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X chromosome inactivation center (Xic) pairing occurs during the differentiation of embryonic stem (ES) cells 
from female mouse embryos, and is related to X chromosome inactivation, the circadian clock, intra-nucleus 
architecture, and metabolism. However, the mechanisms underlying the identification and approach of X 
chromosome pairs in the crowded nucleus are unclear. To elucidate the driving force of Xic pairing, we developed 
a coarse-grained molecular dynamics model of intranuclear chromosomes in ES cells and in cells 2 days after the 
onset of differentiation (2-day cells) by considering intrachromosomal epigenetic-structural feature-dependent 
mechanics. The analysis of the experimental data showed that X-chromosomes exhibit the rearrangement of their 
distributions of open/closed chromatin regions on their surfaces during cell differentiation. By simulating models 
where the excluded volume effects of closed chromatin regions are stronger than those of open chromatin regions, 
such rearrangement of open/closed chromatin regions on X-chromosome surfaces promoted the mutual approach 
of the Xic pair. These findings suggested that local intrachromosomal epigenetic features may contribute to the 
regulation of cell species-dependent differences in intranuclear architecture. 
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Since the discovery of X chromosome inactivation center (Xic) pairing during cell differentiation of mouse 
embryonic stem cells, their physiological roles have been variously suggested. However, the driving force 
promoting such a dynamical process in crowded nuclei was not elucidated. The present study developed 
mathematical models of chromosomes in ES cells and early-differentiated cells based on their structural and 
epigenomic features. The experimental data analysis showed the drastic change in the distributions of open and 
closed chromatin regions on the X-chromosome during cell differentiation. The simulations of these models 
suggested such epigenomic changes promoted Xic pairing. 
 

◀ Significance ▶ 
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Introduction 
 

The pairing between X chromosomes, particularly between the regions called X chromosome inactivation center (Xic) 
regions, occurs during the early differentiation of embryonic stem (ES) cells from female mouse embryos [1–4]. A recent 
study suggested that transient pairing is associated with biallelic expression of genes related to X chromosome inactivation 
(XCI), such as Xist/Tsix RNA that initiates XCI-related processes and Kdm6a and Kdm5c that repress these processes 
[4]. Furthermore, changes in the expression levels of various genes such as Lmnb, Glut8, and Per2, which are respectively 
known to regulate intranuclear architectures, metabolic programs, and the circadian clock, were found to correlate with 
temporal dynamics of the Xic-Xic distance distribution [4]. Thus, Xic pairing is expected to play an important role in 
promoting various physiological processes during embryo development.  

Additionally, understanding of the physiological and biophysical mechanisms of XCI-related X chromosome behaviors 
in mouse embryos may provide insights into the mechanisms of XCI in various mammals, including humans [5]. Indeed, 
various models have recently been proposed for post pairing processes of X chromosomes, such as XCI promotion and 
Xic pairing stabilization [6–12], which are expected to occur in the inter-X chromosome compartment with a width 
~100 𝑛𝑛𝑛𝑛 [13]. However, the mechanisms through which X chromosome pairs can find and approach each other in a 
large, crowded nucleus (diameter ~10 μm, containing 40 total chromosomes) have not yet been clarified. 

In studies using mouse ES cells, various epigenomic features, such as histone modification distributions and positions 
of chromatin domain boundaries in the X chromosome, show major differences among cells at the onset of differentiation 
and 2 days later; subsequently, X chromosome pairing can be observed [2–4]. Recent studies of intranuclear chromosome 
structural dynamics have suggested that genomic features such as chromosome size and the ratio of transcribed genome 
regions, and epigenomic features such as histone modifications and specific protein binding, may influence intranuclear 
chromosomes and intrachromosomal chromatin domain positioning [14-28]. Additionally, some theoretical studies based 
on polymer chains with heterogeneities assuming genomic and epigenomic feature-dependent physical properties of local 
chromatin succeeded in reproducing experimentally observed nucleus-wide genome structures, such as transcriptionally 
active/inactive chromatin distributions in interphase of human cells [24] and mouse rod cells [25,26], as well as the pairing 
of homologous chromosomes in the meiotic prophase of fission yeast [27]. These facts suggest that epigenomic state 
changes in X chromosomes may promote Xic pairing during the differentiation of mouse ES cells. 

Accordingly, in this study, we developed coarse-grained molecular dynamics models of nuclei (containing 40 
chromosomes) from mouse ES cells (the ES cell model) and cells at 2 days following differentiation (the 2-day cell model) 
to test this hypothesis. Chromosomes were described by blob chains with heterogeneity of physical properties based on 
their respective high-throughput chromosome conformation capture (Hi-C) data [28]. 
 
