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Abstract

Experimental advances in Molecular Biology demonstrated that chromatin architecture and gene regulation
are deeply related. Hi-C data, for instance, returned a scenario where chromosomes form a complex pattern of
interactions, including TADs, metaTADs, and compartments, correlated with genomic and epigenomic
features. Here, we discuss the emerging hierarchical organization of chromatin and show how it remains
partially conserved during mouse neuronal differentiation with changes highly related to modifications in gene
expression. In this scenario, models of polymer physics, such as the Strings& Binders (SBS) model, can be a
crucial instrument to understand the molecular mechanisms underlying the formation of such a higher order
3D structure. In particular, we focus on the case study of the murine Pitx1 genomic region. At this locus, two
alternative spatial conformations take place in the hindlimb and forelimb tissues, corresponding to two
different transcriptional states of Pitx1. We finally show how the structural variants can affect the locus 3D
organization leading to ectopic gene expression and limb malformations.

© 2019 Elsevier Ltd. All rights reserved.
Introduction

The recent development of genome-wide technol-
ogies to map chromosomal contacts such as Hi-C,
GAM, and SPRITE [1e3], has opened the investiga-
tion of the role of 3D genome organization in
orchestrating the transcriptional activities of the
cell. Typically, gene regulation relies on specific
DNA segments, such as enhancers, that control the
activation of genes by coming into physical proximity
with their promoters, despite being located up to
several hundreds of kilobases away [4]. This
mechanism of regulation is reflected in complex
patterns of contacts, as measured by the above
techniques, and gives rise to the formation of
peculiar structures such as A/B compartments at
large-scale, Topologically Associating Domains
(TADs) loops and stripes at the mega-base (Mb)
scale and micro-TADs at smaller scales [1,5e8]. The
functional role of those structures is extensively
investigated, and it is known that the perturbation of
r Ltd. All rights reserved.
TADs or loops structure can lead to gene misexpres-
sion and disease [9e12]. Notably, analyses of Hi-C
datasets beyond the TADs organization level
revealed that TADs interact with each other forming
nonrandom higher order contacts among regions
with similar genetic and epigenetic marks. Here we
review the hierarchical structure of such a higher
order organization, formed of domains-within-
domains, named meta-TADs, which extends up to
the range of entire chromosomes [13].
A common goal in this field is the development of a

comprehensive biophysical model to understand the
basic mechanisms shaping the chromosome 3D
structure at the different length scales. To this aim,
several approaches based on concepts from poly-
mer physics have been proposed in order to provide
a quantitative framework to explain the complexity of
the experimental pattern of contacts [14e23]. Here,
in particular, we review the main features of the
Strings and Binders Switch (SBS) model [24], where
chromatin is schematized as a self-avoiding polymer
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chain and its spatial conformations arise through the
attachment of dispersed molecular factors to binding
sites placed along the polymer. By using the SBS
model, experimental contact matrices can be repro-
duced with high accuracy [10,22]. As a case study
where 3D structures beyond TADs are relevant, we
review the organization of the genomic region
around the Pitx1 gene during morphogenesis and
differentiation in mouse limbs [9]. At this locus, the
gene is regulated by a pan-limb enhancer (Pen),
which displays activity in both forelimb and hindlimb
tissues, but Pitx1 is expressed in hindlimb only.
Interestingly, it has been found that the restriction of
the enhancer activity to the hindlimb is associated
with tissue-specific differences in their 3D chromatin
structure. Finally, a structural variant located on a
small region of the forelimb tissue can convert the
forelimb-specific three-dimensional inactive struc-
ture to the hindlimb active one, causing gene
misexpression and limb malformation. Our approach
based on polymer physics allows us not only to
dissect chromatin tissue-specific arrangements, but
also to predict the effects of genomic mutations, i.e.
deletions, inversions or duplications, on chromatin
architecture.
The Hierarchical Architecture of The
Genome

