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Eukaryotic nuclear genome is extensively folded in the nuclei, and the chromatin structure experiences
dramatic changes, i.e., condensation and decondensation, during the cell cycle. However, a model to per-
suasively explain the preserved chromatin interactions during cell cycle remains lacking. In this paper,
we developed two simple, lattice-based models that mimic polymer fiber decondensation from initial
fractal or anisotropic condensed status, using Markov Chain Monte Carlo (MCMC) methods. By simulating
the dynamic decondensation process, we observed about 8.17% and 2.03% of the interactions preserved in
the condensation to decondensation transition, in the fractal diffusion and anisotropic diffusion models,
respectively. Intriguingly, although interaction hubs, as a physical locus where a certain number of mono-
mers inter-connected, were observed in diffused polymer models in both simulations, they were not
associated with the preserved interactions. Our simulation demonstrated that there might exist a small
portion of chromatin interactions that preserved during the diffusion process of polymers, while the
interacted hubs were more dynamically formed and additional regulatory factors were needed for their
preservation.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The nuclear genome DNA in human cells have a physical length
about 2 m, which need to be folded into a nuclear with about
10lm in diameter [1]. The folding of the genome influences many
fundamental cellular processes such as gene expression, DNA repli-
cation, repair and recombination [2,3]. Abnormality of the folding
may lead to severe physiologic consequence, such as cancer [2].
Chromatin is decondensed during interphase and recondensed
during mitosis.

Pre-existence of enhancer-promoter interactions have long
been reported, using the computational prediction methods, e.g.
[4–6]. A pre-existing loop means an interaction which is already
established for a pair of enhancer and promoter before the enhan-
cer is activated [7]. The interaction remains unchanged with the
transient activation of the enhancer [7]. There are evidences of
pre-existing loops for a large number of genes, such as P53, FOXO3
and TNF-a [7], and in multiple cell lines, such as IMR90, HUVEC
and MCF7 [7]. The pre-existing loop allows the enhancer to dictate
the expression profile of its target gene even before the target
being activated. The cell specific formation of pre-existing loops
also allows the transcription factor to affect a set of genes’ expres-
sions in a cell specific way [7]. The pre-existence of these loops
implied that they were preserved in the cell cycle since small
amount of regulations were involved in forming the loops. How-
ever, the mechanism of pre-existing loops passing through cell
cycle is nowhere near fully investigated.

To model the dynamics of chromosomal structures, polymer
based models have been developed [1,3,8]. For instance, the ran-
dom walk model considers a chromosome as a string of monomers
with no spatial volume [1,2,9]. The monomers are driven by a
Brownian motion [1,2,9]. The self-avoiding walk model [1,2],
which is built upon the random walk model, assigns a spatial vol-
ume for each monomer, forcing them not to overlap with each
other. Another model is the fractal globule model [3], where the
polymer is confined in a cage which is rapidly crumpled by com-
pressing. Different types of polymer models with loops have been
proposed, including the dynamical loop model [2,10] and the loop
extrusion model [8]. The dynamical loop model is built upon the
random walk model, supposing that there is a random chance of
two monomers attaching with each other to form loop with a ran-
dom life time when they move close enough with each other. At
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the end of the life time, the loop denatures and the two monomers
become free again. The loop extrusion model is more systematic
than the dynamical loop model, assuming that there are several
‘‘motors” with two paired partners banding on the chromosome.
Every single partner is assumed to move along the chromosome
independently with each other following a random walk without
overlapping while still physically attached. When partners of a
motor are moving apart from each other, a loop is extruded out.
The loop extrusion model coincides well with the chromatin loop
structure mediated by the CTCF and other chromatin modulators.
It, together with some derivatives, is known as a powerful explana-
tion of in vivo chromosome structure formulation [8]. However,
few models have investigated the effect of transition of the
condension- deconsension states of the chromatin on genome
organization during cell cycle.