Materials and Methods 
 
Determination of A-, B-, and M-Regions in Chromosomes from ES Cells and 2-Days Cells 

A- and B-compartments for the first and second replicates of ES cells and 2-day cells were obtained as previously 
proposed, using Hi-C data (GSM3127755, GSM3127759, GSM3127756, GSM3127760) and GC-content of local 
chromatin regions of the mouse genome (mm9) [28]. 

Each genome region was defined as an A- or B-region if the region was labeled as an A- or B-compartment in the results 
from two biological replicates of each experiment. The genome region was defined as an M-region if the region was 
labeled as a different compartment in results from two replicates for each experiment. Regions with no Hi-C data were 
defined as NA regions and were expected to correspond to centromere or telomere regions. 
 
Estimation of the Basic Conformations of Chromosomes Using Polymer from Hi-C Data and Radial Distributions 
of Each Region 

A polymer exhibiting the average three-dimensional conformation of each chromosome was constructed using Hi-C 
data for ES cells and 2-day cells (https://doi.org/10.5281/zenodo.3371884) [28] based on a recently proposed consensus 
method [29–31] implemented in PASTIS as an MDS2 method [32]. Here, the MDS2 method is an extended 
multidimensional scaling (MDS)-based method that constructs the model of each chromosome as a strand of beads. In 
the first step of this method, the contact frequency between each pair of genome regions is converted to the pairwise 
distance between them by assuming a biophysical model of DNA, where the pairwise distance is assumed to be inversely 
proportional to the cube of the contact frequency. Next, a multidimensional scaling problem is solved to obtain the 3D 
structure that best matches the pairwise distance. This MDS-based method is known to well reproduce the global structure 
of chromosome territories and TAD-like structures.  

For both ES and 2-day cells, merged Hi-C data obtained from two biological replicates were analyzed. The three-
dimensional spatial position of each monomer in each polymer for each chromosome provided that of the corresponding 
genome region analyzed in the previous section (Supplementary Table S1). Based on our results, each monomer was 
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attributed to the A-, B-, or M-region (Supplementary Figure S1a). 
According to these position data, 𝑁𝑁𝑁𝑁𝐴𝐴, 𝑁𝑁𝑁𝑁𝐵𝐵, and 𝑁𝑁𝑁𝑁𝑀𝑀 were evaluated in ES and 2-day cells (Figure 2). The overall 

chromosome shapes and their epigenetic features were confirmed to be unchanged qualitatively, even if the three-
dimensional structure of each chromosome was constructed using other methods implemented in PASTIS with the NMDS, 
PM1, and PM2 methods [32] (Supplementary Table S2-4). Therefore, the polymer inferred by the MDS2 method was 
defined as that of basic conformations of chromosomes for the following construction of coarse-grained blob models. 
 
Determination of A-, B-, and M-Domains and Domain Groups in Each Chromosome 

Each polymer model for each chromosome was divided into groups of successively connected monomers, called 
domains (Supplementary Figure S1a). Monomers acting as domain boundaries (boundary monomers) were obtained 
based on boundary scores of each genome region (monomer) that could be calculated from merged Hi-C data using a 
previously proposed method with the same parameter values (Supplementary Table S1) [28]. Here, the boundary score 
was obtained by smoothing the insulation score along the genome regions. The insulation score of each genome region 
was estimated as the interaction probability between the upper 200 kbp part and the lower 200 kbp part of each region 
calculated from the Hi-C contact matrix data, where the regions with lower scores exhibit stronger insulation (see [28] 
for more details). In this study, each domain was assumed to consist of one boundary monomer and the monomers between 
this boundary monomer and the upstream boundary monomers (Supplementary Figure S1a). 

The epigenetic attribute of each domain was defined as the A-domain if more than 50% of the domain occupied the A-
region, as the B-domain if more than 50% of the domain occupied the A-region, or as the M-domain if the domain was 
neither an A-domain nor a B-domain (Supplementary Figure S1a). Notably, the NA region was considered a B-region 
when determining the domain attributes because the NA region was expected to correspond to the centromere or telomere 
regions forming heterochromatin. Additionally, the domain group was defined as the group containing domains with the 
same epigenetic attributes successively connected along the polymer (Supplementary Figure S1a). 
 
Description of Each Domain Group Using Blobs to Construct Coarse-Grained Models of Chromosomes 

Each domain group was divided into blobs, forming a similar envelope shape as the monomer population in the blob 
(Supplementary Figure S1b), with elimination of small structural noise as follows (Supplementary Figure S1a). 