Early analyses of Hi-C data revealed the presence
in the genome of 10 Mb sized regions, belonging to
two different classes named A and B compartments
[1], the former linked to more open, actively
transcribed chromatin, and the latter to more closed,
repressed chromatin. Since they tend to interact with
the homologous type of domain (A with A and B with
B), they form a “plaid” pattern well visible in the
contact maps, suggesting a physical separation
among the A and B domains recently observed
with super-resolution microscopy [25]. Subsequent
analyses led to the identification of smaller domains
named TADs [5,6], whose existence has later been
supported by several independent methods [2,3,26].
The TADs were defined as 0.5e1 Mb long chromatin
regions exhibiting a high level of Hi-C self-interaction
and insulation from each other by boundary ele-
ments. Notably, boundaries are enriched for house-
keeping genes, transfer RNAs, and the CTCF
binding protein [5]. Representing a specific, largely
tissue-invariant scale of genome architecture, TADs
act as constraints of the genomic space sampled by
each locus, enabling the control of genes by
enhancers inside the TAD, but limiting their interac-
tion with spurious enhancers located in different
TADs [27,28]. However, a deeper look at Hi-C
contact matrices suggests that contact patterns
also exist inside and across TADs and extend up
to the scale of entire chromosomes. By starting from
this observation, the hypothesis of larger structures
behind TADs has recently been proposed [13], and
their functional role further investigated by subse-
quent studies [29e31].
To quantitatively define such larger structures, a

clustering procedure of Hi-C contact domains has
been implemented through the mouse neuronal
differentiation [13]. Precisely, for each chromosome,
the contacts between all the possible pairs of
neighboring TADs were computed and the most
strongly interacting pair thought to be the best
candidate to form a higher-order structure, was
merged into a larger domain, named meta-TAD
(Fig. 1a). This procedure is repeated, iteratively
clustering together pairs of TADs and meta-TADs
until finding a meta-TAD of the same size of the
whole chromosome. A tree of domains-within-
domains (Fig. 1b) is then obtained, indicating the
way in which the different TADs colocalize together
to form higher order structures up to the chromoso-
mal scale.
The meta-TADs structure has been validated

statistically by using different measures [13]. For
instance, it has been shown that Hi-C interactions
between meta-TADs are significantly above a back-
ground reference, measured in randomized Hi-C
matrices. In addition, a comparison between the
meta-TADs tree and A/B compartment structure
showed that TADs within a meta-TAD frequently
belong to the same compartment (see e.g. Fig. 1a),
as expected from the observation that regions
belonging to the same type of compartment tend to
interact with each other [1]. These results suggest
that the hierarchical organization in domains-within-
domains is a general feature of the genome, and the
concept of meta-TAD correctly captures this type of
architecture.
Notably, the meta-TADs hierarchy was shown to

aggregate together chromatin domains with similar
biological properties [13]. To this aim, different
genomic, epigenomic, and expression features
were measured, and they were found to correlate
over longer genomic distances within meta-TADs
trees than along the linear DNA sequence. These
features are also found to be much more enriched
across meta-TAD boundaries compared to TAD
boundaries (Fig. 1c), suggesting an important func-
tional role of the meta-TAD organization.
Similarly to the TAD structure, the meta-TAD

hierarchical organization has been confirmed during
different points of mouse neuronal differentiation,
and its variability across cell type has been
investigated. The results, based on the measure of
the cophenetic correlation between meta-TAD trees,
showed that meta-TADs are only relatively con-
served (Fig. 1d), with a value of the correlation,
which stood around 82%, still comparable to the
variation of TAD boundaries, which are 70%
conserved.



Fig. 1. The hierarchical folding of the genome. (a) Hi-C contact matrix of the chr2:53000000e58000000 region in
mESC [13] with TADs (Arabic numbers) and meta-TADs (Roman numbers) highlighted. The middle panel shows the
directionality index (DI) [5] used to identify the different TADs. The bottom panel shows that the whole illustrated region
belongs to a B compartment. (b)meta-TADs have been identified by iteratively clustering the most strongly interacting pair
of neighboring TADs, forming a tree of domains-within-domains (schematically shown in the panel). (c) The enrichment of
the chromatin features at the TAD (violet) and meta-TAD (green) boundaries shows that the meta-TAD boundaries are
even more correlated with genomic and epigenomic features than the TAD boundaries. (d) Comparison between the meta-
TAD trees of chr6 in mESC (above) and neuronal precursors cells (below) to show that the meta-TAD structure is only
partially conserved (green regions) during differentiation (the cophenetic correlation is around 80%). The central heatmap
highlights the regions which are changing their meta-TAD structure (colored in red) and the regions conserving it (colored
in green). As an example, the tree structure of two of these regions is also highlighted. Both change and conservation
correlate with expression, but TADs in conserved meta-TADs have expression changes coherent in sign. (Adapted from
Ref. [13]).

