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Commentary 839

Introduction
Human cells contain 46 chromatin fibres, i.e. the chromosomes,
with a total length of ~5 cm of nucleosomal filaments arranged like
beads on a string. Packaging this in an interphase nucleus of typically
5–20 m in diameter requires extensive folding. In the past decades,
considerable evidence was accumulated showing that chromatin
folding is closely related to genome function. Tightly packed and
transcriptionally silent heterochromatin, and more-open
transcriptionally active euchromatin represent two classic folding
states. In the past decade, we started to see some first principles of
chromatin folding. One is that individual chromosomes occupy
discrete domains in the interphase nucleus – named chromosome
territories – which intermingle only to a limited extent (Cremer and
Cremer, 2010). Similarly, different parts of a chromosome also only
interact very little (Dietzel et al., 1998; Goetze et al., 2007a; Goetze
et al., 2007b). Another organisational principle is based on the
finding that mammalian interphase chromosomes are made up of a
large number of structural domains, each of which are on average
~1 Mb, that correspond to DNA replication units (Ryba et al., 2010).
Furthermore, recent experimental data show that chromatin loops
mediated by specific chromatin–chromatin interactions are an
important aspect of chromatin organisation, because they bring
together distant regulatory elements that control gene expression,
such as promoters and enhancers (Carter et al., 2002; Kadauke and
Blobel, 2009). Methods that are based on the chromosome
conformation capture (3C) technology, which determines two distant
genomic sequence elements that are in close proximity in the nucleus
(Simonis et al., 2007), have revealed the presence of a large number
of intra-chromosomal chromatin–chromatin interactions. The
resulting loops vary in length from a few kb to up to tens of Mb and

are different in different cell types (Lieberman-Aiden et al., 2009;
Simonis et al., 2006). Moreover, it has been shown for many loci
that changes in transcriptional activity are tightly correlated with
changes in folding (Sproul et al., 2005). Together, these observations
show that packaging of the chromatin fibre in the interphase nucleus
is closely related to genome function and that loops are a prominent
feature of interphase chromatin.

The notion that chromatin loops are important for overall genome
organisation is also supported from the perspective of polymer
models. Recent polymer modelling efforts show that the formation
of loops can endow polymers such as chromatin with properties that
explain several of its key properties, including chromatin compaction
and compartmentalisation. The importance of polymer models is
that they aim to explain properties of chromatin on the basis of
physical principles and discard those models that do not fulfil this
criterion. They make precise predictions that can be tested
experimentally and their outcome can be used to further improve the
model, thereby increasing our understanding of chromatin folding.

In this Commentary, we demonstrate that efforts to unravel the
complex and dynamic relationship between eukaryotic gene
regulation and chromatin folding benefit from a marriage between
polymer physics and cell biology. We will briefly summarise what
is known about the molecular basis and functional role of chromatin
folding, before discussing recent insights into chromatin folding
that have been obtained from polymer models.

Chromatin looping – linking chromatin folding
to genome function
Chromatin looping is defined as the physical interaction between
two sequence elements on the same chromosome. The idea that the
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chromatin fibre forms loops is already several decades old, but
only about 10 years ago the notion grew that looping has a direct
role in gene regulation (Bulger and Groudine, 1999). However,
only recently it has become possible to directly measure chromatin–
chromatin interactions (i.e. looping) by mapping DNA sequences
that physically interact using the 3C technology. Several recent
reviews have addressed various aspects of chromatin looping and
the reader is referred to these for details (Gondor and Ohlsson,
2009; Kadauke and Blobel, 2009; Sexton et al., 2009; Zlatanova
and Caiafa, 2009a). Genome-wide mapping of chromatin–
chromatin interactions in cultured human lymphoblasts revealed
that human chromosomes form an unexpectedly large number of
loops with sizes of up to tens of Mb (Lieberman-Aiden et al.,
2009). There is growing evidence that distant regulatory elements,
such as enhancers, physically interact with promoters and other
regulatory sequences. Two well-studied examples are the complex
looping of the developmentally controlled -globin locus and the
maternally or paternally imprinted H19-Igf2 locus (Han et al.,
2008; Nativio et al., 2009; Noordermeer and de Laat, 2008). It has
been shown that these intra-locus loops, which typically are in the
range of one to a few tens of kb, can result in gene activation as
well as inhibition.