In the present work, we aimed to address the question that to
what extent the chromatin interactions preserved during the
decondensation process of chromosome, ie. how much self-
organizing might be involved in the formation of those preserved
structure? We built two polymer models to mimic the dynamics
of three-dimensional chromatin structures during the decondensa-
tion. The simulation was set to start from two condensed initial
structures. The initial structures were modeled using fractal and
anisotropic space filling curve. Markov Chain Monte Carlo (MCMC)
method was performed to generate the chromatin structure. In our
simulations, we found about 8.17% and 2.03% interactions pre-
served during the fractal diffusion and anisotropic diffusion pro-
cess, respectively (see Table 1). Topological Associated Domains
were not captured. Hubs were detected. The preserved interactions
were not significantly enriched in hubs. The observation indicated
that polymer thermodynamic motion did play a role in keeping the
preserved interactions and hubs. However, the roles of thermody-
namic motion in the two elements might be not the same. More-
over, complicated chromatin structures, such as TADs were
probably not driven by thermodynamic motions. This investigation
assessed the role of molecular dynamics in keeping chromatin
structural elements which passed through the decondensation
process and helped to understand of the mechanism about how
they were kept.
2. Methods

2.1. Polymer model representation of chromatin fiber

We employed a polymer chain with N monomers in a cubic lat-
tice to model the chromatin fiber. One lattice site was occupied by
a single monomer. The distance between the consecutive mono-
mer was r (lattice gap). The lattice model was a generic, ramose
macromolecular-like structure constructed on the lattice. Each
monomer represented a structural unit, e.g., a TAD, or a nucleo-
some, while the links represented the genomic connections
between the structural units. Two monomers were considered
interacting if they were neighbors in the lattice space. The polymer
Table 1
The preserved interactions averaged in 100 ensembles.

Models diffusing
from the Peano
curve

Models diffusing
from the SAW
curve

D = Average of (ratio of Number of
preserved pairs which interact in
more than 10 models / All number of
interaction pairs in stationary
models) in 100 ensembles

8.17% 2.03%
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diffuseed by randomly moving from one vertex to a neighboring
vertex on the lattice.

2.2. Scheme of the initial conformation

We modeled the chromatin dynamics of decondensation pro-
cess using random walk. The chromatin fiber was diffused from
an initial compacted stage, which was modeled using space filling
curves (Fig. 1B). Two initial compact models were employed, the
Peano curve [11], which represented fractal structure of chromatin
suggested from Hi-C data [3], and anisotropic space filling curve,
called Self-Avoiding Walk (SAW) curve, which represented another
kind of chromatin dense structure (Fig. 1C).See more details for the
generation of SAW curve in Fig. 1C. Both Peano and SAW curves
were generated using in house code.

2.3. Monte Carlo simulation of decondensation

In our simulation, we used a standard Metropolis procedure to
simulate the dynamics of the polymer chain. The procedure first
proceeds by randomly choosing one of the monomers in the chain.
Second, the chosen monomer is made to move. The following
moves in the procedure are included:

1. Random rotation of terminal monomers by a rotation angle of
90�*n (n = 1,2,3. . .) in a random direction (move 1 in Fig. 1A).

2. Random rotation of chosen monomer i by a rotation angle of
30*n (n = 1,2,3. . .) in a random direction around axis linking the
i + 1 monomer and i-1 monomer (move 2 in Fig. 1A).

3. Random rotation of 2 consecutive monomers (the i-1 and i
monomers or the i and i + 1 monomers) by a rotation angle of
30*n (n = 1,2,3. . .) in a random direction around axis linking the
i-2 and i + 1 monomers or the i-1 and i + 2 monomers (move 3
in Fig. 1A).

We reject the moves that cause crashes between the monomers.
We used the above moves to avoid the moves that go against the
topology where one part of the chain passes through another.

Since each chromosome occupied a certain territory [12,13], we
employ a boundary condition of the moves to get a configuration of
a high density. We modeled an initial chromosome as a polymer
fiber with 4096 monomers, which can be filled into a lattice cube
of size 16. The decondensed chromosome territory was modeled
as a lattice cube with size 31, and the initial chromosome was
put at the central of the chromosome territory.

The monomers interact via a shifted Lennard-Jones potential.
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where rij was the distance between two monomers. The parameters
were given by r = 1, e ¼ KBT where KB and T respectively represent
the Boltzmann constant and the absolute temperature [14].