First, k-means clustering of the three-dimensional coordinates of monomers in each domain group was performed. For 
this clustering, the number of clusters dividing each domain group in the n-th chromosome was assumed as the integer 
value with [number of domains in the domain group] / CNDn truncated. Here, CNDn was the characteristic number of 
domains in the n-th chromosome and was defined as the number of domains for which the physical distance between two 
loci increased successively on average with the increases in the domain number between the two loci. In other words, 
CNDn could be considered to have a value similar to that of the persistent length of n-th chromosome obtained when the 
chromosome was described as a chain consisting of domains as the units. By this definition, each domain group containing 
more domains than CNDn was divided into multiple clusters, enabling imitation of its curved shape by connection of these 
cluster centers. Here, each blob is defined as a particle that represents the chromatin region containing the domain of each 
cluster, and CNDn gives the scale of typical blob size as the number of domains. CNDn was evaluated by comparing the 
decay rate of the average PDND ([physical distance between two domains] / [number of domain connections between 
these domains]) as a function of the number of domain connections between the two domains. It was noted that the 
average PDND in each chromosome decreased monotonically (Supplementary Figure S2). Therefore, in this study, PDND 
in each chromosome was simply fit using a function ~ exp(-[number of domains between two loci] / L),  and CNDn was 
assumed as L. 

Next, each domain group was described by distinct blobs based on the results of clustering. If the monomer cluster 
consisted of only a set of monomers successively connected along the polymer, the set of monomers was described as 
one blob. If not, the monomer cluster was divided to subclusters in which monomers were successively connected along 
the polymer in each subcluster, and each set of monomers in each subcluster was described as one blob. 

The coordinate and radius of each blob were defined as the centroid coordinate of blobs containing monomers and the 
standard deviation of the distance from the blob centroid to the contained monomers. The epigenetic attribute of each 
blob was given by that of the corresponding domain group and designated the A-, B-, and M-blobs. By connecting the 
neighboring blobs along the polymer, a coarse-grained model of chromosomes was constructed as blob chains involving 
structural, genomic, and epigenomic features (Supplementary Figure S1a, Supplementary Table S5). In this model, the 
distance between each pair of blobs in the same chain was defined as that in the basic structure of the blob chain model 
of chromosomes.  

In recently proposed coarse-grained models of large-scale genome structures, each chromosome has been represented 
by a chain of particles with a constant radius, assuming that the length of the DNA sequence contained in each particle is 
constant [33–36]. Conversely, in the present model, the radius of each blob was given non-uniform because each blob 
was assumed to contain a DNA region of varying length depending on the characteristics of local chromatin structures. 
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Using such blobs with heterogeneous radii, the shape of each chromosome could be more appropriately described with 
fewer particles. 
 
Equation of Motion for Each Blob in the Coarse-Grained Model of Chromosomes 

The dynamics of all intranuclear chromosomes (chromosomes 1–19 and the X chromosomes) of ES cells and 2-day 
cells were simulated using the motion of each blob (Supplementary Table S5), which was affected by the interaction 
potential and noise from the nucleoplasm. The motion of the 𝑖𝑖-th blob was assumed to obey the overdamped Langevin 
equation, as follows: 

 

γ𝑖𝑖
𝜕𝜕𝒙𝒙𝑖𝑖
𝜕𝜕𝜕𝜕

= −
𝜕𝜕𝜕𝜕
𝜕𝜕𝒙𝒙𝑖𝑖

+ 𝑹𝑹𝑖𝑖(𝜕𝜕), (1) 

 
where 𝒙𝒙𝒊𝒊 = (𝑥𝑥𝑖𝑖 ,𝑦𝑦𝑖𝑖 , 𝑧𝑧𝑖𝑖)  is the position of the 𝑖𝑖-th blob, 𝜕𝜕 indicates the potential of the system, and 𝛾𝛾𝑖𝑖 and 𝑹𝑹𝑖𝑖(𝜕𝜕) were the 
coefficient of drag force and the random force working on 𝑖𝑖-th blob from the nucleoplasm, respectively, where 𝛾𝛾𝑖𝑖 = 6𝜋𝜋𝜋𝜋𝑟𝑟𝑖𝑖  
with a nucleoplasm viscosity 𝜋𝜋 and a radius of the 𝑖𝑖-th blob 𝑟𝑟𝑖𝑖. 𝑹𝑹𝑖𝑖(𝜕𝜕) was given as Gaussian white noise and satisfied 
〈𝑹𝑹𝑖𝑖(𝜕𝜕)〉 = 0, and 〈𝑅𝑅𝑖𝑖(𝜕𝜕)𝑅𝑅𝑗𝑗(𝑠𝑠)〉 = 2𝛾𝛾𝑖𝑖𝑘𝑘𝐵𝐵𝑇𝑇𝛿𝛿𝑖𝑖𝑗𝑗𝛿𝛿(𝜕𝜕 − 𝑠𝑠), where 𝑘𝑘𝐵𝐵  is the Boltzmann constant, 𝑇𝑇  is the temperature, 𝛿𝛿𝑖𝑖𝑗𝑗 
indicates the Kronecker delta, and 𝛿𝛿 indicates the Dirac delta function. 

