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Abstract

Understanding the mechanisms that control chromosome folding in the nucleus of
eukaryotes and their contribution to gene regulation is a key open issue in
molecular biology. Microscopy and chromatin-capture techniques have shown that
chromatin has a complex organization, which dynamically changes across
organisms and cell types. The need to make sense of such a fascinating complexity
has prompted the development of quantitative models from physics, to find the
principles of chromosome folding, its origin and function. Here, we concisely review
recent advances in chromosome modeling, focusing on a recently proposed
framework, the Strings & Binders Switch (SBS) model, which recapitulates key

features of chromosome organization in space and time.

Introduction

Chromosomes have a complex organization across spatial scales within the cell
nucleus [1-3]. They occupy separate, yet interacting chromosomal territories [4, 1]
where long-range chromatin interactions are functionally important. Each territory
is partitioned in megabasepair-long domains enriched for internal contacts, known
as topological associated domains (TADs) [1, 5, 6], while long stretches of chromatin
interact with the nuclear lamina (the lamina-associated domains, LADs) [3], and
with a variety of other functional compartments [1]. Genes come together, for
instance, on specialized transcription factories, promoting proximity between
different transcription units according to their expression state [7-10]. Splicing
factors, the machinery that splices nascent transcripts into messenger RNA,
accumulate in splicing speckles, which are often associated with active genes, while
repressed chromatin associates with heterochromatic regions or Polycomb bodies
[1]. Early replication origins are also clustered in replication factories, which stably

reassemble in consecutive cell cycles [11].

The understanding of chromatin organization has inspired the development of
models for many years [12-15]. Early models were often a visual summary of

conformations identified by microscopy, aiming mostly to consolidate, in one image,



the many features observed (e.g. [1]). The increasing level of details exposed by
experimental advances has triggered the need to further develop quantitative
polymer models from physics. And here we focus especially on a few, more recent

developments.

Polymer models of chromatin organization

The simplest model of a free polymer, i.e., a polymer experiencing only self-
avoidance effects, is the Self-Avoiding Walk (SAW) model. A SAW polymer folds
spontaneously in a random conformation (Fig. 1) and, thus, in a mixture, entropy
induces full intermingling of polymers. Pioneer work by Kreth and Cremer (2004)
introduced a model where polymers also experience a strong self-attraction force

that can produce discrete chromosome territories [16].

Entropy might also play a role in favoring territorial separation by limiting the
intermingling between different chromosomes: models of free polymers folded into
clustered loops can hardly find the space to penetrate into each other, experiencing
an effective repulsion of entropic origin partially preventing overlap [17-19, 14].
These models help bridge the original view of chromosome territories fully
separated by channels devoid of DNA (the CT-IC view) [20, 1], and the discovery of
their intermingling (the ICN view) [4, 21]. Entropy-based models, however, cannot
explain the variety of specific, functional contacts occurring through chromatin
looping (such as enhancer-promoter interactions), its domain structure (LADs,
TADs) and, in particular, fail to describe the behavior of the contact probability

between genomic loci reported by Hi-C experiments [22, 23].

The development of ‘chromosome conformation capture’ (3C) methods [24], and
their genome-wide extensions such as Hi-C [25, 22, 26], has invigorated this field
with the prospect of semi-quantitative measures of chromosome folding. Hi-C
contact matrices have shown, for instance, that the average interaction probability
between pairs of genomic loci decreases with their genomic separation,

approximately with power law decay in the 0.5-7Mb range [22].



The contact probability and, in particular, its power law exponent, &, is different,
though, in different systems [23]. For instance, human embryonic stem cells (ESCs)
have a~1.6 [23], while a~1.1 in human interphase lymphoblastoid cells [22] and in
metaphase Hela cells a~0.5 [27]. The exponent a reported in different species also
varies widely: in Drosophila a~0.7-0.8 [28], in yeast a~1.5 [29], in mouse ESCs the
Xist locus has a~0.7-0.9 [6, 30]. Even in a given cell system different chromosomes
can have different exponents [31, 23]; e.g. the gene-poor and gene-dense human
chromosomes 18 and 19 have a around 1.08 and 1.3, respectively, in human
lymphoblastoid cells [23]. These observations have contradicted the initial hope
that a single universal architecture, originally envisaged in the Fractal Globule (FG)

model [22] (where a=1), might describe chromosome folding.