Larger loops are formed by the formation of transcription
factories, nuclear structures that contain several transcriptionally
active genes (Cook, 2010; Mitchell and Fraser, 2008; Sutherland
and Bickmore, 2009). In addition to the short-range interactions
within the -globin locus, the enhancer-like control region (LCR)
within the -globin locus interacts with loci that are located many
Mb away (Kooren et al., 2007; Simonis and de Laat, 2008). Another
example of long-range looping is the clustering of distant polycomb
response elements in Drosophila melanogaster (Sexton et al., 2009)
and of insulator elements found in higher eukaryotes (Bushey et
al., 2008). Evidently, interphase chromosomes form an intricate
network of loops.

Several proteins are involved in chromatin–chromatin
interactions but two proteins stand out as being particularly
important in the formation of looped chromatin structures: cohesin
and CCCTC binding factor (CTCF), both of which are ubiquitously
and abundantly expressed (Kim et al., 2007; Phillips and Corces,
2009; Wendt et al., 2008; Zlatanova and Caiafa, 2009b). CTCF
binds to an ~20 bp consensus sequence. About 14,000 CTCF-
binding sites are present in the human genome and essentially all
of these are occupied by CTCF (Kim et al., 2007). CTCF is an
important regulator of gene expression by physically linking distant
regulatory sequences, including promoters and enhancers (Kurukuti
et al., 2006; Splinter et al., 2006) as, for example, shown for the
-globin gene cluster, and the paternal and maternal imprinting of
the IGF2-H19 locus (Han et al., 2008; Nativio et al., 2009;
Noordermeer and de Laat, 2008). Chromatin looping mediated by
CTCF appears to require cohesin. Chromatin immunoprecipitation
(ChIP) experiments have shown that CTCF and cohesin colocalise
on CTCF-binding sites (Parelho et al., 2008; Wendt et al., 2008).
Cohesin was originally identified as a protein responsible for sister
chromatid cohesion during mitosis, supposedly by forming a
proteinaceous ring around two chromatin fibres, and is likely to
mediate chromatin looping in a similar way (Carretero et al., 2010;
Dorsett, 2009; Merkenschlager, 2010). Recently, it was shown that
cohesin is also able to loop chromatin independently of CTCF
(Kagey et al., 2010; Schmidt et al., 2010). Considering the large
number of genomic binding sites for CTCF and cohesin, together
they significantly contribute to the intricate chromatin-looping

pattern that has been observed by 3C measurements.
In addition, transcription factors also appear to have a role in

chromatin looping, for instance of the -globin locus (Drissen et
al., 2004), and in the formation of transcription factories (Sutherland
and Bickmore, 2009). By combining 3C-based methods with ChIP,
the genome-wide chromatin-looping network that is dependent on
the cell-type-specific transcription factors Kruppel-like factor 1
(Klf1) and estrogen receptor  (ER-) has been charted (Fullwood
et al., 2009; Schoenfelder et al., 2010). The above studies have
shown that these transcription factors are necessary to bring together
those genes they co-regulate, most probably by forming
transcription factories.

Polymer models for chromosomes without
loops
All polymer models that address chromatin folding assume a linear
unbranched polymer that represents the chromatin fibre.
Necessarily, such models are coarse-grained in that they do not
describe all details of the fibre (Fig. 1). Rather, they assume that
polymers are made up of monomer units connected by a flexible
connector (Paul et al., 1991). In practice, such polymer models
assume up to 10,000 monomers (a current computational limit),
resulting in a typical chromosome of 100 Mb with a minimal
monomer size of ~10 kb. This implies that all chromatin properties
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Fig. 1. Coarse-grained chromosome. Coarse-graining is the basis of all
polymer models of chromosomes. (A)Schematic view of the full chromosome
with all the details. Eliminating details below the persistence length (see Box
1) of the chromosome results in a linear (i.e. unbranched) backbone.
Statistically, the polymer chain retains the same large-scale conformational
properties of the chromosome without any small-scale details. The small-scale
properties of the chromosome contribute in an averaged way to the properties
of the monomers. (B)Chromosome with effective monomers. The monomer
replaces the details of the chromosome on small scales. (C)Resulting coarse-
grained backbone of the chromosome that models the chromosome on scales
above the persistence length.
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within a 10 kb range are averaged. In the analysis of large-scale
chromatin folding such an approach is justified as long as the
monomer size is larger than the persistence length Lp of the
chromatin fibre, i.e. the length over which the fibre is stiff (Box 1).
It should be noted that the precise value of Lp for chromatin is not
known.