The moves were accepted or rejected according to Metropolis
algorithm. The probability of attempting to move to state i from
state j is.pi!j
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where Ei and Ej are respectively the energy of state i and state j. The
simulation was sustained until the stationary state is reached, when
the density difference between the connecting every other 5 � 105

steps of diffusion was sufficiently small to approximate a tenth of
the density difference between the initial state and the first
5 � 105 steps of diffusion. The density is calculated as the



Fig. 1. The process of the diffusion model from two initial conformations. (A) Diagram of the moves in Metropolis Monte Carlo simulation. The generation of the curve is
shown. The initial conformation of two models, (B) Peano curve, and (C) SAW curve. This anisotropic curve SAW curve was generated as the following. We begin the curve
from one monomer in a vertex labeled (0, 0, 0). Then the second monomer is added in +y direction at (0, 1, 0). We choose to extend the polymer layer by layer in +z direction
by adding monomers. In each layer, the monomers are added one by one in (+y or –y) -> (+x or –x) direction alternatively. If the polymer reaches the vertex of the layer and
cannot extend without overlapping, it will extend in +z direction. The extension in another layer begins. For example, for the first four monomers, the polymer would be
extended as positions (x, y, z)->(x, y + 1, z)->(x + 1, y + 1, z)->(x + 1, y, z). If the polymer grows to the desired length of 4096 monomers, the extension will stop. Examples of
the final stationary conformation after diffusion from (D) Peano curve, and (E) SAW curve. (F) The dynamic changes of model density while diffusing. The line labeled ‘‘Peano
tchange” represents the model density difference between the connecting every other 5 � 105 steps of diffusion diffusing from Peano curve; The line labeled ‘‘saw tchange”
represents the model density difference between the connecting every other 5 � 105 steps of diffusion diffusing from SAW curve; The line labeled ‘‘Peano var” represents the
variance of the model region density in the cube diffusing from Peano curve; The line labeled ‘‘saw var” represents the variance of the model region density in the cube
diffusing from SAW curve.
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ratio:thenumerofmonoersintheregion=thevolumeoftheregion . The vol-
ume of the region for calculating the density is set according to the
method of the set of the best histogram in [15]. The simulation con-
verged in no more than 5� 106 steps usually (Fig. 1F). We set the
3353
maximum number of steps to 7� 106 to guarantee the conver-
gence. The stationary states were further verified by checking the
homogeneity of the density of the polymer in different regions in
the cube at the end of the stage (Fig. 1F). The variance of the region
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density in the cube is calculated for checking the homogeneity of
the density of the polymer in different regions in the cube.
2.4. Measurement of the contact probability

For a polymer chain with N monomers, the contact probability
between two monomers at the stationary was estimated as the
proportion P sð Þ ¼ NactualðsÞ=NpossibleðsÞ, where NpossibleðsÞ denoted
the total number of monomer pairs with linear distance s, i.e.,
Npossible sð Þ ¼ N � s� 1, and NactualðsÞ denoted the number of
observed contacts for given distance s.

For a polymer chain with N monomers, the contact probability
between two monomers at the stationary was estimated as the
proportion P sð Þ ¼ NactualðsÞ=NpossibleðsÞ, where NpossibleðsÞ denoted
the total number of monomer pairs with linear distance s, i.e.,
Npossible sð Þ ¼ N � s� 1, and NactualðsÞ denoted the number of
observed contacts for given distance s.
2.5. Preserved interactions

To evaluate the preservation of the stationary conformations,
we compared the simulated stationary conformation with the ini-
tial one. We simulate 100 diffused structures reaching stationary
state from each initial conformation, respectively. To generate
more structures, from two kinds of the diffused structures, we pro-
duce two kinds of 100 structure ensembles, using bootstrapping.
One bootstrapping ensemble is generated as following: sampling
with replacement from the 100 diffused structures for 100 times.
Thus, each ensemble contains 100 structures.

A pair of two monomers was regarded as interacted, if the spa-
tial distance is less than 2.5. The cut-off 2.5 was used because at
this cut-off.

value the contact frequency of two monomers fit the power law
relationship with the linear distance. A pair of interacting mono-
mers, whose linear distance is more than 10, in the initial com-
pacted stage is considered preserved, if in most of the
simulations (i.e., more than a%), the two monomers remained
interacted after diffused into the stationary stage.

