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Abstract

The generation of human induced pluripotent stem cells (iPS) has raised enormous expectations
within the biomedical community due to their potential vast implications in regenerative and
personalized medicine. However, reprogramming to iPS is still not fully comprehended.
Difficulties found in ascribing specific molecular patterns to pluripotent cells (PSCs), and inherent
inter-line and intra-line variability between different PSCs need to be resolved. Additionally, and
despite multiple assumptions, it remains unclear whether the current in vitro culturing conditions
for the maintenance and differentiation of PSCs do indeed recapitulate the developmental
processes observed in vivo. As a consequence, basic questions such as what is the actual nature of
PSCs remain unanswered and different theories have emerged in regards to the identity of these
valuable cell population. Here we discuss on the published theories for defining PSC identity, the
implications that the different postulated models have for the reprogramming field as well as
speculate on potential future directions that might be opened once a precise knowledge on the
nature of PSCs is accomplished.

Introduction

The zygote is a totipotent cell capable of generating trophoectodermal lineages as well as the
inner cell mass (ICM). The cells present in the ICM, defined as pluripotent stem cell (PSCs),
give rise to all three different germ cell layers of the embryo and ultimately, the adult
individual[1,2]. The precise molecular dynamics leading to the formation of PSCs in vivo as
well as their fundamental properties have long remained elusive. The ability to generate
PSCs invitro, may bring new light into these questions as well novel strategies for
regenerative medicine[1,3-10]u[11-15].
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Stemness: a fixed identity or a dynamic functional equilibrium?

According to the traditional metaphor of embryonic development illustrated by Conrad
Waddington, totipotent cells at the top of a hill fall down progressively to appropriate
valleys representing different intermediate steps, and ultimately lead to the generation of
every other terminally differentiated somatic cell lineage (Figure 1) [16-18].

But what is the nature of the cells at the top of the Waddington landscape? Pluripotent stem
cells are considered to represent a naive ground state that lack expression of genes and
protein products typical of more differentiated lineages[8]. Assuming such ground state,
differentiation proceeds upon targeted activation of specific gene programs defining specific
somatic cellular identities. It is therefore assumed that different pluripotent stem cell lines,
whether embryonic stem cells (ESCs) or induced pluripotent stem cells (iPSCs), should
present a common molecular signature that defines their pluripotent identity. An alternative
theory postulates that pluripotent stem cells could be viewed as a defined functional cellular
state, where differential molecular programs (e.g variations in marker expression) can be
observed, including the expression of the so-called lineage markers. Assuming lineage
marker expression, differentiation of pluripotent cells can be explained by a progressive
switching off of certain markers while maintaining, or even potentiating, the expression of
other lineage genes for defining final cellular identity[19].

Efforts at defining PSC identity at the molecular level seem to suggest that dynamic
transitions occur between different cellular states[19-24]. In such a scenario, differential
marker expression can be observed between PSCs despite all different lines presenting
functional pluripotent differentiation properties. Nonetheless, evidence for and against one
model (that PSCs represent a fixed identity) or another (that PSCs dynamically transit
between different functional states in where varying expression of markers can be observed),
derive mainly from in vitro experiments. These observations might be influenced or altered
by the artificiality of the in vitro systems themselves, and raise the question of which of the
two models, if any, apply during in vivo development. For example, it is well known the
inter-line and intra-line variability observed depending of the culture system utilized.
Culturing conditions for pluripotent cells were originally optimized for the stabilization of
an undifferentiated pluripotent state, a stable proliferative phase that may rarely occur during
early embryonic development. Additionally, inter-laboratory variability in terms of culturing
conditions has also been shown to affect PSC molecular signatures. Small and somewhat
uncontrollable variability during PSC culturing (e.g.: the relative activity of growth factors;
the rates of binding to their receptors or even small batch-to-batch differences in common
reagents used for maintaining PSCs) might additionally affect the patterns of expression of a
given set of genes[22,23,25]. Indeed, it is quite clear to the experienced stem cell researcher
that despite culture optimization, spontaneous differentiation in pluripotent stem cell
cultures occurs relatively frequently. Therefore, it is unclear whether such dynamic
variations might be also present during embryogenesis in vivo and whether dynamic
expression of “lineage markers” occurs in vivo as opposed to the presence of an invariable
and discrete pluripotent cell identity.
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Dynamic transitions in biology are not atypical. Examples of dynamic transitions between
metastable cellular states have been previously reported when attempting at defining cancer
stem cells[26]. As an example, putative stem cells were first isolated from Glioblastoma
multiforme (GBMs) on the bases of CD133 expression. CD133 rapidly emerged as a
“marker” of glioma stem cells and CD133+ isolated from the tumor mass did seem to fulfill
all functional criteria of TICs. CD133+ cells were found not only to self-renew but also to
bear differentiation potential. Thus, convincingly demonstrating the “stem-like” nature of
the isolated cells. Yet, it was soon after demonstrated that CD133-cells bore the same
properties, therefore, questioning the presence of individualized discrete cancer stem cell
identities[27-32]. In line with these observations, stem cell-like signatures have been shown
to arise during cancer progression, raising the possibility that differentiated cancer cells
could transit between two dedifferentiated stem-like states[26,33,34]. Whereas cancer stem
cells share defining properties with non-malignant stem cells, namely multilineage
differentiation and self-renewing potential, it remains unclear whether such transitions occur
in pluripotent cells in vivo and further investigations are required to answer these points.

