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Reprogramming to induced pluripotency through expression of OCT4, SOX2, KLF4, MYC (OSKM) factors is often
considered the dedifferentiation of somatic cells. This would suggest that reprogramming represents the reversal
of embryonic differentiation. Indeed, molecular events involving the activity of the pluripotency network occur
in opposite directions. However, reprogramming and development substantially differ as OSKM bind to accessible regulatory elements in the genome of somatic cells due to their overexpression, including regulatory elements never bound by these factors during normal differentiation. In addition, rewiring the transcriptional
network back to pluripotency involves overcoming molecular barriers that protect or stabilize the somatic
identity, whereas extrinsic and intrinsic cues will drive differentiation in an energetically favorable landscape in
the embryo. This review focuses on how cell fate transitions in reprogramming and development are differentially governed by interactions between transcription factors and chromatin. We also discuss how these interactions shape chromatin architecture and the transcriptional output. Major technological advances have resulted
in a better understanding of both differentiation and reprogramming, which is essential to exploit reprogramming regimes for regenerative medicine.

1. Introduction

embryonic development is control of gene expression.
Complementing insights from both early embryonic development
and reprogramming to induced pluripotent stem cells (iPSC) in vitro
from fully differentiated lineages, has revealed the remarkable plasticity of the genome [1,2]. Chromatin-associated changes in transcription
regulation play a significant role in conferring this plasticity and are
brought about by different mechanisms, including DNA accessibility,
chromatin modifications and transcription factor (TF) networks [3,4].
Higher-order chromatin architecture and local chromatin contacts also
illustrate important aspects of transcriptional regulation in cell fate
decisions [5,6]. Despite extensive research in each of these individual
fields, how changes in chromatin architecture, regulation via TFs, enhancer activity, and histone modifications are interconnected to orchestrate cellular identities is still not well understood.
This review focuses on cell fate transitions, providing complementary perspectives of transitions during reprogramming and developmental differentiation. We will contrast two processes which are
often considered each other's inverse: 1) the differentiation of

1.1. Differentiation and reprogramming, two sides of the same coin?
Exploring the mechanisms underlying development and differentiation involves detailed characterization of chromatin state, key
transcriptional regulators and chromatin architecture. Fertilization of
the egg by sperm gives rise to a single-cell embryo, the zygote. After a
several cell divisions, cells go through the first lineage commitment to
become either embryonic or extraembryonic tissue. The earliest stages
are under maternal control with key proteins and RNA molecules provided in the egg by the mother, until zygotic genome activation occurs.
During gastrulation the three embryonic germ layers are formed to give
rise to specific tissues in the adult body. These lineage specification and
patterning processes are governed by both cell-intrinsic factors (maternal and embryonic determinants, metabolism, epigenetics) and extrinsic influences (signaling, biomechanical forces). One of the foundations of the cellular changes required for these processes in

Abbreviations: iPSC, induced pluripotent stem cells; ESC, embryonic stem cells; TF, transcription factor; OSKM, OCT4, SOX2, KLF4, c-MYC; CRE, cis-regulatory
elements; TAD, topologically associated domain; NPC, neural progenitors
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Fig. 1. Reprogramming and differentiation, two sides of the same coin?.
A) Differentiated and pluripotent cells obtain their identity from the activity of self-reinforcing gene regulatory networks that inhibit the activity of regulatory
networks of alternative states. The change or perturbation that is required to transit from one cell state to another can be depicted as a barrier, in which the y-axis
represents a deviation from a stable regulatory state, akin to activation thresholds in chemical reactions or differences in height the Waddington epigenetic landscape.
The x-axis represents time during a cell state transition such as differentiation (panel B) or reprogramming (panel C).
B) During normal development and differentiation, developmental cues, for example signaling factors, destabilize the pluripotency network, lowering the barriers
such that cells can acquire a new state under the influence of a different regulatory network.
C) The differentiated state is quite stable in vivo with strong barriers that normally prevent cells to reestablish pluripotency. Reprogramming by OSKM TFs lowers the
barriers to some extent, but it is still an inefficient process. Complex molecular processes, including interactions of chromatin with TFs, govern this transition, and the
molecular path to pluripotency is often not a simple reverse of differentiation (see text).