We defined the frequency of preserved interaction as proportion
R ¼ NðpreservedÞ=NðallÞ, where NðpreservedÞ denotes the number
of preserved interactions. N allð Þ denotes the number of all interac-
tions occurring in 100 structures. If two monomers, whose linear
distance is more than 10, interacted at the stationary stage, the
monomers interaction was included in the all interactions.

We compare the proportion and characteristics (such as linear
distances) of preserved interaction observed in the polymer model
with the random model. From each structure diffusing from the
two initial conformations, we got the corresponding random struc-
ture. In the random structure, the monomers were randomly scat-
tered, while the distribution of degrees and the number of edges of
the interaction network were the same as the corresponding raw
structure. Using Bootstrapping, 100 random structure ensemble
is generated, respectively. One bootstrapping ensemble is gener-
ated as following: sampling with replacement from the 100 gener-
ated random structures for 100 times. Each ensemble contains 100
structures. We calculate the preserved interaction number in ran-
dom structures. For the twomodels diffusing from Peano curve and
SAW curve, we compare the number of preserved interactions in
the 100 structure ensembles with the 100 random structure
ensembles, using t test for different threshold of preserved interac-
tion. For the two models, we also compare the frequency of pre-
served interaction in the 100 structure ensembles with the 100
random structure ensembles, using t test.

To characterize the observed preserved interactions in two
models, we calculated and compared the distribution of the linear
3354
distance between the interacted monomers of the preserved inter-
actions and that of all interactions. For each model, we calculate
the distribution of the linear distance of the preserved interactions
and all interactions, respectively. To compare them, we perform a
linear regression analysis to model the relationship between the
probability for the preserved interaction and the overall interaction
with the same linear distance.

2.6. Hubs

The interaction hubs were defined as a physical locus where a
certain number of monomers inter-connected at the stationary
stage of the model. The number is 12 for the model diffusing from
the Peano curve and 13 for the model diffusing from the SAW
curve. The threshold 12 and 13 are determined by the degree dis-
tribution of interaction as shown in Fig. 4B and Fig. 4C. The enrich-
ment of preserved interactions in the hub monomers was
calculated by hypergeometric test.
3. Results

To investigate the dynamics of chromatin interactions during
the decondensation process of chromosome, we did simulation
analysis on polymer model of chromatin fibers on cubic lattice
space. Two initial compacted chromosome models, the Peano
curve and SAW curve, representing fractal and anisotropic models,
respectively, were employed in the study (Fig. 1B C). Since the
compacted conformations were of high energy, they were unstable
and diffused following the thermodynamic rules [14]. We con-
strained the movement of the polymer in a larger but limited cubic
lattice space to simulate the mutually exclusive chromosome terri-
tories in the nuclei. The stationary states were considered to be
reached in the diffusion process when the changes of monomer
distribution in the 3D space were sufficiently small between the
diffusion steps. In our simulations, it would take about 7 � 106

steps to reach the stationary state (Fig. 1F). For each initial model,
we make Metropolis simulation 100 times for the analysis below.

3.1. The stationary structures of simulated polymers caught the basic
properties of decondensed chromosome.

The distribution of contact frequencies (DCF) in resulted sta-
tionary structure of polymers with both the Peano and SAWmodel,
were roughly the same as that of real decondensed chromosome.
The DCF of the.

polymers has a known form, P sð Þ / s�r [12], in which the
parameter r characterize the global structural property of the poly-
mer chain. We compared the DCF between the stationary polymers
models and the real chromosomes as indicated from Hi-C data
[8,16]. The DCF in simulated polymers was calculated using a bin
size 80. Comparing to the Hi-C data.

in mammalian (r � 0.75) [8], the r is not grievously different to
which of the stationary polymers (mean = 0.87, SD = 0.088, and
mean = 0.71, SD = 0.099 for Peano and SAW models, respectively)
(Fig. 2A and B). This similarity is remarkably high, considering the
difference between the abstract lattice models and real chromatin
structure in scale and form. Therefore, our abstract lattice model
was capable to roughly mimic the chromatin dynamics.

