transcription initiation satisfies both requirements with 
one mechanism, evidently efficient.

Conclusions

Our inability to define a uniform stem cell molecular signature 
led us to suggest that transcriptional ‘uncertainty’ is an inherent 
principle of the stem cell state. A stochastic, multi state behavior of 
stem cells is a mechanism that allows the directed silencing of some 
of those states—the process of differentiation. A stem cell population 
exhibits a wide range of transcriptional outputs of a single gene.49 
When a small fraction of that initial population is re-cultured and 
allowed to propagate, it resumes the same transcriptional profile of 
the original population,49 suggesting that multiple transcriptional 
states is indeed an inherent feature of stem cells. Thus, pluripotency 
dictates multiple simultaneous conditions, resulting in pervasive, 
global transcription. We further suggest that this permissive tran-
scription program is required to maintain an open chromatin 

factor).42 This miR was shown to reduce self-renewal of ESCs upon 
ectopic overexpression, accompanied by a decrease in the expression 
levels of pluripotency factors Oct4, Nanog, Sox2 and c-Myc. These 
selected examples show that miRs play essential roles in ESCs and 
that while many of them are expressed at the primary transcript level, 
they are processed to a mature state only following differentiation.

But do miRs also follow the general rule of permissive transcrip-
tion in ESCs? A recent report suggests they do.43 Using extensive 
bioinformatic analyses of a variety of different cell types, the authors 
identified three classes of miRs that are enriched in undifferentiated 
ESCs when compared with adult tissue. Interestingly, out of the 
229 miRs identified in this analysis, 50% (114 miRs) were highly 
enriched in undifferentiated ESCs, while only 36% (83 miRs) were 
enriched in the adult tissues. Whether this represents a true func-
tional cluster of ESC-enriched miRs remains to be seen, but the 
overall enrichment of miRs in the undifferentiated state is in line 
with the overall increased transcriptional activity in ESCs.

Together, these data demonstrate extensive non-genic transcrip-
tion in ESCs, but at the same time, the presence of silencing or 
regulating mechanisms that keep things in balance.

Is Pervasive Transcription Functionally Important?

The enhanced transcriptional activity associated with the undif-
ferentiated state raises thoughts regarding its significance. Does 
global, permissive transcription play a role in stem cell identity and 
maintenance? Or, with regard to the correlation between heterochro-
matin formation and differentiation,4,44 is it a mere byproduct of the 
overall decondensed chromatin structure in undifferentiated ESCs?

Advanced transcriptome research reveals a growing variety of 
non-coding transcripts, some of which have a relatively character-
ized function, related either to sequence (siRNA, miRNA, Xist) or 
structure (rRNA, tRNA, snRNA, snoRNA). Still, many transcripts 
have yet to be implicated with any clear activity (other than being 
transcribed) and are appropriately termed Transcripts of Unknown  
Function, or TUFs.45 The location of many TUFs at unannotated 
regions upstream of known coding genes raised the possibility that 
they might participate in a yet undefined form of transcription-
mediated chromatin remodeling.

In a comprehensive study of nuclear and cytoplasmic human 
RNA transcripts, classes of RNAs transcribed from gene boundaries 
were identified and characterized according to length and cellular 
location.46 Thus, short RNAs (sRNA, under 200 nt) and most 
poly-adenylated long RNAs (lRNA, over 200 nt) were found both 
in the nucleus and the cytoplasm while other, non-poly-adenylated 
lRNAs were found exclusively in the cytoplasm. Furthermore, gene 
expression strongly correlates with the presence of certain RNAs. 
Most notable are the promoter-associating-sRNAs (PASRs), the 
presence of which tightly and positively correlate with expressed 
genes. Conversely, most silenced genes are devoid of any detect-
able PASRs. Also, some genes are only partially transcribed to the 
extent of the first exon and intron. This behavior particularly defines 
transcriptional status in hESCs,47 possibly marking expression states 
by transcript length while linking global transcription to chromatin 
structure.

One intriguing option for the role of long intergenic transcription 
comes from studies of early development in Drosophila, where 30% 
of overall embryonic transcription stems from genomic non-coding 

46 Cell Cycle 2009; Vol. 8 Issue 1
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Figure 2. Models depicting the relationship between chromatin structure and global transcription in ESCs. (A) Transcription is required to maintain open 
chromatin in ESCs. According to this model, the ‘default’ structure of chromatin is a compact one (left) and transcription keeps chromatin in a decondensed 
form (right). (B) Open chromatin allows promiscuous transcription in ESCs. According to this model, chromatin proteins such as remodelers (depicted as hand 
palms) maintain chromatin in an open configuration and allows promiscuous transcription. Yellow, RNA polymerase II; purple, RNA molecules.
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conformation in the pluripotent state and that differentiation and 
loss of pluripotency is accompanied by reduction of genome-wide 
transcriptional activity. It remains to be seen how global transcription 
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expression of both low-level tissue-specific transcripts and normally 
silenced genomic regions such as heterochromatic satellite repetitive 
elements. The recent advances in sequencing and RNAi technologies 
should partially assist in getting some of these answers.
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