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Abstract Maintenance of pluripotency, lineage commitment
and differentiation of mammalian embryonic stem cells into
all somatic cell types involves differential regulation of differ-
ent subsets of genes, as does reprogramming of somatic cells
back into a pluripotent state. It is now understood that the
three-dimensional organization of the human genome asserts
a key role in these processes in two ways. First, by providing a
largely invariable scaffold onto which dynamic changes in
chromatin may manifest; second, by allowing the spatial clus-
tering of genes contributing to the same functional pathways.
In this review, we discuss the rapidly growing volume of lit-
erature on the structure-to-function relationship ofmammalian
genomes as regards key developmental transitions of stem cell
populations.
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Introduction

Lineage commitment and differentiation of embryonic stem
(ES) cells into all somatic cell types involves upregulation and
downregulation of different subsets of genes [1]. This cell

type-specific regulation of gene expression occurs predomi-
nantly at the level of transcription, and this was exemplified
by a seminal experiment where mammalian fibroblasts were
reprogrammed into an induced pluripotent cell state via the
overexpression of only four transcription factors, Oct-4, Myc,
Klf4, and Sox2 [2, 3]. Similarly, the key pluripotency factors,
Oct-4, Sox2, and Nanog, have been shown to maintain ESCs
in an undifferentiated state by driving the expression of genes
associated with cell identity, including those encoding these
TFs themselves [1]. The maintenance of pluripotency also
requires the repression of lineage-specific genes that can stim-
ulate various differentiation pathways; this is mediated by
Polycomb group proteins that bind these genes and their cog-
nate cis-regulatory elements, thus introducing an epigenetic
environment preventing the loss of ESC identity. Given the
diverse, sometimes overlapping [4] binding patterns of these
factors, it has become evident that control of transcription
programs is manifested via organizational features that extend
beyond the mere linear order of primary genomic sequence.

These organizational features of the genome stem from the
need to fit mammalian chromosomes within the confined di-
mensions of cell nuclei. As a result, DNA molecules are
wrapped around histones and the resulting chromatin fibers
are compacted into interphase chromosomes, which in turn
assume a non-random arrangement and form spatially distinct
territories [5]. Hence, even at this large-scale view of the nu-
cleus, physical proximity of regions that are otherwise non-
adjacent on the linear fiber (or even between regions lying on
different chromosomes) becomes apparent. Most of the afore-
mentioned knowledge comes from cell biology approaches,
which—however powerful at the single-cell level—suffer
from limitations in resolution and throughput [6]. But, as such,
the need to study regulatory interactions between defined,
sub-resolution, genomic regions called for the development
of novel technologies able to capture these at the molecular
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level. In this review, we will discuss how new insight into the
three-dimensional (3D) organization of mammalian genomes
reshapes our understanding of pluripotency, cell differentia-
tion, and organismal aging.

A New Tool to Study Chromatin Organization
at Sub-Gene Resolution

Already in 1993, Cullen and colleagues described the elegant
idea of Bproximity ligation^ by which one could detect short-
range chromatin looping [7]. But, it was not until several years
later that the introduction of the chromosome conformation
capture (3C) technology revolutionized the study of chromo-
some folding at high resolution [8]. Within the last decade, a
number of 3C variants have emerged, like circularized 3C
(4C), carbon copy 3C (5C), or chromatin interaction analysis
coupled to paired-end tagging (ChIA-PET) that exploit latest
sequencing technologies to analyze events of chromatin
looping at an increasingly higher genome coverage [9]. The
key principles of 3C-based methods involve formaldehyde
fixation to preserve chromatin interactions, digestion of
DNA using a restriction enzyme, and cross-linked complexes
undergo ligation under conditions that favor fusions also be-
tween fragments originally not in close proximity on the linear
fiber; finally, identification of these ligation junctions, and of
the frequency bywhich these occur, provides a snapshot of the
in vivo genomic architecture.