There are two basic types of model polymer. The random walk
(RW) model is characterised by the assumption that the individual
monomers have no volume. This model is also called phantom
chain, Gaussian chain or worm-like polymer chain (Box 1). In this
type of model, two or more monomers can occupy the same spatial
position at the same time. Hence, the monomers are treated as if
they have no physical dimensions and thus do not occupy any
space. In contrast to the RW model, the self-avoiding walk (SAW)
polymer model takes the volume of the subunits into account,
implying that two monomers cannot occupy the same space at the
same time. The overall consequence is that – if all other parameters
are kept constant – SAW polymers are more swollen than RW
polymers owing to the reduced number of possible folding
conformations. In their simplest forms, RW and SAW models
assume that there are no attractive or repulsive forces between
monomers.

Comparing measurements to model predictions
Often, experimental observations are reconciled with model
predictions by fitting the model parameters to the experimental
results. A better way to relate models to experimental data is to use
variables that do not depend on parameters that can be fitted to the
model. Polymer models offer several such variables. One example
is the dimensionless scaling exponent , which describes the
relationship between the distance N of two monomers along
the polymer and their physical distance R in 3D space according
to the equation �R2� ~N2 that holds for all basic polymer models
(Box 1). The scaling exponent  classifies the folding properties of
the polymer, and is different for different polymer models (e.g. the
RW and SAW models), therefore allowing for an objective
comparison between a model and the experimental data. The fact
that  is independent of the monomer size in the respective model
underpins the idea that the monomer size is irrelevant to the overall
properties of the polymer.

Using the scaling exponent  to relate models to experimental
data can be illustrated as follows. Chromatin folding in the
interphase nucleus can be measured by 3D light microscopy using
fluorescent in situ hybridisation (FISH). Systematic measurements,
in 3D inside the nucleus, of the physical distance R (in m)
between pairs of fluorescent DNA probes that mark specific
positions on the chromatin fibre at a genomic distance g (in kb or
Mb) yields a value for the scaling exponent  according to the
relationship �R2� ~g2 (Box 1 and Fig. 2A). If chromosomes behave
according to the RW or SAW model, one should observe a linear
increase of the mean square spatial distance �R2� as a function of
the genomic distance g (as shown in Fig. 2B). Extensive
measurements of the genomic distances have been performed at
different scales of genomic length in primary human fibroblasts
(Mateos-Langerak et al., 2009) and the results for large genomic
distances (>5 Mb) do not show the predicted continuous increase
of �R2�. Instead, the spatial distance R reaches a plateau beyond 5–
10 Mb (Fig. 2C), essentially invalidating the two most simple
polymer models RW and SAW.

Recently, Emanuel and colleagues proposed a polymer model
that correctly predicts the levelling off of �R2� as a function of g as

found experimentally (Emanuel et al., 2009) (Fig. 2C). However,
they include an additional constraint to the model by assuming
that, through an unspecified mechanism, the volume of a folded
polymer is confined to a pre-defined volume that is equivalent to
a chromosome territory. This assumption forces �R2� to reach a
plateau value, making the outcome trivial. By contrast, we will
show below that polymer models that assume chromatin looping
can correctly predict the levelling off of �R2� at large genomic
distances without requiring additional assumptions.