3.2. The random walk model reproduced the preserved interaction of
the chromosome

We asked to what extent the monomer–monomer interactions
at the initial compacted conformations remained to the terminal
stationary states.,. Specifically, in this paper, we took a% as thresh-



Fig. 2. The structure of diffused models. The relationship between contact probability P(s) of two monomers and linear distance s for the models diffused from (A) Peano
curve, and (B) SAW curve.
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old, remained interactions above the threshold were regarded as
preserved (see methods for the details of a, mentioned below
means the same).

Preserved interactions were calculated for the simulated
results. For the 100 simulated structures from the same initial
compacted conformation, 100 bootstrap structure ensembles are
sampled (see Methods for details).

For the structures diffusing from the Peano curve and SAW
curve, we observed preserved interactions for different thresholds.
For threshold a% ¼ 10%, we observe average 849.44 and 188.32
preserved interactions for 100 bootstrap ensembles diffusing from
Peano curve and SAW curve, respectively (Fig. 3). Based on the
results of the simulation, we calculated the preserved interactions
the proportion of preserved interactions in the observed data is
8.17% or 2.03% (see Methods for details).

To investigate the preserved interaction predictions in our
models, we compare the observed preserved interactions with
the random model (see methods for the definition of the random
model). First, the comparison of the number of the observed pre-
served interactions in our models and the preserved interactions
in random model are performed. For thresholda% = 10%, we
observe averages of 0.88 and 2.58 preserved interactions for 100
structure ensembles from random models corresponding with
models diffusing from Peano and SAW curves, respectively
(Fig. 3C and Fig. 3D). The number of preserved interactions from
Peano and SAW curves were much higher than the randommodels
(both with p value < 1e-12, t test). This result is conserved for dif-
ferent thresholds a% as shown in Fig. S1 and Fig. S2. Second, the
comparison of the frequency of the observed preserved interac-
tions (see methods for details) in ours models and the random
preserved interaction are performed. For the results of the 100
ensembles reaching stationarity from Peano curve, the average
frequency of observed preserved interaction is 0.081 for threshold
a% ¼ 10%. It is much higher than the random preserved interac-
tion, 7.6e-5. For the results of the 100 ensembles reaching station-
arity from SAW curve, the average frequency of observed
preserved interactions was 0.020 for threshold a% ¼ 10%, much
higher than the corresponding value in the random model, 2.5e-
4. For the two initial conformations we compare the frequency
of preserved interaction with the random models in the 100 boot-
strap ensembles using t test as shown in Fig. 3E and Fig. 3F. For
different thresholds a%, the preserved interaction frequencies of
the models are higher than the random models, as shown in
Fig. S3. These significant results imply that the preserved interac-
tions are not generated randomly.
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The preserved interactions tended to occur at loci with a smal-
ler linear distance compared with other interactions. The distribu-
tion of the linear distance of the preserved interactions and all
interactions at the stationary state were calculated for 100 ensem-
bles, respectively (see Methods for the details of all interactions)
(Fig. 3G and Fig. 3H). After performing the linear regression analy-
sis for modelling the relationship between the probability for the
same linear distance of the preserved interactions and all interac-
tions, the coefficients of regression of the results from Peano and
SAW curves were 5.4 and 4.6, respectively. The difference between
linear distance distributions of preserved and all interactions, fur-
ther indicated that the preserved interaction is different from the
interaction of the rest part of the structure.

3.3. The preserved interactions reproduced part of the classic
chromosome conformation hierarchies

We inspected the relationship between the preserved interac-
tions and the classic chromosome conformation hierarchies such
as TADs and hubs.

First, there was no TAD or domain-like structure observed in
simulated polymers. We applied a classical Hidden Markov model
(HMM) [16] to the simulated polymers, however, none TAD or
domain-like structure was reported in all the 100 simulations. This
result implied that TAD structure may not automatically emerge
from a homogenous initial stage, e.g. Peano or SAW curve, and
additional factors and regulatory mechanism were essential to
the formation of TADs.