The first term of the right-hand side of Eq. (1) indicates forces working on the 𝑖𝑖-th blob provided by the potential of the 
system, as follows: 

 
𝜕𝜕 = 𝜕𝜕𝑐𝑐𝑐𝑐𝑐𝑐 + 𝜕𝜕𝑐𝑐ℎ𝑟𝑟 + 𝜕𝜕𝑚𝑚𝑚𝑚𝑚𝑚 , (2) 

 
where 𝜕𝜕𝑐𝑐𝑐𝑐𝑐𝑐  is the potential of the force excluding the volume effects among blobs, 𝜕𝜕𝑐𝑐ℎ𝑟𝑟  is the interaction potential of the 
force sustaining the shape of each chromosome, and 𝜕𝜕𝑚𝑚𝑚𝑚𝑚𝑚 is the potential of the force to confine blobs within the nuclear 
envelope.  

The potential 𝜕𝜕𝑐𝑐𝑐𝑐𝑐𝑐  was denoted by 
 

𝜕𝜕𝑐𝑐𝑐𝑐𝑐𝑐 = � 𝜃𝜃�𝑑𝑑𝑖𝑖𝑗𝑗0 − �𝑟𝑟𝑖𝑖 + 𝑟𝑟𝑗𝑗�� 𝜃𝜃 ��𝑟𝑟𝑖𝑖 + 𝑟𝑟𝑗𝑗� − 𝑑𝑑𝑖𝑖𝑗𝑗�
𝑘𝑘𝑖𝑖𝑗𝑗𝑐𝑐

2
�𝑑𝑑𝑖𝑖𝑗𝑗 − �𝑟𝑟𝑖𝑖 + 𝑟𝑟𝑗𝑗��

2

{𝑗𝑗<𝑖𝑖}
, (3) 

 
where 𝑟𝑟𝑖𝑖  indicates the radius of the 𝑖𝑖-th blob, 𝑑𝑑𝑖𝑖𝑗𝑗0  indicates the basic distance between the 𝑖𝑖-th and 𝑗𝑗-th blobs, 𝑑𝑑𝑖𝑖𝑗𝑗 =
�𝒙𝒙𝑖𝑖 − 𝒙𝒙𝑗𝑗�, and 𝜃𝜃 is the Heaviside step function defined by the following function: 
 

𝜃𝜃(𝑦𝑦) = �  1      𝑦𝑦 ≥ 0
0      𝑦𝑦 < 0. (4) 

 
𝑑𝑑𝑖𝑖𝑗𝑗0  was given as the distance between the i-th and j-th blobs in the basic structure of the blob chain if the blobs belonged 
to the same blob chain and were given as infinity if not. 𝑘𝑘𝑖𝑖𝑗𝑗𝑐𝑐 = 𝑘𝑘𝑐𝑐�𝑞𝑞𝑖𝑖𝑞𝑞𝑗𝑗  provided the coefficient of the elastic repulsion 
working when the 𝑖𝑖-th and 𝑗𝑗-th blobs came in contact with each other, where 𝑞𝑞𝑖𝑖 indicates the nondimensional parameter 
of rigidity of the 𝑖𝑖-th blob dependent on its epigenetic attribute.  

The potential 𝜕𝜕𝑐𝑐ℎ𝑟𝑟  was denoted by 
 

𝜕𝜕𝑐𝑐ℎ𝑟𝑟 = 𝜕𝜕𝑐𝑐ℎ𝑟𝑟𝑎𝑎𝑎𝑎 + 𝜕𝜕𝑐𝑐ℎ𝑟𝑟𝑛𝑛𝑚𝑚𝑎𝑎𝑟𝑟 (5) 
 

𝜕𝜕𝑐𝑐ℎ𝑟𝑟𝑎𝑎𝑎𝑎 = �
𝑘𝑘𝑐𝑐ℎ𝑟𝑟𝑎𝑎𝑎𝑎

2
�𝑑𝑑𝑖𝑖𝑗𝑗 − 𝑑𝑑𝑖𝑖𝑗𝑗0 �

2

{𝑖𝑖<𝑗𝑗: adjacent}
(6) 

 