Polymer models and cell-to-cell variability in
chromatin folding
Different polymer models can also be distinguished by their
prediction of cell-to-cell variability of chromatin folding. A polymer
model describes the ensemble of the folding configurations of the
polymer and each of these conformations describes one possible
geometric structure of the polymer. The configuration of the
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Box 1. Basic polymer parameters and models
Persistence length (Lp). Quantification for the stiffness of a
polymer. Below the persistence length a polymer can be
considered as a stiff elastic rod. Details below this scale are thus
not relevant. Estimates for the persistence length of chromatin
range from 100–200 nm (Dekker et al., 2002; Langowski, 2006).
Excluded volume. Two objects can not occupy the same position
in space at the same time. This has important consequences for
the statistics of polymer conformations and, therefore, the
relationship between the 3D distance R of two points on
the polymer chain and the number of monomers N between
them: �R2� ~N2.
Chain length (N). The number of monomers that the polymer
chain is composed of.
Random walk (RW). A polymer, in which excluded volume is
neglected, is called a random walk polymer. For this type of
polymer chain, the following relationship exists between the
physical distance between the polymer end-points R and
the number of monomers N: �R2�Lp

2 N2, with the scaling
exponent of 0.5.
Scaling exponent (). Classification for the spatial property of
the chain, i.e. how the space is filled with the polymer. For a
random walk polymer the scaling exponent  is 0.5, whereas the
value for a globular polymer is 1/3. Note that the scaling exponent
does not depend on details of the chain below its persistence
length.
Self-avoiding walk (SAW). A polymer in which the excluded
volume is explicitly taken into account is a self-avoiding walk
polymer. For this type of polymer chain, the following relationship
exists between the physical distance between the polymer end-
points R and the number of monomers N: �R2�f(Lp) N2, whereby
the scaling exponent 0.588. Thus the SAW polymer is more
swollen compared with the RW polymer.
Globular state and fractal globular state model. A polymer is
considered compact or globular if its characteristic size scales
with 1/3. Hence the polymer is densely packed (recall that the
third root of volume of the polymer is proportional to its length). A
fractal globular state model describes a knot-free polymer
conformation that is packed with maximal density.
Dynamic random loop model. This model uses a linear
backbone polymer that dynamically folds and builds loops of all
length scales (Bohn et al., 2007; Mateos-Langerak et al., 2009).
Here, the scaling exponent  becomes 0, as the length N of the
polymer exceeds a certain length (2 Mb). Beyond that length, the
volume occupied by the polymer remains approximately constant
with increasing N.
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polymer statistically varies over time. This translates to a cell-to-
cell variability that can be measured in a population of fixed cells
– because fixation creates a snapshot of every cell – each in a
different chromatin folding configuration at the time of fixation.
For example, the RW polymer model predicts that the physical
distance R between two defined monomers of the polymer, when
measured in many cells, shows a Gaussian distribution. In general,
distributions are characterised by their moments, a set of parameters
that uniquely characterises the distribution. For example, the first
moment is the mean value of the distribution, the second moment
is its width (variance). The higher moments describe other features
of the distribution. Here, the ratio between the fourth moment of
the distribution and the second moment squared is of interest, as it
gives a dimensionless number that is independent of any parameter
that can be fitted to the experimental data. Using these moments,
experimentally obtained distributions – when measured with

sufficiently accuracy – can be compared with polymer model
predictions. For instance, a set of 3D FISH measurements obtained
from a large number of individual fixed cells reflects the cell-to-
cell variation and yields a distribution of the physical distance R
as a function of the genomic distance (Box 1). For this distribution
one can compute the moments and compare the experimental data
to model predictions. Such a comparison has shown that linear
polymer models, i.e. models not involving loops, are incompatible
with the experimental data (Bohn and Heermann, 2009).