Contrary to cancer biology, the differentiation of stem cells to defined somatic lineages was
traditionally considered an irreversible process, however, reprogramming to iPSCs has
demonstrated the reversibility of somatic identity to a pluripotent state[5,6]. Since
reprogramming occurs upon the forceful induction of given genes and/or epigenetic
modifications this may not necessarily represent a natural process. Nevertheless,
spontaneous reprogramming does indeed occur and transitions between differentiated
somatic cells and dedifferentiated states can be observed in situations other than cancer.
Regenerative organisms generate, as a response to injury, a dedifferentiated cellular mass,
called blastema, which is able to re-differentiate into all appropriate lost tissues and cell
lineages[35-38]. More recently, the concept of dedifferentiation to a plastic stem cell state
has also been demonstrated in mammals as a response to injury[39,40]. If a equilibrium
between multiple undifferentiated pluripotent states indeed exists in vivo, then a flattened
area in where multiple PSCs, solely defined in terms of functionality, should be considered
(Figure 2). This situation will raise additional questions such as whether differentiation of all
major somatic tissues proceeds in an oligoclonal manner in vivo. If this was true, it might
well be that certain populations of pluripotent cells present bias differentiation potential
towards specific somatic lineages due to small variance in the expression of certain
“lineage” genes (e.g.: the relative levels of defined growth factor receptors), as opposed to
monoclonal differentiation where all pluripotent cells present the same identity and relative
ability to contribute to all differentiated lineages.

Defining the nature of pluripotent cells will ultimately influence current approaches for
understanding stem cell biology. Most importantly, precise knowledge on the nature of
PSCs and how differentiation actually occurs might open new venues for a better
understanding of reprogramming and differentiation leading to the development of
regenerative medicine strategies for the treatment of human disease and injury.
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Reprogramming by lineage specifiers

In 2006, Takahashi and Yamanaka were able to identify specific factors able to
dedifferentiate somatic cell lineages to a pluripotent state[6]. Following these initial studies
the search for reprogramming factors focused on genes enriched in ESCs, that could, upon
overexpression, drive the conversion of somatic cells to a defined pluripotent state. This has
proven to be a successful approach and multiple factors typically expressed in ESCs have
been used for the derivation of iPSCs[37,41-45]. Such an approach inherently recognizes
pluripotency as a fixed identity where Transcription Factors (TFs) can impose a
“pluripotent” genetic program in somatic cells eventually overcoming differentiated gene
signatures.

More recently, it has been demonstrated that so-called pluripotent factors act as pioneer TFs
whose initial activities do not depend on their direct binding to stem cell gene promoters but
rather on their global activity and somewhat unspecific opening the chromatin. Upon
binding, pioneer TFs expose specific gene promoters, facilitating and ultimately driving the
binding to specific promoters[46—48]. Contrary to trans-reprogramming processes, pioneer
activities acting over the chromatin are referred to as cis-reprogramming events. Cis-
reprogramming events can indeed explain why the initial phase of reprogramming occurs as
a stochastic process[49], as it would imply a randomized series of events that could vary
from experiment to experiment until chromatin structures have been modified and specific
promoters are readily accessible to defined TFs.

Two elegant reports have shed new light on the actual molecular events underlying
reprogramming[49,50]. First, the report by Buganim et al convincingly demonstrates that a
first phase of reprogramming occurs randomly, or stochastically, until the expression of
endogenous Sox2 is accomplished. Once Sox2 is expressed, and presumably genome-wide
chromatin modifications have occurred, a hierarchical phase of gene expression occurs[49].
Another report by the Hochedlinger’s laboratory, further demonstrated the suitability of
population level approaches to investigate the mechanisms of reprogramming irrespectively
of specific cell identities. In this case, it was observed that the first days of reprogramming
lead to global chromatin modifications in line with the pioneer activity of reprogramming
factors. Following this first wave of chromatin remodeling, a gradual phase of gene
expression changes ultimately lead to the activation of endogenous pluripotent machinery
and the formation of iPSCs[50,51].