𝜕𝜕𝑐𝑐ℎ𝑟𝑟𝑛𝑛𝑚𝑚𝑎𝑎𝑟𝑟 = � 𝜃𝜃��𝑟𝑟𝑖𝑖 + 𝑟𝑟𝑗𝑗� − 𝑑𝑑𝑖𝑖𝑗𝑗0 �
𝑘𝑘𝑐𝑐ℎ𝑟𝑟𝑛𝑛𝑚𝑚𝑎𝑎𝑟𝑟

2
�𝑑𝑑𝑖𝑖𝑗𝑗 − 𝑑𝑑𝑖𝑖𝑗𝑗0 �

2

{𝑗𝑗<𝑖𝑖:near}
(7) 

 
where 𝑘𝑘𝑐𝑐ℎ𝑟𝑟𝑎𝑎𝑎𝑎  and 𝑘𝑘𝑐𝑐ℎ𝑟𝑟𝑛𝑛𝑚𝑚𝑎𝑎𝑟𝑟  are the elastic constants sustaining the shape of the basic structure of each chain. The Σ in Eq. (6) 
indicates the sum over the set of 𝑖𝑖-th and 𝑗𝑗-th blobs that belong to the same blob chain and adjacent to each other along 
the chain. The Σ in Eq. (7) indicates the sum over the set of i-th and 𝑗𝑗-th blobs belonging to the same blob chain and 
coming in contact with each other on the basic structure of the chain but not adjacent along the chain. 
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The potential 𝜕𝜕𝑚𝑚𝑚𝑚𝑚𝑚 was denoted by  

𝜕𝜕𝑚𝑚𝑚𝑚𝑚𝑚 = � 𝜃𝜃((𝑟𝑟𝑖𝑖  + 𝑑𝑑𝑖𝑖) − 𝑅𝑅)
𝑘𝑘𝑖𝑖𝑚𝑚

2
((𝑟𝑟𝑖𝑖  + 𝑑𝑑𝑖𝑖) − 𝑅𝑅)2

𝑖𝑖
(8) 

 
where 𝑑𝑑𝑖𝑖 = |𝒙𝒙𝑖𝑖|, 𝑅𝑅 is the radius of the nuclear envelope, and 𝑘𝑘𝑖𝑖𝑚𝑚 = 𝑘𝑘𝑚𝑚�𝑞𝑞𝑖𝑖 is the coefficient of the elastic repulsion 

working when the 𝑖𝑖-th blob came in contact with the nuclear envelope. 
 
Simulation Method 

To simulate the model, the time integral of the Langevin Eq. (1) was calculated numerically using the Eular-Maruyama 
method with a unit step of 10−5 s. The parameters of the nucleoplasm features were given as 𝜋𝜋 = 0.64 𝑘𝑘𝑘𝑘 𝑛𝑛−1 𝑠𝑠−1, 
𝑘𝑘𝐵𝐵𝑇𝑇 = 4.141947 × 10−21 𝑘𝑘𝑘𝑘 𝑛𝑛2 𝑠𝑠−2 (𝑇𝑇 = 300 𝐾𝐾). 

Because A-, B-, and M-blobs described the open flexible chromatin regions, the closed dense chromatin regions, and 
the region with intermediate features, respectively, M-blobs were assumed to be more rigid than A-blobs and less rigid 
than B-blobs. In the current study, 𝑞𝑞𝑖𝑖 was assumed to be 0.1, 10.0, and 1.0 for A-, B-, and M-blobs, respectively. Other 
parameters were assumed to be 𝑘𝑘𝑐𝑐 = 10−4 𝑘𝑘𝑘𝑘 𝑠𝑠−2, 𝑘𝑘𝑐𝑐ℎ𝑟𝑟𝑎𝑎𝑎𝑎 = 10−3 𝑘𝑘𝑘𝑘 𝑠𝑠−2, 𝑘𝑘𝑐𝑐ℎ𝑟𝑟𝑛𝑛𝑚𝑚𝑎𝑎𝑟𝑟 = 10−5 𝑘𝑘𝑘𝑘 𝑠𝑠−2, and 𝑘𝑘𝑚𝑚 = 10−4 𝑘𝑘𝑘𝑘 𝑠𝑠−2. 
Note that physiologically precise determinations of these parameter values were difficult. Therefore, these values were 
chosen to be sufficiently large to avoid the crossing of two local blob chains with each other. The qualitative features of 
the simulation results and conclusions of the current study were not changed, even if the detail factors of these parameters 
were changed. 

The blob chain models of homologous chromosomes were assumed to have the same basic structures, and the blob 
chains were randomly placed in a spherical shell with a radius of 5 µm for the initial condition of each simulation. 
 
Statistical Analysis of Simulation Data 

The probability distributions of the distance between two blobs containing Xic pairs were plotted with a bin interval of 
1 μm, consistent with that used in previous reports of experimental results [1,2]. Those of distances between pairs of 
homologous chromosomes were also plotted with the same bin interval. For both models of ES cells and 2-day cells, 30 
simulations with different initial configurations of blob chains were performed. The probability distributions of these 
distances for each simulation were evaluated using data for blob coordinates from 18 to 36 s. For both models, the average 
values and 95% confidence intervals (error bars) of the probability of exhibiting each distance were calculated using 30 
probability distribution profiles. The significance of the difference in the probability of exhibiting each distance between 
ES cell and 2-day cell models was examined by Welch’s t-test. 
 