and other key regulators bind to specific motifs within these CREs to
activate or repress transcription. However, chromatin restricts binding
of most TFs to motifs within accessible CREs [10]. Several models have
been proposed to explain how chromatin-accessible regions are established [11]. At relatively high TF concentrations, TFs may displace
nucleosomes at CREs in a mass-action model of competition of TFs with
nucleosomes. In other cases, so-called ‘pioneer’ TFs can bind to DNA
sequences within nucleosomal chromatin to enable other TFs, cofactors,
chromatin-modifying and remodeling enzymes to subsequently bind
and initialize new transcriptional programs driving major fate decisions
[12]. The underlying mechanisms employed by pioneer factors may
vary, and the term pioneer factor has also been used to simply refer to
proteins that are the first to bind to a CRE during remodeling of chromatin accessibility [11]. Here we will use the term ‘pioneer factor’ in a
relatively loose, functional sense and will mention structural features
and chromatin-binding properties where applicable.
Many proteins in this functional category constitute key developmental regulators. For instance OCT4, SOX2, FOXA, GATA4 in human
and mouse [12–14] and ZLD and GRH in Drosophila, have been reported
to have pioneering activity [15–17]. TFs of the FOXA family were the
first ones to be defined as pioneering factors for their property to bind
to nucleosomal DNA embedded in closed, relatively inaccessible chromatin, and eventually making it accessible [14]. A recent study compared activities of different pioneering factors by ectopically overexpressing them in fibroblasts. This revealed that co-expression of
GATA4 stabilized FOXA2 binding and that, when expressed individually, these factors displayed a relatively low-level binding at
many of their lineage targets embedded in inaccessible chromatin,
compared to when these factors were co-expressed (Fig. 2A) [18]. Interestingly, FOXA and GATA4 factors are key players in endoderm
specification [19,20] and have been exploited for direct lineage conversion from fibroblasts to hepatocytes [21,22]. The Yamanaka reprogramming factors OSK (OCT4, SOX2, KLF4) have been proposed to
have pioneering activity as well [13]. The purified proteins can independently target partial or degenerate motifs at nucleosomal regions.
However, these factors could only bind to their full canonical motifs in
the absence of nucleosomes at their target sites [13]. In addition, OCT4
on its own exploits either open chromatin regions in cell-type specific
targets [18] or is recruited by other factors, such as SOX2 (Fig. 2B)
[23,24]. These findings would argue against strict classification of
OCT4 as a pioneer factor in a mechanistic sense. Yet, in a context-dependent manner, OCT4 can aid in making chromatin accessible [24],
which will be discussed in more detail below.