703Polymer Physics of Chromosome Structure
Finally, the relationship between meta-TADs
rewiring and gene expression has been examined
[13], finding that changes in gene expression
correlate with tree changes as well as with tree
conservation. The latter case was explained by
observing that if a pair of TADs belongs to a
conserved meta-TAD, the expression change
tends to be in the same direction that is altered or
maintained on both TADs.
In view of the presented results, the concept of

meta-TAD captures the hierarchical properties of
chromosomes folding. This tree-like structure of
domains-within-domains correlates with genetics,
epigenetics, and transcription data, hence
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highlighting its functional role. Moreover, the meta-
TAD organization is detected in different cell types
and in both humans and mice [13], suggesting that
this topology can be a general organizational
principle of genomes.
The SBS Model of Chromatin

The definition of TADs and meta-TADs, while
representing interesting features of the way chromo-
somes fold, is directly based on the Hi-C contact
matrices. In this heuristic approach, the experimen-
tal data represent the starting point to identify contact
patterns attributable to the three-dimensional geno-
mic structures (like TADs and meta-TADs). Other
approaches, based on first principles, have been
proposed in the last few years [14], with the potential
Fig. 2. The SBS model explains the folding of the Pitx
polymer model: a chromatin filament is represented by a self
orange sites in the cartoon) for the attachment of dispersed
bridge the different regions of the polymer chain shaping its arc
simplified distribution of the colored sites (only one type of intera
binder concentration c and interaction energy EX: a coil pha
disordered phase, where the polymer folds in a more compact
where the polymer is compact but the binders spatial distributio
application of the SBS model on the chr13:54000000e57300
experimental CHi-C maps [9] in the forelimb and hindlimb tissue
similarity to the experimental ones, with a Pearson correlation
shown contact maps is 10 kb.
advantage to suggest the molecular mechanisms
beyond the architecture. In this section, we briefly
review some key features of the Strings and Binders
(SBS) model, extensively tested in previous works
[22,24,32,33], and show its application to a real
genomic region.
In the SBS framework, a chromatin filament is

represented as a self-avoiding string of consecutive
beads, along which binding sites for the attachment
of specific molecules (binders) are distributed
(Fig. 2a). Being subject to Brownian motion, these
binders, biologically related to real DNA binding
molecules, such as Transcription Factors, can
bridge two or more polymer sites, forming loops. In
this way, the interaction among beads and binders
drives the folding of the chromosomes. The statis-
tical properties of such a system are investigated by
molecular dynamics simulations, i.e. by solving the
1 gene region. (a) Schematic representation of the SBS
-avoiding chain of beads having binding sites (green and
molecules. The interactions between beads and binders
hitecture. (b) The phase diagram of an SBS polymer with a
ction) shows three thermodynamic phases as a function of
se, where open polymer conformations arise; a closed-
structure and disordered binders; a closed-ordered phase,
n is ordered (Adapted from Ref. [22]). (c) An example of the
000 mouse genomic region around the Pitx1 gene. Top:
s. Bottom: the SBSmodel-derived contact maps show high
coefficient equal to 0.98 in both cases. The bin size of the
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Langevin equations of motion with specific poten-
tials, whose details are fully described in Ref. [34]. A
simplified version of the model, with only one type of
binding site, provides a phase diagram where
different classes emerge as a function of the
concentration of binders, c, and their interaction
energy with the polymer chain, EX. More precisely,
three main thermodynamic phases are found
(Fig. 2b): a coiled state, where the polymer falls in
an open self-avoiding walk, at small c or EX, and a
closed globule state, where the polymer chain folds
in a more compact structure and binders are
organized in either a disordered or ordered assem-
bly, according to the value of concentrations and
energies of interaction. The different thermodynamic
phases correspond to the different conformational
classes of Polymer Physics, and the transition from
one phase to another can be obtained by crossing
the phase boundary, without fine-tuning parameters.
Such a model, albeit simple, can easily explain the

formation of chromatin structures as TADs, meta-
TADs, and compartments with an appropriate dis-
tribution of the interacting sites along the polymer
chain. For instance, an SBS model with two different
types of binding sites arranged in two contiguous
blocks (e.g. red-green) will form two spatially
separated domains (two TADs) due to the indepen-
dent interaction of the respective block with its
cognate binders [24], a concept known in polymer
physics as microphase separation [36]. Interestingly,
recent experiments supported the role of micro-
phase separation in chromatin organization [35e38].
By considering a slightly more complex distribution
of the binding sites, higher-order structures as
metaTADs can also be recapitulated [22,39]. For
example, by adding a third type of beads (e.g. blue),
interspersed in the two contiguous blocks, the meta-
TADs structure spontaneously arises from the higher
order interaction between the two homologous
blocks (mediated by the blue binders). Compart-
ments can be easily reproduced by the model as
well, by considering more adjacent blocks of two
alternating types of binding sites (e.g. red-green-red-
green). In fact, the long-range interactions between
blocks of the same type will lead to the formation of
structures resembling compartments, with the typical
plaid pattern arising from the model average contact
map. Finally, by increasing the number of types of
interactions and further complicating the binding
sites distribution, an even more complex pattern of
contacts can be described, up to real genomic
regions.
A Case Study: Folding of the Pitx1
Locus in Mouse Limbs