Results 
 
A/B-Compartment Distributions of X Chromosomes in ES Cells Were Unstable but Stabilized during 
Differentiation 

To evaluate chromosome states, A/B-compartments of ES cells and cells 2 days after the onset of differentiation (2-day 
cells) were evaluated using two biological replicates of Hi-C data drawn from these cell populations (GSM3127755, 
GSM3127759, GSM3127756, GSM3127760) and GC-content of local chromatin regions of the mouse genome (mm9) 
[28]. Here, regions corresponding to open chromatin were labeled as A-compartment regions, whereas those 
corresponding to closed chromatin were labeled as B-compartment regions [37]. In ES cells, the profile of A/B-
compartment locations in X chromosomes showed large deviations among the results from two biological replicates, 
although those of autosomes were robust (Figure 1a). Accordingly, the genomic region in which both replicates exhibited 
A-compartments or B-compartments was defined as the A-region or B-region, respectively, whereas the genomic region 
in which different compartments were obtained among the results from two replicates was defined as the M-region.  

The M-region was distributed broadly and occupied the largest genomic region among X chromosomes from ES cells 
(Figure 1b). The epigenetic state of the M-region was expected to change temporally and to exhibit intermediate features 
of the A- and B-regions on average. By contrast, in 2-day cells, the M-region was dramatically reduced across the entire 
chromosome, whereas the B-region was increased (Figure 1b). Compared with the X chromosome, the intrachromosomal 
occupation of the A-, B-, and M-regions did not exhibit large variations in autosomes during this cell differentiation 
process. 

 
Spatial Distributions of Open/Closed Chromatin Regions on the X Chromosome Changed Following 
Differentiation 

Next, the spatial distributions of A-, B-, and M-regions in each chromosome in ES cells and 2-day cells were measured 
based on previous results obtained from Hi-C data [28] (https://doi.org/10.5281/zenodo.3371884) and the following  

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0226123#pone.0226123.e001
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Figure 1  Intragenomic distributions and ratios of A-, B-, and M-regions on autosomal and X chromosomes in ES cells 
and 2-day cells: (a) Example distribution profiles of A/B compartments in two biological replicates and those of A-, B-, 
and M-regions on chromosomes 1 and X (4 × 107 bp to 5 × 107 bp). The M-regions were broadly distributed on X 
chromosomes of ES cells but showed decreased distributions in 2-day cells. (b) Ratios of A-, B-, and M-regions on each 
chromosome. Both ES cells and 2-day differentiated cells contained few M-regions on autosomes. The ratio of the M-
region on the X chromosome was larger in ES cells and dramatically reduced in 2-day cells. The NA region is the region 
with no Hi-C data, which was expected to correspond to the region containing the centromere or telomere. 
 
procedure: First, the average three-dimensional conformation of each chromosome as the basic conformation was inferred 
as a polymer by analysis of the Hi-C contact matrices based on a recently proposed consensus method [29–31] 
implemented in PASTIS as an MDS2 method [32] (see Materials and Methods). Here, since the bin width of the focused 
Hi-C matrix data was 40 kbp, each monomer composing the polymer was assumed as each local chromatin region with 
40 kbp DNA. The position of each monomer in the obtained polymer provided the intrachromosomal spatial position of 
each region (Supplementary Table S1). Second, the number distributions of monomers with A-, B-, and M-regions as a 
function of the distance from the center of each chromosome to these monomers (𝑁𝑁𝐷𝐷𝐷𝐷 ) were evaluated and were, 
respectively, designated 𝑁𝑁𝑁𝑁𝐴𝐴, 𝑁𝑁𝑁𝑁𝐵𝐵, and 𝑁𝑁𝑁𝑁𝑀𝑀 (Figure 2a). 𝑁𝑁𝑁𝑁𝛼𝛼  was defined as the number of monomers with 𝛼𝛼-region 
between 𝑁𝑁𝐷𝐷𝐷𝐷 − 0.05 (μm) and 𝑁𝑁𝐷𝐷𝐷𝐷 + 0.05 (μm). Third, the radial distributions of A-, B-, and M-regions, designated 
𝑅𝑅𝑁𝑁𝐴𝐴, 𝑅𝑅𝑁𝑁𝐵𝐵 , and 𝑅𝑅𝑁𝑁𝑀𝑀, respectively, and the radial probability distributions of monomers, 𝑅𝑅𝑅𝑅𝑁𝑁, for each chromosome were 
evaluated as a function of 𝑁𝑁𝐷𝐷𝐷𝐷 , where 𝑅𝑅𝑁𝑁𝑋𝑋  and 𝑅𝑅𝑅𝑅𝑁𝑁  were defined as 𝑅𝑅𝑁𝑁𝑋𝑋 = 𝑁𝑁𝑁𝑁𝑋𝑋/4𝜋𝜋(𝑁𝑁𝐷𝐷𝐷𝐷)2  (𝑋𝑋 = 𝐴𝐴,𝐵𝐵, 𝑜𝑜𝑟𝑟 𝑀𝑀) and 
𝑅𝑅𝑅𝑅𝑁𝑁 = (𝑁𝑁𝑁𝑁𝐴𝐴 + 𝑁𝑁𝑁𝑁𝐵𝐵 + 𝑁𝑁𝑁𝑁𝑀𝑀)/4𝜋𝜋(𝑁𝑁𝐷𝐷𝐷𝐷)2𝑁𝑁𝐶𝐶 (𝑁𝑁𝐶𝐶 = the number of monomers in each chromosome), respectively. 