Polymer models with loops
Looped polymers have a number of properties that are not observed
in unlooped polymers. Entropic effects make the intermingling of
two looped polymers highly unfavourable (Bohn and Heermann,
2010b), and even a small number of loops per polymer can
considerably suppress mixing of polymers. Thermodynamically,
such a situation can be described as repulsion between the looped
polymers. This can be understood intuitively by considering a
polymer that has loops covering all lengths, i.e. small, medium and
large loops, relative to the total length (contour length) of the
polymer. Such a polymer has a more or less sphere-like shape and
is difficult to penetrate by other polymers (Fig. 3). Considering
such a model predicts that chromatin loops are a key determinant
of the properties of the chromatin fibre. The more loops are formed,
the less space the chromatin fibre occupies and the more it is
compacted. Thus, chromosomes condense as loops are formed and
their intermingling is strongly reduced.

Pioneering polymer models that were developed to explain the
measured properties of interphase chromatin and that take into
account chromatin looping assume loops of fairly uniform size.
For instance, Sachs and colleagues proposed a model in which
chromatin loops of 1.5–3.5 Mb are attached to an unspecified RW
backbone, with the proposed loop size being the result of fitting
data on the model (Sachs et al., 1995). Others assumed that the
chromatin fibre assembles in an array of rosettes of loops of
uniform size (Münkel and Langowski, 1998). However, recent 3C
studies of chromatin–chromatin interactions do not support the
idea of loops of fixed sizes but, instead, show that chromatin loops
cover a wide range of lengths, ranging from a few kb to tens of
Mb (Lieberman-Aiden et al., 2009; Simonis et al., 2006). Thus far,
only our dynamic random loop model (Bohn et al., 2007; Mateos-
Langerak et al., 2009) and the fractal globular model developed by
Dekker and co-workers (Lieberman-Aiden et al., 2009) incorporate
the idea of a wide range of loop sizes.

The dynamic random loop model (Box 1) assumes a dynamic,
random interaction between monomers of a polymer, creating loops
that span a wide range of sizes (Bohn et al., 2007; Mateos-Langerak
et al., 2009). Several characteristics of interphase chromatin folding
can be explained by this model, including the observation that each
interphase chromosome occupies a limited space, i.e. a chromosome
territory, in the interphase nucleus. This is reflected by the levelling
off of the physical distance R between pairs of sequence elements
as a function of their genomic distance g; the scaling exponent 
becomes zero (Fig. 2C, Box 1). Furthermore, the model predicts
different degrees of compaction along the length of a chromosome
that are caused by variations in local looping probabilities (Bohn
et al., 2007; Mateos-Langerak et al., 2009). In contrast to the
dynamic random loop model, the fractal globular model
(Lieberman-Aiden et al., 2009) (Box 1) is characterised by a
scaling component 1/3 and does not predict the experimentally
observed levelling off of R as a function of g. Taken together, the
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Fig. 2. Relationship between physical distance and genomic distance for
linear and looped polymer models. (A)Schematic representation of the
physical distance R between two points on an interphase chromosome and the
genomic distance g. (B)Linear polymer model that does not assume looping.
This model predicts that the mean squared distance �R2� increases linearly with
increasing genomic distance g. (C)Model that assumes a looped chromatin
chain. In contrast to the linear model, looped models predict that �R2� reaches a
plateau at large genomic distances – as it has been found experimentally
(Mateos-Langerak et al., 2009).
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dynamic random loop model, which explicitly assumes looping at
all lengths, therefore best explains key properties of the chromatin
folding.

Size distribution of loop size
As discussed above, dimensionless variables are parameters of
choice for comparing experimental data with models. The
distribution of loop sizes provides such a parameter. Using the
genome-wide HiC (an extension of the 3C method) data set from
the Dekker group (Lieberman-Aiden et al., 2009) allows for a
quantitative analysis of the loop size distribution of chromatin in
a human cell. Let us assume that two monomers of a linear polymer
come in contact with each other and form a loop of the length l,
where l is the number of monomers in the loop. We can then ask:
what is the distribution p(l) of the lengths of the loops in the
polymer? The fractal globular state model based on HiC data (Box
1) (Lieberman-Aiden et al., 2009), as well as the dynamic random
loop model (Bohn and Heermann, 2010a), correctly predict a value
for  of about 1, with  being the exponent in a power law that
characterises the dependence of the number of loops (or their
probability) as a function of the loop size. However, the fractal
globular model cannot be reconciled with experimental 3D FISH
data obtained from human cells (Bohn and Heermann, 2009;
Mateos-Langerak et al., 2009), as they predict a cell-to-cell variation
that is different from that experimentally observed, by making a
wrong prediction for ratio of the higher moments for the distribution
of R (Bohn and Heermann, 2009). Thus, it is apparent that, of the
presently available models, the dynamic random loop polymer
model most accurately describes the properties of interphase
chromatin.