pluripotent cells in the inner cell mass of the blastocyst into differentiated cell types, and 2) cellular reprogramming, in which expression
of pluripotency associated TFs (OSKM) in a differentiated cell yields a
pluripotent cell type.
Molecular events occurring during early embryonic differentiation
include gradual silencing of pluripotency genes and activation of specific developmental programs. iPSC generation could be perceived as
the reversal of this process. In fact, the concept of iPS reprogramming is
often illustrated using the so-called ‘Waddington's landscape’ where the
differentiated cell is ‘rolled back up the hill’. This view implies that the
molecular barriers to reach any of the two cellular states (differentiated
vs. pluripotent) are equivalent, albeit encountered in reverse order
(Fig. 1, scenario A). An alternative possibility is that reprogramming
and differentiation do not encounter the same molecular landscapes,
and thus follow different paths (Fig. 1, scenarios B–C). During differentiation, pluripotent cells encounter barriers that are relatively easy to
overcome, because the intrinsic and extrinsic developmental cues (e.g.
signaling factors, cell migration) will push the cells towards differentiation (Fig. 1B). On the other hand, differentiated cells are quite
stable by the action of, among other mechanisms, transcription factor
networks containing positive feedback loops, as well as epigenomic
modifications (Fig. 1C) [7,8]. Recently it has been shown that transdifferentiation, which is the conversion from one differentiated cell
type to another, naturally occurs in vivo during liver and heart regeneration [9]. These findings illustrate the remarkable plasticity of the
genome. However, the molecular barriers that differentiated cells encounter to reprogram back to pluripotency are very strong (Fig. 1C).
To shed more light on how development and reprogramming relate
to each other mechanistically, we will discuss pioneering factors and
how nuclear microenvironments facilitate TF binding efficiency and
activity. Furthermore, we discuss emerging concepts in chromatin architecture and topology, and how they relate to transcription during
reprogramming and development. We highlight recent efforts on connecting different areas on chromatin biology to address transcriptional
regulation. Finally, we discuss technologies and concepts that could
guide future endeavors towards understanding which molecular and
transcriptional routes are common and which are unique to developmental and experimental cell fate transitions.
2. Pioneer factors and cooperative transcription factor binding
The genome is tightly packed into chromatin with the gene regulatory information encoded in the cis-regulatory elements (CREs). TFs
2
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Fig. 2. Ectopic expression of transcription factors reveals different
mechanisms of pioneer transcription
factors.
A) When pioneer transcription factors
FOXA or GATA4 are overexpressed in
fibroblasts (upper and middle panels), they individually display low
enrichment levels at a proportion of
targets, where they seem to bind with
low affinity. Once these two factors
are co-expressed, FOXA binding is
stabilized by GATA4 and there is an
increase in enrichment for both factors in such genome targets [17].
Pioneer factors can individually
sample through nucleosomes (upper,
middle) [17], but also display cooperative binding [23]. Interestingly
no nucleosome displacement was
observed in these examples [17].
B) Evidence suggests that OCT4 does
not bind directly to closed chromatin,
instead, it is recruited to it by other
factors such as SOX2 (left) [22,23], or
it exploits already open chromatin
(right) [17,23].
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to TF occupancy in inactive enhancers to facilitate eventual further
activation in particular lineages. For instance, in ES cells, inactive cell
lineage-restricted enhancers are bound by one or two pluripotency
factors (ESRRB, NANOG, SOX2 or OCT4) (Fig. 3A). These pre-marking
binding events, were found to be required to activate lineage-specific
enhancers upon differentiation (Fig. 3A) [32]. For instance, when an
ESRRB binding site is mutated, the affected macrophage enhancer does
not become active when ESCs are differentiated. Moreover, the macrophage TF PU.1 was not able to bind to the enhancer, H3K4me2 was
significantly reduced, and the corresponding enhancer RNA (eRNA)
was not transcribed in the absence of the ESRRB binding site [32]. Similarly, deletion of ESRRB or SOX2 binding sites in neural-restricted
enhancers, inhibited the corresponding eRNA transcription during ESCto-neural progenitor differentiation [32]. The combination and expression level of TFs determine enhancer activity, as was observed for
active pluripotency enhancers where multiple pluripotency factors in
different combinations bind (Fig. 3B) [32]. Likewise, during reprogramming, somatic TFs (RUNX1, CEBPA/B and FRA1) not only occupy
MEF-enhancers, but they also relocate to pluripotency enhancers (still
inactive at that point) co-occupied by OSK at 48 h of reprogramming.
This priming event could either prevent premature activation of specific
pluripotency genes, or aid activation in later stages (Fig. 3B) [24].
Binding of additional factors, such as NANOG and ESSRB, to a subset of
OSK bound enhancers helps in completing activation in later stages
[24].
It is important to note that ‘canonical’ pioneer activity of a TF is not
mutually exclusive with this ‘pre-marking’ activity. In fact, the latter
may be interpreted as a form of ‘stalled pioneering’, where a TF is
waiting for extra cues (e.g. extracellular signals) to become fully functional on these pre-marked regions. In that light, one would predict
these regions to overlap with so-called ‘primed enhancers’ [33]. This
may be relevant for explaining the transition from the deterministic
phase of reprogramming, in which most cells acquire a pre-iPS state, to