To describe the folding of real genomic loci, the
PRISMR method, based on Monte Carlo Simulated
Annealing optimization procedure, has been devel-
oped [10]. Briefly, starting from an experimental
contact matrix, the algorithm searches in the huge
space of all the possible polymer models for the one
that best describes the input matrix. The output
consists of an SBS polymer with a minimal number
of different types of interactions and the precise
distribution of the binding sites along the polymer
chain. All the details of the PRISMR minimization
procedure can be found in Ref. [10].
As an example of the above-discussed method,

here we review its application on a genomic region of
the mouse chromosome 13 containing the Pitx1
gene. Since Pitx1 is found to be expressed in
hindlimbs, but not expressed in forelimbs, its
regulation is crucial to ensure a correct identity and
differentiation of mouse limbs [40]. The Pitx1
regulatory landscape has been shown to extend
over 400 kb and to form several specific chromatin
loops termed as regulatory anchors (RA) 1e5, with
RA2 representing the gene promoter and RA5/Pen
its enhancer [9]. In order to investigate the spatial
conformation of this locus, Capture Hi-C (CHi-C)
interaction maps encompassing a 3 Mb region
around Pitx1 have been produced in the mouse
forelimb and hindlimb tissues. The corresponding 3D
structures are then obtained, from the data at 10 kb
resolution, deriving with PRISMR the best SBS
polymer models of both loci. To take into account
the effects of cell population heterogeneity, we
considered the coil/globule mixture, which max-
imizes the matrices similarity, obtaining an
80e20% mixture for both forelimb and hindlimb. In
Fig. 2c, we show the experimental contact matrices
(top panel) and the matrices inferred from the model
(bottom panel) of the entire region considered
chr13:54000000e57300000 (mm9). The contact
pattern is well recapitulated by the SBS model in
both cases, as also shown by the high values of the
Pearson correlation coefficient r between the experi-
mental and model matrices (r ¼ 0.98 in both forelimb
and hindlimb).
Ectopic Gene-Enhancer Interaction
Causes Limb Malformation

The mechanisms of regulation at the Pitx1 gene
region has been further investigated by looking at 3D
polymer models of a restricted 1 Mb wide region
where the differences between the forelimb and
hindlimb interaction maps were marked. Precisely, in
the forelimb tissue interactions are found between
Pitx1 and the repressed gene Neurog1, but not with
Pitx1 and Pen (Fig. 3a left), while in the hindlimbs it is
the opposite, with Pitx1 showing contacts with its
enhancer Pen, but not with Neurog1 (Fig. 3b left).
The derived ensembles of polymer structures in the
two tissues allowed to visualize the conformational



Fig. 3. Tissue-specific 3D conformations modulate gene-enhancer interaction (a) Left: CHi-C maps of the
restricted forelimb region encompassing the Pitx1 gene with some relevant interactions highlighted. The bar plot under the
matrix is the distribution of the transcription factor CTCF along the genomic sequence in the forelimb. Right: representative
3D structure of the forelimb genomic region showing a two-hub conformation. Note that the repressed Neurog1 gene
prevents the contact between Pitx1 and Pen, which are separated from each other. (b) Left: CHi-C maps of the restricted
hindlimb region with some relevant interactions highlighted. The bar plot under the matrix is the distribution of the
transcription factor CTCF along the genomic sequence in the hindlimb. Right: representative 3D structure of the hindlimb
genomic region showing a three-hub conformation. Note the proximity between Pitx1 and Pen, which can correctly activate
its target gene. (c) Left: CHi-C maps of the Inv1 forelimb case with some relevant interactions highlighted. The inverted
region, indicated in the bar below the map, involves RA4 and Pen and moves Pen nearer to Pitx1. Right: representative 3D
structure of the Inv1 forelimb genomic region showing that the locus fold in a hindlimb-like three-hub conformation, with
increased proximity between Pen and Pitx1, which is ectopically activated with a consequent limb malformation (a partial
arm to leg transformation). The bin size of the shown contact matrices is 10 kb (Adapted from Ref. [9]).
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changes in the 3D space and to perform quantitative
measures, such as physical distances among the
regions of interest, helping to provide a clearer
biological interpretation. As shown in Fig. 3a (right),
in the forelimbs, the locus segregates into two
chromatin hubs, containing (1) Pitx1, RA3, and
Neurog1 (blue, pink, and red spheres, respectively)
and (2) Pen and RA4 (dark green and light green
spheres, respectively). This spatial conformation is
such that Pen and Pitx1 are separated from each
other, and the repressed gene Neurog1 is close to
Pitx1, so preventing its activation. Conversely, the
hindlimb-specific configuration is partitioned in three
major hubs (Fig. 3b, right), one containing RA1 only,
another one containing Pitx1 and RA3, and the last
one RA4, Pen, and Neurog1. Here, the physical
proximity between Pitx1 and its enhancer Pen
ensures a correct regulation of the gene. Therefore,
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chromatin spatial configuration restricts the activity
of Pen to the hindlimb tissue by separating the
enhancer from its promoter in the forelimbs.
The relationship between architecture and func-