Relationship between loops and transcription
Local chromatin folding is related to the local transcriptional
activity and gene density (Goetze et al., 2007a), and to replication
timing (Ryba et al., 2010). Furthermore, the transcriptional state of
a chromosome and its subchromosomal domains affect chromatin

positioning inside the nucleus (Janicki et al., 2004).
Transcriptionally active chromatin tends to be located nearer to the
nuclear interior, whereas inactive chromatin is more frequently
found closer to the nuclear periphery (Cremer et al., 2001; Dietzel
et al., 2004; Goetze et al., 2007a; Goetze et al., 2007b; Scheuermann
et al., 2005). Furthermore, transcriptionally active and gene-dense
regions of the human genome (with a typical size of several Mb)
have a more-open chromatin structure than genomic regions that
are less dense in genes and less transcriptionally active (Goetze et
al., 2007a) (Fig. 4). The dynamic random loop model can explain
these differences by assuming a moderately higher looping density
for compact chromatin domains compared with those of more-
open regions (Mateos-Langerak et al., 2009). The random loop
model can be further refined by using local gene expression and
gene densities along chromosomes as an indicator for local loop
densities. This approach should allow the model to predict
modulations in chromatin compaction along the chromatin fibre
(Hansjörg Jerabek and D.H., unpublished observations).

The importance of loops for chromosome
territories
Chromatin loops appear to have a dominant role in the folding of
interphase chromosomes and, at the same time, they are important
for the overall nuclear organisation. Cook and Marenduzzo recently
investigated the effect of chromatin looping on the formation of
chromosome territories, assuming that chromatin is folded in
rosette-like structures with fixed loop attachment points (Cook and
Marenduzzo, 2009). Their computer analyses show that such
chromosomes display only limited intermingling due to entropic
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Repulsive force

Radius of gyration  

Limited overlap
between
chromosomes

Chromosomes

Fig. 3. Physical interaction between chromosomes. The backbones of two
chromosomes are shown in red and green. Loops and ensuing entropic effects
are the major driving forces for the internal organisation of chromosome
territories and their segregation in the interphase cell nucleus. Two
chromosomes repel each other owing to entropic repulsion between the looped
polymers. This entropic repulsion is relatively weak and, therefore, some
overlap between chromosome territories occurs. The degree of overlap
depends on the degree of looping of the individual chromosomes.
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Fig. 4. Gene-expression-dependent chromatin folding. Illustrated here is the
polymer model of a looped chromosome with its linear backbone shown in
red. Upon backbone folding, loops are generated that vary considerably in
size. Black dots indicate looping points. The looped chromosome has an
internal structure that is segregated into two types of region, both of which
differ in their degree of compaction (green, open; pink, compact). The
compaction of sub-chromosomal regions has been shown to depend on gene
density and transcriptional activity (Goetze et al., 2007a). Below, the
transcriptome map of the q-arm of human chromosome 11 is shown; vertical
lines indicate individual genes, the length of the lines depicts gene activity.
The genome consist of regions with high gene density and high gene activity
(green), and gene deserts sparsely filled with less-active genes (red) (Caron et
al., 2001; Mateos-Langerak et al., 2009).
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forces and that looped chromatin fibres, indeed, repel each other
(Cook and Marenduzzo, 2009).