The FG state [22] is a transient, highly unstable [32] conformation encountered, e.g.,
by a free polymer allowed to expand from an initial high-compaction, non-entangled
state. For the FG to be observable, the activity of topoisomerases (important nuclear
enzymes that resolve chromatin entanglement by cutting the DNA and passing it
through) must be negligible. The FG is knot free, which might allow for quick
unfolding events in the chromatin structure. However, the FG model also fails to
explain the formation of TADs or LADs, and microscopy data of inter-locus
distances, in particular the fact that the separation of distant regions on a

chromosome saturates at the territory size [23].

An alternative scenario to explain chromosome folding was proposed in the
Interchromatin Network (ICN) model [4], where folding derives from chromatin
interactions with complexes that promote looping (e.g. contacts between co-
expressed genes at transcription or replication factories) and associations with
nuclear landmarks, such as the lamina. The Strings & Binders Switch (SBS) model
[33, 34, 23] explored for the first time such a scenario on quantitative grounds using

polymer physics (Fig. 2a).



The SBS model, in its simplest version, investigates a polymer and its interactions
with diffusing binders that can crosslink the polymer specific binding sites. It can
also be expanded to consider many polymers, different binder species, and
interactions with nuclear landmarks [35, 36]. In the model, the position of the
binding sites along the polymer is assigned; the concentration and affinity of binders
can be changed [23], as resulting, for instance, from the up-regulation of a

corresponding gene or from chemical modifications of a chromosome sequence.

With simple and generic settings, the SBS model has been used to illustrate several
aspects of chromatin folding in quantitative terms: (a) three major folding classes
exist (open, closed and ®-point; Fig. 2b), corresponding to stable emergent phases of
polymer physics (the Fractal Globule state is one of many possible transient states
of the SBS model); (b) conformational changes can be sharply regulated (switch-
like) by simple strategies, e.g., protein up-regulation or chromatin modifications,
which may help understand the mechanisms employed, e.g., to transduce (analog)
transcription factor levels into (digital) conformational switches; (c) that randomly
diffusing binding molecules can establish and dynamically change, by
thermodynamics mechanisms, architectural patterns, such as territory formation,
TADs or LADs, and the looping out of large stretches of chromatin from territories
(Fig. 2c); (d) that population and single cell microscopy and Hi-C data, such as
contact probabilities (Fig. 3) and spatial distances, can be rationalized in a single
framework [23]. The results of the SBS model are confirmed by similar findings in
the Dynamic Loop (DL) model, which has been used, in particular, to explore the

effects of entropy in mixtures of long, looped polymers [37, 14].

The picture that emerges from the SBS model is that chromatin exists inside nuclei
as a complex mixture of differently folded regions according to local specific factors,
which can self-organize across spatial scales by general physical mechanisms.
Specificity of binding at different loci or domains can be achieved, for example
through a combination of single molecular factors. In fact, more complex

architectures, with different, nested layers of organization can be constructed



within the SBS model. Beyond binding factors, other molecular mechanisms are
likely to contribute to chromatin folding into compact conformations, such as

supercoiling [30] and plectoneme formation [38].

Technical limitations

Irrespective of promising developments, it is helpful to appreciate the limitations of
the different methodologies. Imaging of nuclear architecture has improved to
exciting extents, but it is not fraught from artifacts (e.g. milder fixation and structure
loss) and currently suffers from low throughput options to screen broadly for
chromatin interactions, with exciting exceptions [39]. 3C-based mapping of
chromatin interactions has limitations too. Cells are also mildly fixed, broken up to
extract nuclei, DNA is cut by restriction enzymes and DNA free ends ligated, before
sequencing and alignment, all steps being fraught with unclear inefficiencies and

biases [40, 41]. Efforts to improve all these technologies are ongoing.

Similarly, we have to overcome limitations of physics models, such as their hidden
or oversimplifying assumptions. Ad-hoc prepared polymer structures have been
discussed, which might reproduce architectures identified experimentally without
adding a real new level of understanding of the underlying mechanisms. Due to
computer speed limitations, it is currently only possible to model comparatively
simple polymers, but as computer power grows soon whole chromosomes will be
modelled at high resolution. Yet, the discovery that polymer properties scale with
polymer size, awarded the Nobel Prize in Physics, has already demonstrated that
general and important features of chromosome folding can be derived using

relatively short and simple polymers [42].