tion is even more highlighted by a structural variant
acting on this locus. Indeed, a 113-kb long inversion
(Inv1) of a fragment containing Pen and RA4 alters
the inactive forelimb conformation, which becomes
nearly identical to the wild type hindlimb. Indeed, the
interaction map of Inv1 forelimbs shows clear
hindlimb-specific features, i.e. the ectopic contact
between Pitx1 and Pen and the absence of interac-
tion between Pitx1 and Neurog1 (Fig. 3c, left). The
3D reconstruction of the locus bearing the inversion
shows a hindlimb-like architecture with the formation
of three chromatin hubs and a closer proximity
between Pen and Pitx1 compared to the wild type
forelimb (Fig. 3c, right). Because of this increased
proximity, the gene displayed a 44-fold increase in
expression, and limb malformation was detected on
Inv1 mice [9].
To conclude, the application of the SBS model to

the Pitx1 gene region allowed us to translate the
pairwise information in the ensemble of 3D con-
formations of the region under study, obtaining
significant insights into the spatial organization of
the locus, as the hindlimb three hubs and forelimb
two hubs organization, not directly accessible from
the experimental contact data. Additionally, the
physical distances among any region of the locus
can be computed from the ensemble of polymers,
confirming, in this case, the greater proximity
between Pen and Pitx1 in hindlimb and between
Neurog1 and Pitx1 in forelimb with respect to the
other tissue [9].
Different Models of Chromatin
Architecture

As broadly discussed above, the SBS model can
describe many features of chromosome architecture
across genomic scales. However, it cannot explain,
for example, the so-called CTCF convergence-bias
(see below) without extra, ad hoc hypothesis. In the
following, we give a brief overview of the alternative
polymer physics models and discuss how their
integration could provide a more comprehensive
description of the chromatin organization. Some of
these models are essentially based on the homo-
typic interaction among particles, as in the SBS
scenario. An example is a block-copolymer model
[17], where the self-avoiding chain representing a
chromatin filament includes blocks of beads of the
same type (or color) and the interactions, only
allowed among equal colored beads, occur directly
between chromatin loci, without the requirement of
mediators. With an appropriate coloring, such a
system can be used to describe the folding of real
chromatin regions. For instance, using the epige-
netic data to derive the location of the different
blocks, it has been shown in Ref. [17] that the
contact matrices of the Drosophila melanogaster
genome are in good agreement with the matrices
predicted from the block-copolymer model.
A different way to look into the molecular mechan-