At the whole-genome level, development and application
of Hi-C [10] has verified older findings and at the same time
uncovered novel organizational principles of mammalian ge-
nomes. For example, the preferential co-associations between
euchromatic and heterochromatic regions—termed compart-
ment BA^ and BB,^ respectively—were not unforeseen, but
were extensively charted by Hi-C [10, 11, 12•]. At the sub-
compartment scale, a striking new feature was that of topo-
logically associating domains (TADs); these represent spatial
neighborhoods that harbor high-frequency interactions and
are insulated from adjacent TADs by sharp boundaries of
low interaction capacity [12•, 13, 14••]. Finally, at the sub-
TAD level, the dynamics of promoter-promoter and
enhancer-promoter crosstalk are the highlights of 3D architec-
ture and change considerably upon establishment of lineage-
specific transcriptional programs [15, 16•]. Under the light of
a multi-level hierarchical genome organization, the control of
cell fate can be studied in all four dimensions, in 3D space and
over time [17–19], with the capacity to investigate variations
down to a ∼1-kbp resolution [20] or even at the single-cell
level [21]. Notably, the recent emergence of Btargeted^ 3C
variants will allow lower cost, single-restriction-fragment res-
olution analysis of selected loci involved in cellular pathways
of particular interest [16•, 22, 23].

Large-Scale Reorganization of Higher-Order
Chromatin Structure During Differentiation

A more careful look into the pioneering Hi-C studies reveals
that genomic regions correlating with both genetic features
(e.g., gene density, GC content) and epigenetic indicators of
transcriptional status (e.g., chromatin accessibility, transcrip-
tional co-regulation, Bactivating^ or Brepressive^ histone
marks, early or late replication timing) preferentially interact
with regions exhibiting similar characteristics [10, 24, 25].
This is consistent with numerous studies linking transcription-
al co-regulation to spatial clustering of the relevant genes and
their cis-regulatory elements [26–32] around the nucleoplas-
mic supra-molecular entities that harbor most nuclear tran-
scription—around transcription factories [19].

Advances in sequencing capacity, accuracy, and read
length allowed Hi-C studies to achieve resolution down to
∼10 [33] and then ∼1 kbp [20]. In a recent analysis, compar-
ison of high-resolution Hi-C data generated using human ES
cells and four ES-derived cell types revealed extensive A/B
compartment rearrangements. Transition from the ES cell
state to lung fibroblasts or mesenchymal stem cells coincides
with a marked expansion of the B compartment [12•]; this is in
agreement with the previously documented spread of hetero-
chromatic modifications upon differentiation [34]. As a result,
changes in expression correlate with genes switching from
compartment A to B (or the converse); however, these are in
average small, indicative of a contributory rather than deter-
ministic role of compartments during lineage commitment
[12•].

The Role of TADs in the Regulatory Landscape

At a 0.1–1-Mbp resolution, TADs represent a prominent mod-
ule of 3D genome organization. Dixon and colleagues identi-
fied a partitioning of the genome in ∼2000 such TADs, cov-
ering more than 90 % of its length [11]. More recently, Rao
and colleagues, pushing resolution to the 1-kbp limit, claim a
reduced number of TADs with a median loop size of 185 kbp
[20]. Either way, cell types of endodermal, mesodermal, and
ectodermal origin share between 55 and 75 % of such loops,
while ∼45 % of TADs called in mouse are also seen in man
[20]. In addition, TADs are restricted to interphase chromo-
somes, when transcription is widespread, suggestive of their
influence in regulation of gene expression [35]. As a result,
transitions between the A/B compartments during cell differ-
entiation, which rearrange TAD boundaries, are accompanied
by the gain or loss of interactions within these TADs. This
occurs in parallel with concomitant changes in replication
timing, histone mark profiles, and association to the nuclear
lamina [12•, 14••, 36•]. Especially, the latter lead to the repo-
sitioning of TADs within the typically repressive context of
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the lamina and often harbor genes silenced along the course of
differentiation [37].

Nevertheless, as the majority of TADs and their boundaries
remain largely invariable, an overarching architecture of the
genome can be imagined that acts as an evolutionarily selected
scaffold onto which finer-scale changes allow for lineage
commitment. It is worth noting here that both inflammatory
and hormonal signaling only marginally remodel (<10 %)
TAD boundaries, as well as that pro-inflammatory,
pluripotency-specific, and key developmental enhancers have
been seen pre-looped onto the gene promoters they control
before these become activated [33, 38, 39••, 40, 41, 42••].
Collectively, these beg the question of how this overall
Bstable^ overarching architecture allows for the gene expres-
sion changes seen along the different differentiation paths [1].

AView of Gene Expression Regulation
at the Sub-TAD Scale

A key functional feature of TADs is the insulation of intra-
domain interactions from Bleaking^ into neighboring do-
mains, and the disruption of TAD boundaries was shown to
cause gene expression misregulation [42••]. For example, in
the well-studied HoxD gene cluster, early and late develop-
mental genes are differentially induced via a switch between
the two TADs that span the locus and act to direct promoter-
enhancer crosstalk [43].