The 𝑅𝑅𝑅𝑅𝑁𝑁s of chromosomes in both ES cells and 2-day cells exhibited dramatic decreases, with 𝑁𝑁𝐷𝐷𝐷𝐷 values greater than 
~ 1.2 , where the average 𝑅𝑅𝑅𝑅𝑁𝑁  over all chromosomes showed a significant decrease (𝑁𝑁𝐷𝐷𝐷𝐷 ≥ 1.25 ; Figure 2b, 
Supplementary Figure S3). Accordingly, monomers showing values of 𝑁𝑁𝐷𝐷𝐷𝐷 ≥ 1.25 were expected to be localized on the 
surface of each chromosome.  

For 𝑁𝑁𝐷𝐷𝐷𝐷 ≥ 1.25, 𝑅𝑅𝑁𝑁𝐵𝐵+𝑀𝑀−𝐴𝐴 = 𝑅𝑅𝑁𝑁𝐵𝐵 + 𝑅𝑅𝑁𝑁𝑀𝑀 − 𝑅𝑅𝑁𝑁𝐴𝐴 was measured as a function of 𝑁𝑁𝐷𝐷𝐷𝐷 (Figure 2c), and the chromatin 
closedness of each chromosome surface (𝐷𝐷𝐶𝐶 = ∑ 𝑅𝑅𝑁𝑁𝐵𝐵+𝑀𝑀−𝐴𝐴𝐷𝐷𝐶𝐶𝐶𝐶>1.2 ) was evaluated in both ES cells and 2-day cells (Figure 
2d). From the results, we observed that only X chromosomes in 2-day cells exhibited negative 𝐷𝐷𝐶𝐶 values, indicating that 
the surface of the chromosome was predominantly occupied by open chromatin regions, although other chromosomes 
were predominantly surrounded by closed or potentially closed chromatin regions. 

These results were qualitatively unchanged, even when the basic conformation of each chromosome was inferred using 
other methods implemented in PASTIS with NMDS, PM1, and PM2 methods [32] (Supplementary Table S2-S4). 
Therefore, in the following arguments, the polymer constructed by MDS2 method was defined as that of basic 
conformations of chromosomes. 
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Figure 2  Intrachromosomal spatial distributions of open and closed chromatin regions. (a) 𝑁𝑁𝑁𝑁𝐴𝐴 , 𝑁𝑁𝑁𝑁𝐵𝐵 , and 𝑁𝑁𝑁𝑁𝑀𝑀  of 
chromosome 1 and the X chromosome in ES cells and 2-day cells. Insets show typical distributions of A- (green), B- (red), 
and M-regions (blue) on chromosome surfaces, as observed from one viewpoint (see data in Supplementary Table S1). 
(b) Average 𝑅𝑅𝑅𝑅𝑁𝑁 values and 95% confidence intervals (error bars) for all chromosomes. Stars between two neighboring 
𝑁𝑁𝐷𝐷𝐷𝐷 values indicated that two average 𝑅𝑅𝑅𝑅𝑁𝑁 values were significantly different (p < 0.01 using Welch’s test; p values are 
plotted in Supplementary Figure S3). (c) 𝑅𝑅𝑁𝑁𝐵𝐵+𝑀𝑀−𝐴𝐴 at 𝑁𝑁𝐷𝐷𝐷𝐷 > 1.2 for each chromosome. (d) 𝐷𝐷𝐶𝐶 for each chromosome. 
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Simulations of the Coarse-Grained Blob Chain Model Showed Mutual Approach of Xic Pairs in Differentiated 
Cells 

Simulations of models of intranuclear chromosome dynamics in ES cells (ES cell model) and 2-day cells (2-day cell 
model) were performed using coarse-grained blob chain models. These models were constructed using the previously 
obtained polymers that gave the basic conformations of chromosomes and the distributions of A-, B-, and M-regions. The 
populations of monomers successively connected along the polymer were divided into blobs containing local chromatin 
parts with around 0.1–10 Mbp based on estimations of boundary scores (see Materials and Methods) [28] and appropriate 
chromosome-dependent characteristic distances along genome sequences. The coordinate and radius of each blob was 
defined as the centroid coordinate of the blob containing monomers and the standard deviation of the distance from the 
blob centroid to the monomers, where blob radii were approximately 0.15–1 μm.  