There are many examples in which the interaction between different
TFs plays a crucial role in controlling the binding dynamics and shaping
the chromatin landscape. Recent studies showed that the pioneering
factor FOXA interacts with nuclear receptors to establish hormone-responsive gene regulatory networks, mainly by opening up a subset of
enhancers and recruiting nuclear receptors subsequently; this mechanism has been referred to as ‘assisted loading’ [25,26]. On the other
hand, ‘settler factors’, such as HNF1A need open chromatin to bind
[18], whereas ‘migrant TFs’ only bind to a subset of their target sites,
even when DNA is accessible, and this restricted binding may be influenced by interactions with cofactors [27]. Assisted loading and settler factors represent different ways of explaining how pioneering and
other factors interact with chromatin and with each other at regulatory
elements [28].
The term ‘cooperative binding’ has been employed to define OSK
binding during reprogramming [24] where concerted binding of at least
two of these TFs is required to promote the accessibility of pluripotency-associated enhancers (Fig. 3B). Individual OSK factors could
not open pluripotency enhancers but were capable of silencing somatic
enhancers by exploiting the open chromatin state of the somatic enhancers to initiate their silencing (Fig. 3C) [24]. Further evidence
supporting this notion comes from an independent report showing that
OCT4, when ectopically expressed in fibroblasts, indeed binds to accessible chromatin (Fig. 2B) [18]. In ESC, chromatin is made accessible
by OCT4 only with the help of the ATP-dependent chromatin remodeler
BRG1 [29]. Here, nucleosomes are remodeled by BRG1, which eventually helps OCT4 to act as a pioneer TF. Additionally, this potentially
allows other (non-pioneer) TFs to bind to the genome at these positions.
Other work showed that, individually, OCT4 and SOX2 also bind to
closed chromatin regions in MEFs and early reprogramming intermediates, whereas they are recruited to open and unmethylated regions
by KLF4 [30,31].
Related to the concept of pioneer activity is ‘pre-marking’, referring
3
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Fig. 3. Premarking and cooperative binding of transcription factors in differentiation and reprogramming.
A) In pluripotent stem cells (ESCs), one or two pluripotency factors (green) bind somatic enhancers (pink) to premark them for later activation [32]. Upon differentiation, somatic TFs (magenta) could bind to these premarked regions, probably recruiting co-activators (orange) and other lineage-specific TFs (magenta),
which would aid in full enhancer activation.
B) During intermediate stages of reprogramming, pluripotency enhancers (yellow) are co-bound by pluripotency TFs (green) as well as somatic-TFs (magenta) [24].
Possibly, this could prevent premature activation of corresponding genes [24]. During later stages, the recruitment of co-activators (orange) and more pluripotency
TFs allows full activation of pluripotency enhancers. Indeed in ESCs, pluripotency active enhancers are occupied by at least 4–12 pluripotency TFs [32].
C) Transcriptional silencing of somatic enhancers (pink) during reprogramming involves in part relocation of somatic TFs (magenta) and recruitment of reprogramming factors (green) [24]. Recruitment of co-repressors (brown), at least in part, mediates enhancer silencing [24].

a stochastic phase of reprogramming, in which a small percentage of
cells proceed to pluripotency depending on additional environmental
cues. Part of the required pioneering activity of the OSKM factors
during iPS reprogramming may be a pre-marking event in the majority
of cells. Consistent with such a scenario, iPS reprogramming protocols
involving signaling modulation (using chemical inhibitors), have
proven to boost reprogramming efficiency [34–36].
These recent findings suggest that pluripotency-associated TFs, as
well as somatic-lineage factors, have dual roles as repressors and activators during cell fate transitions (Fig. 3). Moreover, as these factors
tend to bind accessible regions in addition to opening up new regulatory regions, the molecular paths of different combinations and
concentrations of TFs, chromatin factors and DNA, can shape nuclear
microenvironments that either reinforce the transcriptional network, or
repress other cellular identities.