This crosstalk has been globally investigated using ChIA-
PET and a targeted Hi-C approach. ChIA-PET connectivity
maps have charted ∼40,000 interactions amongst mouse en-
hancers and promoters; the majority of which involve en-
hancers contacting promoters that are located beyond their
nearest active gene but are contained within the same TAD.
Again, genes pivotal for stem cell identity are found in phys-
ical proximity with one another, indicative of co-regulation at
the surface of Bspecialized^ transcription factories [15]; this
non-random 3D clustering was verified in a comparison of the
interactomes of >22,000 mouse promoters in ES versus fetal
liver cells using Capture Hi-C, its most emphatic manifesta-
tion seen in genes controlling key developmental transitions
[16•]. It is worth noting however that a large number of asso-
ciations persist throughout differentiation, pointing to a robust
spatial network underlying cellular homeostasis, which —
nonetheless—is characterized by the preferential clustering
of genes involved in the same biological processes or path-
ways [15, 16•]. Similarly, the application of 5C at six devel-
opmentally regulated genes in ES and neural progenitor cells
(NPCs) revealed additional sub-domains within a single TAD,
indicating reorganization at the sub-Mbp scale during differ-
entiation [44]. Owing to the single-fragment resolution
achieved here, these Bsub-TAD^ chromatin loops can be clas-
sified into three groups. First, constitutive looping interactions

seen in both cell types; second, enhancer-promoter loops spe-
cific to the pluripotent state in ESCs; third, lineage-specific
looping occurring only upon differentiation. Taken together,
changes in chromatin architecture interplay with gene expres-
sion during the process of cell-type commitment, but the ques-
tion whether 3D genome topology is a functional cause or a
result of transcription is still unresolved.

Finally, using the more focused 4C approach, where all
interactions of a single genomic Bviewpoint^ are recorded
[45], the promoters of a number of key pluripotency genes
have been studied in both mouse and human ES cells. Again,
long-range looping appears mostly confined within TADs,
and co-associations, completely absent from differentiated
cells, preferentially involve sites bound by the Oct-4, Sox2,
and Nanog (OSN) transcription factors [38, 46]. Critically,
Oct-4 or Nanog knock-down diminishes contact frequencies
between OSN-bound regions [38, 39••], and insertion of a
Nanog-binding array in the ESC genome led to the nucleation
of endogenousOSN-bound loci around this ectopic array [46].
Not surprisingly, reprogramming of somatic cells into induced
pluripotent stem cells (iPSCs) by OSN overexpression reca-
pitulates the pluripotency-specific genome configuration [38,
47]. Taken together, this data convincingly demonstrate that
the three key pluripotency factors drive spatial organization
via a specialized network of interactions as proposed [19]
(Fig. 1a).

Genome organization does not solely owe to the Bactive^
compartment of chromatin. The Binactive^ ES cell compart-
ment contains, amongst others, genes that are to be activated
later in development. As it has been demonstrated that some of
these associate with a subset of developmentally important
Bpoised^ promoters also marked by H3K27me3 [4] and that
this Polycomb-instated histone mark is a key structural feature
of the Drosophila genome [48], Denholtz and colleagues in-
vestigated Polycomb contribution to stem cell chromatin fold-
ing. A segregation between OSN-occupied and Polycomb-
bound and H3K27me3-marked loci was revealed, and this
feature is largely specific to the ES cell state. Moreover, loss
of a central component of the Polycomb complex partially
disassembles clusters formed around such H3K27me3-
marked loci [49•]. Hence, changes in both the transcriptional-
ly permissive and non-permissive parts of the ES cell genome
contribute to the spatial arrangement and facilitate the state of
pluripotency (Fig. 1b).

Protein-Mediated 3D Organization
of the Pluripotent Genome

All the aforementioned novel insight into genome 3D organi-
zation has prompted researchers to look for proteins other than
transcription factors that may contribute to looping, both on its
Bstatic^ and on its dynamic aspects. These proteins, usually
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referred to as Barchitectural co-factors^, include the insulator
factor CTCF [20, 42••, 50] and the cohesin [42••, 51, 52] and
condensin II complexes [53], and have been implicated in the
folding of genomes of various cell types across species [54].