In line with the theoretical framework provided by these reports, three different recent
manuscripts have reported on the generation of iPSCs by using somewhat unconventional
strategies (Figure 3)[12,13,52]. Deng and colleagues have shown that critical compounds
indispensable for chemical reprogramming, such as DNzep (an inhibitor of the lysine
methyltransferase EZH2 (KMT®6) that catalyzes trimethylation of lysine 27 on histone H3),
target the chromatin. It is possible that by remodeling the chromatin some of the compounds
used for chemical reprogramming mimic the pioneer activities of reprogramming TFs[52]. It
is however unclear how, and which TFs, drive trans-reprograming events during the second
phase of chemical reprogramming once the chromatin has been opened. On support for the
need for pioneer activities, the Deng’s laboratory first reported on the reprogramming of
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murine fibroblasts to iPSCs by using genes typical of differentiated lineages, the so-called
lineage specifiers[13]. In this case, it was found that several mesendodermal and ectodermal
linage genes sufficed for the replacement of Oct4 and Sox2 respectively. The findings that
lineage genes could “balance” differentiation forces and allow for the generation of iPSCs
resulted in the hypothesis of a seesaw model for reprogramming. It was speculated that
replacement of pluripotency factors was possible due to their actual activities in lineage
specification[10,53]. In support of this hypothesis, reprogramming of Neural Progenitor
Cells (NPCs), an ectodermal-derived cell population characterized by high levels of Sox2
expression, could indeed be accomplished by sole overexpression of Oct4[54]. By
considering pluripotency factors as lineage specifiers, it was further speculated that the
establishment of a functional equilibrium of counteracting differentiation forces might
suffice for the generation of iPSCs[11,13,14]. Conceptually similar to the report by the Deng
laboratory, we have reported on the used of lineage specifiers for the reprogramming of
human somatic fibroblasts[12]. Interestingly, we observed that even though highly dynamic,
expression of genes typically ascribed to differentiated lineages could be readily observed in
undifferentiated pluripotent stem cells, albeit at very low levels. Contrary to the reports from
Deng in murine cells, we found a positive loop between GATA3 and Oct4 expression that
further complicates our understanding of how reprogramming with lineage specifiers occurs
in human cells. The fact is that whereas Oct4 is a driver of mesendodermal genes, one of
which is actually GATA3[53], GATA3 also acts alongside cdx2 early on during
development for the formation of trophoectodermal lineages. Therefore, it remains obscure
whether reprogramming of human cells by lineage specifiers occurs due to pioneer TF
activities, by specific balancing of counteracting differentiation forces, or simply by
establishing a discrete stem cell identity that might appear, yet been overseen, during human
embryonic development[12]. Last, it would be of interest to consider the use of lineage
specifiers for in vivo reprogramming. If lineage specifiers demonstrate suitable for in vivo
reprogramming, their use might indeed allow for a more efficient and controllable
dedifferentiation process minimizing the risk for acquisition of neoplastic properties[55].

In summary, it remains unclear the precise mechanisms that drive the reprogramming of
somatic cells as well as the actual nature of the pluripotent state. However, the presence of
lineage markers in undifferentiated PSCs and their use for generating iPSCs blurs traditional
cell marker definitions. Ultimately, a profound knowledge of the molecular mechanisms
underlying reprogramming and a detailed characterization of the driving forces behind this
process might allow for the design of strategies aiming towards the generation of higher
quality stem cells, reversion of aging, or even induction of a pro-regenerative state in vivo.
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Figure 1. Revisiting Waddington’s landscape
The original metaphor of development as depicted by Conrad Waddington presented a

simplified representation of cell differentiation to somatic cell lineages. Nowadays,
development can be seen as a continuous in where not only adult stem cells can reside in a
quiescent state during adulthood, but also where the whole life-span of an individual,
including aging processes, is considered.
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Figure 2. Pluripotent Stem Cell identity: a fixed entity or a compendium of functional states?
Unequivocally, development starts by differentiation of a single cell, the zygote. However,

PSCs contained in the Inner Cell Mass (ICM) of a differentiated blastocyst might not only
present different molecular signatures but also, potentially transit dynamically between
different pluripotent states. Dynamic transitions might indeed not only hamper efforts at
defining PSC identity and molecular profiles but might additionally lead to differentiation
bias in vivo. It is therefore tempting to speculate that should PSC dynamically change in
terms of their genetic and epigenetic programs, oligoclonal differentiation might indeed be
responsible for the development of an adult organism. However, current in vitro settings
favoring differentiation to multiple lineages for the assessment of pluripotency alongside our
inability to precisely model the developing embryonic niche in vitro still compromises our
ability to question the models presented here.
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Figure 3. Reprogramming and the nature of pluripotent stem cells
Defining the actual nature of PSCs presents interesting possibilities for reprogramming. On

the one hand (left side), if pluripotency represents a discrete and molecularly defined
identity, identification of “pluripotent factors” defining a specific pluripotent signature
should unequivocally allow for the reprogramming of somatic cells and expectably, a finite
number of pluripotent factors should be found. On the contrary (right side), if pluripotency
is defined as a balance of counter-acting differentiation forces, there might be un infinite
number of combinations and variables such as “differentiation strength” to be taking into
account for the reprogramming of somatic cells to iPSCs. Should this be the case,
reprogramming strategies should additionally carefully considered the initial somatic cell
types and molecularly different types of PSCs might be obtained while still functionally
presenting pluripotent properties.
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