concentration. The presence of TFs and co-factors and their cooperative
binding also helps in stabilizing low-affinity binding events. Nuclear
microenvironment studies are bringing together conventional chromatin regulation (TF biology, histone post-translational modifications,
etc.) and 3D chromatin architecture. The next sections are dedicated to
emerging concepts on chromatin architecture during embryonic development and reprogramming. In addition, we will highlight the effort
of recent studies to bridge the knowledge gaps between TFs, transcriptional regulation and chromatin architecture in cell fate transitions.
4. Genome architecture and transcriptional regulation
Given the relevance of nuclear microenvironments for transcriptional regulation, it is essential to consider other layers of information
provided by the 3D chromosomal topology. Our understanding of how
linear genomes are folded in the nucleus and how these conformations
relate to gene expression has changed dramatically in the last few years.
Groups of nucleosomes assemble to form the chromatin polymer.
The hierarchical folding model proposes that nucleosomes assemble to
form the 30 nm fiber in the condensed state [41]. These models were
based on X-ray images of in vitro purified chromatin, and currently, it is
difficult to extrapolate this model to live cells. Recent super-resolution
microscopy studies in vivo have shown that nucleosome organization is
not homogeneous [42,43]. Instead, chromatin resembles egg ‘clutches,’
with nucleosome clusters that vary in size and density. Heterochromatin clutches are nucleosome dense, and thus bigger compared to
euchromatin clutches, which are smaller due to lower nucleosome
density. Pluripotent stem cells tend to have more small clutches, presumably conferring more transcriptional plasticity and greater accessibility to the transcriptional machinery. In contrast, somatic cells
harbor more heterochromatin [42]. These findings highlight the need to

3. Transcription factors can create a permissive nuclear
microenvironment
The above-suggested mechanisms show that TF binding can be facilitated by pre-established chromatin states or by other factors already
bound to DNA. One of the critical questions is to what extent the prerequisites of binding depend on a local high concentration of TF within
the nucleus, in foci that constitute a specialized nuclear microenvironment. Locally high concentrations of interacting molecules can
create a microenvironment that can increase the efficiency of biochemical reactions [37]. Moreover, TFs and chromatin have ‘phaseseparation’ properties in the nucleus [38–40]. In this process, TF activation domains form polymers with different densities and physicochemical properties from their immediate surrounding, inducing them
to spatially segregate or aggregate. Clusters of binding sites could trap
TFs and increase the dwell time, thus increasing the local protein
4
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study chromatin-folding in the in vivo cellular environment.
Chromatin-conformation-capture methods (C-methods, e.g. 3C, 4C,
5C, Hi-C) are rapidly evolving in gaining a more accurate understanding of chromatin organization in three-dimensional space.
Implementation of Hi-C techniques has provided fundamental insights
into how the genome is organized into topologically associated domains
(TADs) [44–46]. TADs are genomic regions spanning 0.2 to 1 Mb displaying a high degree of physical contacts. Early studies initially suggested that TADs were largely structurally invariant across cell types
[45,46] and evolutionary conserved between mouse and human [45].
Their boundaries were found to be enriched with housekeeping genes,
histone marks indicating transcriptional activity [45], and the presence
of RNA Polymerase II [47]. TAD formation, however, does not require
transcription. When transcription was inhibited in developing Drosophila and mouse embryos, TAD formation was not completely abolished
[47–49]. Nonetheless, transcription does affect TAD insulation properties, promoting fewer interactions within domains and more interactions between domains [47].
However, Hi-C mapping at very high resolution (up to 1–10 kb), has
shown that the genome is partitioned into contact domains smaller than
TADs [5,50,51]. Analysis of super high-resolution Hi-C maps together
with GRO-seq (to measure nascent transcripts) suggests that the
genome is compartmentalized in small gene clusters with high contact
frequencies among themselves, due to similar transcriptional activity.
Such small domains are surrounded by larger domains of inactive
chromatin [51], similar to A-B compartments (transcriptionally active
and inactive, respectively) [52] but on a much smaller scale. These
intra-TAD environments are also referred to as insulated neighborhoods. These are chromatin loops enclosing 1–10 genes flanked by
CTCF binding, which promote enhancer-promoter contacts within the
loop relative to adjacent regions [50,53,54]. Interestingly, the role of
CTCF in Drosophila is different, as genome compartmentalization is not
influenced by this factor [51]. Contrasting with earlier findings on invariant TADs [45,46,55], this study showed obvious changes in domain
formation across cell types with different transcriptional activities for a
particular locus [51]. In support of these findings, independent work on
mammalian neural development showed that, upon differentiation,
there is an increase in TAD-boundary insulation, meaning fewer interTAD contacts although gene bodies of highly expressed genes are frequently interacting across TAD-boundaries [56]. These new studies
indicate that the 3D genome organization is more dynamic than previously appreciated and occurs concurrently with changes in transcription regulation driving cell fate changes.