Genome-wide analyses of TAD boundaries showed an en-
richment of specific features at these sites, predominated by
the presence of tRNA and house-keeping genes and of bind-
ing sites for the protein CTCF [11]. Later redefinition of TADs
increased the correlation to CTCF [55], and ultra-resolution
Hi-C studies implicated consecutive convergent CTCF sites in
the formation of key structural loops [20]. Loss of CTCF in ES
cells does not result in the complete disintegration of TAD

boundaries but does induce partial fusion of adjacent TADs
[42••].

Similarly, cohesin complexes have been implicated in chro-
matin 3D organization but mainly in the maintenance of intra-
TAD looping, as its depletion does not affect TAD-boundary
integrity but leads to misregulation of a considerable number
of genes in both ES and differentiated cells [44, 56–58]. Most
interestingly, analysis of 5C data revealed that >80 % of
charted interactions in ESCs associated with different combi-
nations of CTCF, cohesion, and the co-activator complex of
Mediator, by contrast to ∼40 % interactions anchored via
OSN; the majority of these interactions involved enhancers
and Bsuper-enhancers^ [38, 42••, 44]. Comparison of the in-
teraction profiles between ES and NP cells shows that the vast
majority of sites occupied by both CTCF and cohesin in ES
cells remained bound also upon differentiation, while the few
CTCF-cohesin-Mediator-bridged interactions are endemic to
the pluripotent state and thus lost [44]. Consistent with these
data, depletion of cohesin or of a Mediator subunit spontane-
ously induces differentiation of ES cells and impairs somatic
cell reprogramming [15, 38, 47].

Finally, the condensin II complex—mainly known for its
involvement in cell division—was shown to be associated
with Bactive^ euchromatic sites, often alongside cohesin. This
feature appears to be unique for ES cells, displays enrichment
for enhancer elements, and is expected to also contribute to
local chromatin folding [53].

Conclusions and Outlook

Lineage commitment of ES cells is accompanied by signifi-
cant changes in both gene expression and epigenetic distribu-
tion of euchromatic and heterochromatic histone marks. As a
result, the discovery of a largely invariable 3D genome orga-
nization between ES and differentiated cells came as a sur-
prise. Nonetheless, differences in chromatin folding seen
when comparing the pluripotent to any differentiated cell are
markedly larger than when comparing any two differentiated
cell types. Given the now-documented heterogeneity of ge-
nome organization at the single-cell level [21], the well-
accepted heterogeneity within the various stem cell compart-
ments in vivo [59], and the fact that deterioration of adult stem
cells (in terms of population size and Bfunctional quality^)
accounts for much of aging-associated tissue defects [60], it
will be interesting to delineate the structure of the genome in
single stem cells of progressively older age. Such an analysis
might uncover principles of dis-/re-organization that are
linked with a decline in regenerative capacity, as recently doc-
umented in cell ensembles upon senescence [61].

Lastly, the emerging discussion on formaldehyde
crosslinking biases imposed onto 3C approaches to study nu-
clear organization [62], and contrasting views on chromatin

Fig. 1 Hierarchical principles of 3D genome organization and cellular
differentiation. a Multi-scale 3D organization. Interphase chromosomes
in the human nucleus occupy distinct territories, which can intermingle at
the edges. Chromosome 7 (yellow) is shown, and three exemplary TADs
(grey, orange, purple; 0.1–1 Mbp in size) are sketched. For one,
chromatin loops (10–250 kbp in size) forming via association with two
transcription factories (orange spheres; ∼90 nm in diameter) are depicted.
Upon differentiation signaling towards a specific cell type, some of these
loops reshuffle, owing to the specialization of some factories (green
spheres) for transcribing a cell type-specific gene subset. b Chromatin
interaction changes within and between TADs. Hi-C interaction data
(from ref. 11; 40-kbp resolution) along a 10-Mbp region (positions 70
to 80 Mbp; hg19) on human chromosome 12 for embryonic stem (ES)
cells (middle; mirrored graphs) and differentiated lymphoblasts
(GM12878; top) and fibroblasts (IMR-90; bottom). Gain and loss of
ES-specific interactions (orange shading) are shown (inter-TAD ones;
green; intra-TAD ones; yellow)
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folding obtained using independent methods [63] highlight
the need for the development of novel tools for interrogating
the in vivo architecture of the genome in the absence of
crosslinking and from increasingly lower cell counts.
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