The existence of distinct chromosome territories can also be
explained with the dynamic random loop model (Bohn and
Heermann, 2010a). Similarly, polymer modelling (Cook
and Marenduzzo, 2009) predicts that entropic repulsion is also
important at the subchromosomal level, resulting in
subchromosomal domains that show little or no intermingling.
This is exactly what is observed experimentally (Goetze et al.,
2007a). The dynamic random loop model (Mateos-Langerak et al.,
2009) suggests that chromosome segregation is driven by the
formation of loops. Rosa and Everaers have proposed an alternative
explanation for discrete chromosome territories and suggested that
these are the consequence of the very slow rate of entanglement of
chromosomes after the metaphase–interphase transition (Rosa and
Everaers, 2008). They assume a SAW polymer model and do not
take into account loops. All other models discussed in this overview
assume that the polymer configurations are in equilibrium.
Presently, there is no experimental evidence that rules out this
possibility.

Loops and the shape of chromosome territories
Another aspect of model predictions addresses the shape of
interphase chromosomes. Linear polymer models, such as the RW,
SAW or the globular state model (Box 1) and also the looped
models, make specific predictions about the shape of chromosomes
with regard to the ratios between the long and the two short axes
of chromosome-equivalent ellipsoids. The shape of interphase
chromosomes and chromosomal subcompartments can be
experimentally analysed by FISH (Bolzer et al., 2005; Goetze et
al., 2007a). Quantitative analysis of human fibroblasts shows that
the deviation from a spherical chromosome shape in
subchromosomal regions correlates with transcriptional activity
and gene density of the chromosome; gene-rich and
transcriptionally active regions appear highly non-spherical,
whereas the shape of gene-poor and less active chromatin regions
is more sphere-like (Goetze et al., 2007a). In addition, Khalil et al.
found that the shape of chromosome territories in mouse B cells is
highly non-spherical (Khalil et al., 2007).

The dynamic random loop model predicts that the elongated
chromosome shape of chromosomes and chromosomal
subcompartments becomes more pronounced when the loop
frequency increases, offering a simple explanation for the difference
in shape between gene-rich and gene-sparse chromosomal regions
(Bohn and Heermann, 2010a). By contrast, globular state models
do not predict strongly aspheric regions. Taken together, a looped
polymer model – in addition to confirming loop distribution – can
also correctly predict the experimentally observed shape of a
chromosome.

Conclusions and perspectives
In this Commentary, we show that polymer models are valuable
tools in uncovering basic aspects of chromatin folding. We argue
that the formation of loops has a key role in chromatin folding,
owing to the entropic repulsion between looped polymers. Assuming
a simple polymer backbone that forms loops of all lengths is a
highly useful model for interphase chromosomes and explains many
of the experimental observations. First and foremost is the correctly
predicted relationship between the physical distance R between two
sequence elements that can be measured by FISH, and their genomic
distance g, i.e. �R2� ~g2 (Box 1). This relationship provides a

physical basis for the understanding of chromatin folding, and
establishes a link between folding and local transcriptional activity,
and other biological properties. For instance, analyzing the behaviour
of randomly looped polymers as a model for chromatin fibres,
presents a compelling explanation why interphase chromosomes
are compartmentalised and segregated into territories. The entropic
repulsion between the loops and, thus, between chromosomes
constitutes the physical basis of such a compartmentalisation. As
discussed above, different degrees of compaction along a
chromosome can also be explained with this model when assuming
that looping varies along the chromosomal length. In addition,
using 3C-based techniques, loops of all lengths are experimentally
found, which show a characteristic size distribution that can be
recapitulated with the random loop polymer model. Importantly,
chromatin loops are not only key elements in chromatin folding,
they are also an important component of gene regulatory systems.
Hence, polymer models that incorporate looping provide a reliable
framework for the analysis of the structure of chromosomes.

So far, only overall properties of chromosomes have been
modelled and tested experimentally. Future work should take into
account the increasing number of details that correctly predict
biological function. For example, variations in local gene density
and transcriptional activity along the chromosome are obvious
parameters that can be incorporated into polymer models. Clearly,
further experiments and modelling efforts are needed to delineate
the exact relationship between genome folding and function. This
requires high-volume and high-precision data sets to feed into
polymer models. Another important aspect concerns the dynamics
of chromatin folding and, in particular, of chromatin looping. In
this aspect of future work, polymer models will be the guiding
principle in designing new experimental approaches and data
acquisition.
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