CTCF upon differentiation [59] (Fig. 4B). Such loop domains had lower
insulation strength – measured as the ratio of intra to inter domain
contact frequencies - in ESC. Upon CTCF recruitment in NPCs, these
regions spatially segregated and gained insulation. Notably, loci located
within these domains did not show any immediate changes in gene
expression (Fig. 4B). However, enhancers and genes important for adult
brain function and cognition were highly enriched within such CTCF
anchored chromatin loops [59].
An intriguing question in reprogramming biology is whether cells
can take different routes to pluripotency, depending on the starting
somatic cell-type, and whether these alternative routes are the result of
differences in (past) developmental trajectories. To address this from
the genome architecture perspective, Krijger and colleagues produced
Hi-C maps of different somatic cell-types (MEFs, neural progenitors or
pre-B cells) and their corresponding early and late iPS reprogramming
populations. They defined genome regions of 300 Kb and analyzed
chromatin loops within these regions. Interestingly, early reprogramming cell populations showed unique sets of chromatin loops [60].
These contacts consistently and reproducibly appeared, in a starting cell
type-specific manner. Importantly, these ‘architectural signatures’ were
not linked to remnants of somatic gene expression. As these features
disappear with late passages, it was proposed that somatic gene repression requires particular genome architecture rewiring that is highly
cell-type dependent [60]. In light of the TF binding mechanisms discussed above, one could speculate that cell-type-specific TFs, together
with OSK, could be mediating chromatin topological changes early in
reprogramming. Once the somatic program is efficiently repressed,
these topological contacts subsequently disappear.
Architectural changes were also captured during reprogramming of
pre-B cells to iPS cells with a combination of C/EBPα and OSKM [61].
These changes included A-B compartmentalization, chromatin looping,
and TAD features at different stages of reprogramming [62]. Overall, it
was observed that an increase in insulation strength (decreased interTAD contacts), tend to precede gene expression changes. At the subTAD level, some chromatin loops, specific to either somatic or iPS cells,
also showed dynamic patterns correlated to gene expression [62]. This
paper is the first to show such detailed mapping of chromatin architecture changes throughout reprogramming and to address the interplay of TFs and chromatin architecture in this system. Crucially, the use
of pure intermediate reprogramming populations helped to dissect
transitions that would be otherwise be undetected in heterogeneous
populations.
Altogether these findings suggest that changes in chromatin architecture may not elicit immediate changes in transcription. Instead, architecture seems to prepare the chromatin landscape needed for further
transcriptional changes. There are some canonical proteins and complexes, for instance Polycomb repressive complexes, Cohesin,
Condensin, Mediator, and the insulator protein CTCF, which have been
widely studied regarding their role in genome architecture. However,
very little is known about the role of TFs in genome architecture, which
we discuss in the next section.

4.1. Genome organization in reprogramming and its implications for
transcriptional regulation
Somatic cell reprogramming is a good model to study how genome
topology imposes barriers for cell fate transitions. A recent high-resolution 5C study compared chromatin interactions between ESC, iPSC
derived from neural progenitors (NPCs) and NPCs. The authors focused
on a set of neural and pluripotency loci that were expected to change
upon reprogramming (e.g. Pou5f1 and Olig2) [57]. These experiments
revealed that a set of pluripotency-associated interactions is not fully
reacquired upon reprogramming. Notably, these regions were rich in
CTCF binding in ESC, in contrast to low CTCF enrichment in differentiated NPCs. Upon reprogramming, CTCF binding was not efficiently
restored to ESC levels in the iPSC clones, potentially leading to only
partial recovery of pluripotent genome topology (Fig. 4A).
Interestingly, these and other incomplete architectural and gene
expression features can be reverted completely when culturing iPSC in
2i medium (Fig. 4A) [57], allowing the acquisition of ‘ground-state’
pluripotency of these cells. This could be related to DNA hypomethylation state in 2i [58] and the inability of CTCF to bind to methylated
DNA. Recently, Hi-C maps from ESCs and NPCs, differentiated from
ESC, showed that NPC indeed acquired chromatin loops anchored by