Next, we asked whether the preserved interactions were
enriched in interaction hubs. The interaction hubs were defined
as a physical locus where a certain number of monomers inter-
connected. The number is 12 for the model diffusing from the
Peano curve and 13 for the model diffusing from the SAW curve
(see Methods for the details of the number). Though hubs existed
our models, preserved interactions were not enriched there. Hub
is important in the chromatin structure field because it describes
the mechanism of various complex regulation patterns involving
more than one regulation elements. The scheme is shown in
Fig. 4A. We found hubs in the models diffusing from Peano curve
and SAW curve. To analyze the enrichment of preserved interac-
tions in the hub monomers, hypergeometric test is performed.
We found for the models diffusing from the two conformation, pre-
served interactions are not enriched in the hub monomers by
hypergeometric test. These findings implied that the formation of
hubs may be related with polymer thermodynamical motion. But



Fig. 3. The preserved interactions. The preserved interactions colored yellow in the model diffusing from (A) the Peano curve, and (B) the SAW curve. The distribution of
preserved interaction number in the models diffusing from (C) the Peano curve and (D) SAW curve. The preservation was defined that an interaction be found in more than 10
replicated simulations. Preserved interaction number frequency distribution in the models diffusing from (E) the Peano curve (F) the SAW curve. The distribution of linear
distance of the preserved interactions and all interactions in the models diffusing from (G) Peano curve, and (H) the SAW curve. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Hubs and the distribution of the degree. (A) The scheme of the hub. The distribution of the degrees of the hubs in the models reaching the stationarity diffusing from
(B) the Peano curve and (C) the SAW curve.
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the forces leading to the hubs and preserved interactions are prob-
ably different since they are not correlated with each other.

In conclusion, we demonstrated that preserved interaction can
be observed even in the simplified compacted to decondensation
process in a lattice space. While higher level structure of the com-
plex polymer chain, such as TAD that observed in real Hi-C data,
was absent in the simulation, suggested additional regulation
was essential to formation of such structure.
4. Discussion

In the problem of the preserved chromatin interactions, we
tried to solve it with a brief model. Here we investigated the mod-
els to study this phenomenon from the viewpoint of the polymer
diffusion from the initial condensed state. A series of methods both
experimentally and computationally have been developed to
investigate the chromatin organization. Chromatin conformation
capture (3C) approach and related approaches, such as 4C, 5C
and Hi-C approaches have also demonstrated various aspects of
chromatin folding [3,17–19]. These approaches are based on
nuclear ligation [20]. Analyzing the products of these approaches
can estimate the contact probability P sð Þ, which represents the
interaction frequency of pairs of loci with genomic distance s con-
tact with each other. The P(s), often displays scaling properties
with the form of P sð Þ / s�r [3,21].

We developed two models to mimic the process of chromosome
decondensation from a compact configuration. The models were
based on the fractal diffusion or anisotropic diffusion model. The
models were simulated using MCMC methods to the stationary
state. The similarity between the parameter r of the models and
real chromatin were remarkably high. The resulted structural
ensembles showed the existence of preserved interactions, indicat-
ing that these preserved interactions may be formed by thermody-
namics forces. Furthermore, TAD cannot be detected from the
thermodynamical model, implying a different mechanism of them.
Hubs could be formed by the diffusion since they were found in the
resulted structures, yet were not correlated with the preserved
interactions, suggesting the two were from a different mechanism.
These implied parts of chromosome structure, such as preserved
interactions and hubs may be correlated with polymer thermody-
namical motion.

We could find from the above derivation that the mechanism of
forming of TAD and hubs are far beyond the thermodynamics
motion. Further, the thermodynamics derived preserved interac-
tions has no relation with TAD and hubs although hubs may also
be formed by thermodynamics motion. They may need some other
factors in cell, for example, transcription factor and so on.

On the other hand, the models proposed in this paper still could
be improved. Causing the chromatin is composed of DNA and pro-
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tein factors, such as CTCF and cohesion. Future work of the models
could encompass the integration the different factors binding to
the DNA.

5. Availability

https://cn.mathworks.com/matlabcentral/fileexchange/28529-
3d-peano-space-filling-curve

https://github.com/Wind20226/Modelling-of-3D-chromatin-
structure
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