Future perspectives

Many issues remain that require the development of more detailed models. On a
general ground, for instance, the effects of crowding have been only partially
considered as much as the constraints imposed by nuclear size and shape or by the

associations with nuclear bodies. Nevertheless, polymer models can be employed to



study specific genomic loci (e.g., the Xist locus) [36] to discriminate different

biological scenarios and thus helping to identify the determinants of folding.

Polymer models constrained by Hi-C data have been used to attempt
reconstructions of chromosome 3D shapes [43, 44]. These efforts suffer from the
limitation that population averaged Hi-C data return ‘average’ conformations
depending on the specific type of constraints and algorithms employed. To
circumvent such limitations, more realistic polymer models, such as the SBS, can be
used to reconstruct spatial conformations, and have the potential to predict

chromatin interaction sites that best explain Hi-C data.

From a biological point of view a number of key questions are still unresolved, such
as the origin of (a) specificity of interactions (e.g. why there is a preference for
pairing between specific chromosomes in specific cell types [45, 4] and why are
chromosome homologues often separated from each other [46]), (b) chromosomal
intermingling [4], or (c) the effects of other cellular processes, such as gene

expression or DNA replication, on chromosome organization.

In conclusion, as the complex 4D organization of chromatin remains still largely
mysterious, simple models of polymer physics, tested against real data, are trying to
provide a first picture of the basic principles and molecular mechanisms of folding.
In the near future, further developments in the models employed, exploiting
technical progresses and more detailed biological information, could push even
further our comprehension and could guide the design of targeted experiments to
resolve some of the many crucial open questions, hopefully advancing also our

understanding of related diseases.
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Figure Legends

Fig. 1. Polymer models and conformations

a) The self-avoiding walk (SAW) model describes a free polymer, i.e., a polymer
having no interactions beyond excluded volume. A SAW polymer has a randomly
folded conformation.

b) A mixture of polymers would show substantial levels of intermingling because of
mixing entropy.

c) If each polymer experiences self-attraction (e.g. Kreth and Cremer model [16]),
polymers can confine into clearly separated territories.

d) If polymers have looped conformations, ‘rosette’-like, intermingling can be
reduced because loops interpenetrate each other with more difficulty and thus

experience an effective repulsion force (entropic force).

Fig. 2. The Strings & Binders Switch (SBS) model

a) In the SBS model [33, 23], chromatin is represented by a self-avoiding-walk
(SAW) chain, which has binding sites for diffusing binders. The basic model
parameters are the binder concentration, cm, and their affinity for the polymer
binding sites, Ex. The interactions of polymer with molecular binders can produce
loops. The model stable emergent thermodynamic phases correspond to different
conformational classes.

b) The SBS model identifies a switch-like behavior in chromatin folding in response
to changes in binder affinity or concentration. The SBS phase diagram includes a
phase where the polymer folds in a random open conformation (in the universality
class of the free SAW) and a phase where it spontaneously folds into a compact
closed conformation. At the phase transition point, there is the @-point state.
Conformational changes are achieved by crossing the phase boundary, with no need
of parameter fine-tuning.

c) The formation of chromatin domains and chromatin looping can be modeled
within the SBS model, as result of the specialization of the polymer binding sites and

their binding molecules. The corresponding contact matrices have general features

12



similar to those found by Hi-C methods.

Fig. 3. Contact probabilities estimated from HI-C data are explained by the SBS
model.

a) The average contact probability, Pc(s), measures the extent of chromatin

interactions between pairs of loci separated by a given genomic distance.

b) In Hi-C data, the average contact probability, Pc(s), is found to decrease with their

genomic separation, s, with a power law decay at least within the 0.5-7Mb range,

Pc(s)~1/s% [22]. The exponent, &, of the power law is different in different systems

and in different chromosomes [23].

c) Within the SBS model, a is 2.1 in the open state, 1.5 in the ©-point state, and 0 in

the compact state. Thus, mixtures of modelled SBS polymers including, for example,

a fraction, f, of open and a fraction, 1-f, of compact polymer regions can easily

explain the range of exponents found experimentally. This scenario simulates the

fact that different genomic regions assume open or closed chromatin conformations,

which need to be captured by polymer modelling approaches.
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