4.2. The role of transcription factors in rewiring genome architecture
Reprogramming factors are known to produce genome-wide
changes in chromatin state, and thus their role in genome topology has
been studied to a certain extent. A recent review covers this topic in
more detail [63]. Chromatin contacts of the Oct4 locus analyzed by 4C
revealed that the protein KLF4 is required to mediate Oct4 long-range
interactions, through recruitment of Cohesin and Mediator at distal
elements [64]. Another study showed that Mediator physically engages
with OSK early on in reprogramming [65]. More recently, a single cell
Hi-C study in ES cells, where ChIP-seq and RNA-seq data were mapped
to the single cell Hi-C maps, confirmed the role of KLF4 in genome
organization, displaying strong interactions with itself and with active
enhancers and promoters. These features were not observed for OCT4
5
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Fig. 4. Chromatin architecture, and transcription (factors) in reprogramming and differentiation.
A) Some pluripotency loops in iPS-clones derived from NPC are partially formed, when compared to ESC. These partially reprogrammed chromatin loops are
associated to high CTCF occupancy in ESC and low in NPC. After culturing iPSC in 2i the chromatin loops are fully formed, in comparable form as in ESC. Gene
expression of genes within those loops is also partially restored in iPS and fully restored upon 2i culture conditions [57].
B) During differentiation from ESC to neural progenitors (NPCs), intra-TAD contacts (loops) increase for neural loci [56,59]. Loop contact points overlap with binding
of lineage-specific TFs [56], but also with CTCF [56,59]. Pluripotency-associated chromatin loops are stabilized by CTCF and most likely by pluripotency factors
[57,62]. Upon differentiation those contacts are lost [56,59]. Transcriptional changes are linked to changes in A (active) to B (inactive) compartments. Although
chromatin contact formation/dissociation usually precedes transcriptional changes, other transcriptional responses occur concomitantly [56,59,62]. Similar trends
have been observed for reprogramming from NPCs to iPSC [59].

or NANOG, highlighting the role of KLF4 in the establishment of the 3D
chromatin landscape [66].
Using ultra high resolution HiC and ChIP-seq, the Cavalli lab
showed that certain chromatin loops are highly dynamic during mammalian neural development in vitro and in vivo [56]. For instance, interTAD contacts decrease upon differentiation, whereas intra-TAD contacts and insulation strength increase. A large proportion of increased
intra-TAD contact frequencies involved binding sites of the same
lineage-specific TF, for example PAX6 or NEUROD2. Many of these
loops involved enhancer-promoter interactions and correlated with

gene expression changes during differentiation (Fig. 4B) [56].
As discussed in the previous section, C/EBPα overexpression assists
OSKM-mediated reprogramming of pre-B cells to iPS cells. During the
initial phases of reprogramming, lineage-specific factors promote longrange chromatin contacts that are exploited by C/EBPα and reprogramming factors at later stages of reprogramming [62]. In fact, some
TF factors analyzed in these studies (e.g. C/EBPα, KLF4) are considered
to act as pioneer factors [13,67]. Thus, some of these TF have the capacity to not only induce changes in compartmentalization, but also to
take advantage of the architectural landscape provided by lineage6
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specific factors. These findings are consistent with the previously discussed ‘pre-marking’ concept as a complementary interpretation of
pioneer factor activity.
In line with the idea that TF binding impacts genome topology, Ma
and colleagues developed a computational approach to predict TF
proximity networks in 3D space in mouse ESCs [68]. Using mathematical modeling, the authors predicted the spatial proximity of TFs bound
to chromatin, based on motif analysis, ChIP-seq datasets for dozens of
TFs, and HiC data. One of their most exciting findings is the identification of groups of TFs that co-segregate in nuclear space. Several of
these display frequent within-group interactions yet are spatially segregated from other TFs, preventing physical interaction with other
subnetworks and genomic regions [68]. This integration of multiple and
diverse genomic datasets indicates that TFs form gradients and distinct
subnetworks throughout the nuclear microenvironment, shaping 3D
genome topology. Moreover, these findings are consistent with current
phase-separation models described in previous sections [38–40].