isms of chromatin folding is provided by the loop
extrusion (LE) model [18,21]. Here a loop extruding
factor, such as the mammalian ring-structured
cohesin complex, anchors in a point of the chain
and starts to extrude a chromatin loop via an ATP
driven process. The extrusion persists until some
roadblocks are reached, enabling the regions
between the barriers to contact themselves and
giving rise to the formation of chromatin contact
domains. In mammals, the zinc finger protein CTCF
has been identified as the roadblock factor which
halts the extrusion process in an orientation-depen-
dent manner, that is, the CTCF sites at the loop
borders need to be inward-oriented (convergent) to
allow the blocking action. Since in the LE model a
significant energy consumption is required to let the
ATP motor work, an alternative scenario has been
proposed by the slip-link (SL) model [41,42]. In the
SL model, instead of active extrusion, the cohesin
complex simply slides over the chromatin fiber in a
diffusive fashion, with no ATP usage. Remarkably,
LE-based models were shown to successfully
explain the formation of chromatin structures such
as TADs, loops, and stripes [18,21]. Recent obser-
vations that chromatin organization at the TAD level
is largely erased upon cohesin depletion [43,44],
also point toward a role of LE processes in shaping
those structures. Nevertheless, recent super-resolu-
tion microscopy studies [26] showed that TADs
disruption as a consequence of cohesin removal
only holds in population-averaged contact
matrices while not preventing domain formation at
the single-cell level, albeit with a notably more
random distribution along the genome. This finding
suggests that the cohesin/CTCF extrusion mechan-
ism plays a fundamental role in determining the
preferential TAD boundaries locations rather than
being the basic mechanism of TAD formation. Thus,
it is likely that other mechanisms, for example,
homotypic interactions, act in parallel to the LE to
drive chromatin organization at the TAD level.
Moreover, differently from TADs, experiments have
shown that the larger scale organization of chromatin
in A/B compartments is largely preserved upon
cohesin depletion, thus excluding LE as a mechan-
ism for their formation while supporting the homo-
typic interaction scenario.
While the SBS and the block-copolymer models

envisage a scenario in which the 3D chromatin
structures are conformations at thermodynamic
equilibrium, in the LE, as well as in the SL model,
the final conformations are far from equilibrium.
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Since both frameworks can explain critical properties
of chromatin folding which the other approach
cannot explain (e.g. A/B compartments for the
equilibrium models or the CTCF convergence bias
for the LE ones) combined models have been
proposed, in which multiple homotypic interactions
and chromatin extrusion coexist [10,43,45]. How-
ever, it is still not clear if loop extrusion and
homotypic interaction are competitive or cooperative
mechanisms, and the study of their precise interplay
will be crucial to understand the principles of genome
architecture and regulation.
Discussion

We reviewed and discussed the recent advance-
ments based on the analysis of Hi-C data showing
that chromosomes fold in a hierarchy of domains-
within-domains named meta-TADs, extending from
the scale of the TAD up to the size of entire
chromosomes. By correlating with genomic and
epigenomic features, meta-TAD tree structure
slightly reorganizes during differentiation, and
these changes correlate with the changes in
expression. The advantages of such a hierarchical
organization may lie in facilitating the general
compaction of chromatin while preserving, at the
same time, the specificity and the efficiency of
mechanisms needed to access specific genomic
region to activate or silence target genes.
Polymer physics-based models are becoming an

increasingly important tool to study the molecular
mechanisms regulating the genome spatial organi-
zation [17,18,24,41]. Here, we reviewed some of the
key aspects of the SBS model, a polymer model
where folding is driven by a specific arrangement of
binding domains and molecular factors by phase
separation [10,22,32,46]. Other models provide
different scenarios. For instance, in the loop-extru-
sion model [18], the cohesin complex progressively
extrudes the chromatin filament until reaching
convergently oriented CTCF boundaries that block
its extruding activity. Although these models have
been shown to describe multiple observations
[21,43,47], a unified model explaining all the features
of the 3D genome organization is still lacking.
Finally, we reviewed how polymer physics within

the SBS scenario captures well the essentials of
chromatin folding at the Pitx1 genomic region,
crucially involved in developing limb buds. Here,
the spatial reconstruction of the forelimb and
hindlimb locus architecture allows the interpretation
of the different state of activity of Pitx1, which are
associated with its different spatial positioning with
respect to the pan-limb enhancer Pen and the
repressed Neurog1 gene. Precisely, while in the
hindlimbs, Pitx1 is close to Pen, an opposite
condition turns out in the forelimbs, where it is
physically disconnected from the enhancer [9]. A
structural variant repositioning Pen genomically
closer to Pitx1 in the forelimb can convert the locus
architecture in the hindlimb-like structure, leading to
pathogenic Pitx1 activation. This suggests that
tissue-specific spatial conformation can modulate
enhancer-promoter contacts, and hence, having an
active regulatory role.
Novel technologies are emerging that can inves-

tigate chromatin pairwise and multiway contacts at
the single-cell level, such as multicontact 4C [48],
TriC [49] and super-resolution microscopy [26] at an
increasingly higher resolution. These experimental
advancements, in combination with polymer physics
and computational approaches, will hopefully lead to
the development of comprehensive models of
chromatin folding and shed light on the role of
architecture on cellular functions and diseases.
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