datasets and bulk and single-cell Hi-C maps, for instance, has provided
valuable insights on how TF networks influence and are influenced by
genome topology [68]. Other emerging methodologies address TF
binding at the single-cell level and have the potential to uncover new
paradigms on embryonic development [82], where biological material
is limited for ChIP-seq.
CRISPR-based technologies are also revolutionizing the way we
understand genomes. Some recent applications include for instance
deletions of enhancers to understand limb development [83]. In addition, deletions of CTCF sites have unraveled transcriptional changes in
cancer linked to genome architecture [84]. However, identifying
readouts that assess the biological relevance of non-coding regions remains a major challenge. In this regard, Perturb-ATAC, which combines
ATAC-seq and CRISPR targeting in single-cells is a promising tool to
understand chromatin states by mutating the non-coding genome [85].
Another recent development coupled CRISPR to single-cell RNA-seq to
interrogate enhancer mutations at the single cell level with a transcriptomic readout [86]. Combining insights from complementary approaches and integration of different types of data will provide new
avenues to understand the versatile way TFs interact with chromatin to
confer, stabilize or change cellular identity during reprogramming in
vitro and development in vivo.

5. Future perspectives and concluding remarks
During embryonic development, gradual molecular changes sculpt
cellular differentiation, while reprogramming is achieved by forcing an
ectopic expression program through overexpression of key developmental regulators. Nevertheless, reprogramming foundations were built
on solid knowledge about embryonic development and differentiation.
In fact, the new era of developmental biology has important influences
from reprogramming biology too. The recent literature we discussed
here suggests that development and reprogramming are interrelated,
yet do not necessarily take the exact same molecular routes. First, most
TFs predominantly bind regulatory regions that are accessible already,
so at early reprogramming time points the reprogramming factors bind
many regulatory regions they never bind during normal development
[10,24]. Second, different combinations and stoichiometry of reprogramming factors do affect both reprogramming efficiency and the
exact molecular route to the reprogrammed state [69–73]. Third,
though reprogramming may be successful in functional terms [74],
reprogramming intermediates display altered chromosomal topology
and a subtle but consistent transcriptional and epigenetic memory of
the tissue of origin in the reprogrammed state [57,60,75–77]. The artificial conditions presented in reprogramming protocols yield relatively faithful representations of physiological cellular states despite
these differences. This is due to the activation of endogenous regulatory
networks that produce these states during normal development, following the initial, relatively crude perturbation of the metastable somatic state by exogenous reprogramming factors. We anticipate that
studying the reasons for these differences may yield better reprogramming protocols and important insights into how to solve difficulties in reversing disease phenotypes.
Transcriptional regulation is the output of multiple complex signals,
going from nuclear architecture changes, local chromatin states and TF
availability in the nuclear microenvironment. However, experimental
and computational integration of multidisciplinary and complementary
approaches, including accessibility profiles, super-resolution microscopy, chromatin interactions, transcriptional domains, and epigenetic
marks, to elucidate the intricate transcriptional regulatory network,
remains a significant challenge.
Microscopy-based imaging tools have proved to be extremely useful
to understand chromatin structure and transcriptional dynamics in vivo.
Currently, it is important to know how these findings relate to what we
know from in vitro studies. Indeed, the phase-separation model for
transcriptional control emerged from such studies [38–40,78].
Single-cell Hi-C approaches have also provided new insights
[66,79–81]. However, in most cases, throughput, reproducibility and
genome coverage still represent challenges. Resolution varies from
protocol to protocol and the computational approaches to call chromatin contacts are not yet standardized. Integrating TF ChIP-seq
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