Here, the scale of typical blob sizes was similar to that of the persistent length of chromosomes obtained when each 
chromosome was described as a chain consisting of domains as the units; each domain was defined as a local part of each 
chromosome divided by the domain boundaries determined by boundary scores (see Materials and Methods). Such chains 
of blobs provided the basic structure for the coarse-grained model of chromosomes, showing an envelope shape similar 
to that of the original polymer by elimination of small structural noises expected to be due to the noise of Hi-C data. 
Additionally, the epigenetic attribute, A, B, or M, of each blob was added based on the epigenetic attributes of monomers 
contained in each blob (see Materials and Methods) (Figure 3a,b). 

Each simulation was performed by considering the force required to maintain the basic structure of blob chains and the 
repulsion between blobs due to their excluded volumes. The A-blob consisted predominantly of open chromatin regions, 
which were sparse and flexible, whereas the B-blob consisted predominantly of closed chromatin regions, which contained 
condensed nucleosomes and proteins. Thus, the rigidity of the blob was assumed to increase in the order A < M < B. The 
nuclear membrane was assumed to be a spherical shell with a radius of 5 μm (Figure 3c,d). 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3  Snapshots of simulations of the coarse-grained blob chain model of chromosomes. (a, b) Examples of snapshots 
of blob chain models of chromosome 1 (a) and the X chromosome (b) in the ES cell model (see Supplementary Table S5 
for results of other chromosomes in both the ES cell and 2-day cell models). Green, red, and blue spheres indicate A-blob, 
B-blob, and M-blob, respectively. (c, d) Snapshot of all chromosomes in the ES cell model (c) and positioning of two X 
chromosomes (d). Blob chains with different colors indicate models of different chromosomes. 
 

Thirty simulations were performed for both the ES cell model and the 2-day cell model from different initial 
configurations, and the time course and probability distributions of the distance between two blobs containing Xic regions 
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were plotted (Supplementary Figure S4, Figure 4a). Significantly higher probability values at small distances and 
significantly smaller probability values at large distances were obtained in the 2-day cell model compared with those in 
the ES cell model. This result indicated that two blobs with Xic regions in the 2-day cell model tended to approach each 
other significantly more frequently than those in the ES cell model, consistent with experimental observations [1–4]. The 
probability distributions of the distance between the pair of X chromosomes also exhibited similar model-dependent 
features (Figure 4b). By contrast, for most homologous autosomes except chromosomes 4 and 19, the features of the 
probability distribution of the distances did not show significant changes between ES cell and 2-day cell models (Figure 
4c, Supplementary Figure S5). 
 

 
 
Figure 4  Probability distributions of the distance between the Xic pair and between homologous chromosomes. (a) 
Average and 95% confidence interval (error bar) of probability distributions of the distance between the pair of blobs 
containing Xic in the ES cell and 2-day cell models (left), and p values (Welch’s test) between two probability values of 
the two models at each distance (right). (b, c) The same plots as the left for (a) between an X chromosome pair (b) and 
between a chromosome 1 pair (c). The average and 95% confidence interval were evaluated using results from 30 
simulations for each model. Distances with asterisks indicate that differences in probability values between the two models 
were significant (p < 0.05 using Welch’s test; see also Supplementary Figures S5 and S6). 
 
Discussion 
 

From simulations of the coarse-grained model of intranuclear chromosome dynamics, we found that two X 
chromosomes approached each other more frequently in the 2-day cell model than in the ES cell model. This result was 
consistent with recently reported experiments [1–4].  

Now, we will consider the driving force that promotes this intranuclear phenomenon based on the mechanical properties 
of chromosomes given by their intrastructural epigenetic features. Analysis of Hi-C data revealed that the X chromosome 
showed dramatic changes in its epigenetic state during the differentiation process, as follows. The chromatin region, for 
which the epigenetic state was not determined, was stably distributed broadly in X chromosomes in ES cells. These 
unstable regions could also be regarded as potential closed chromatin regions. By contrast, in all chromosomes in 2-day 
cells, most chromatin regions were stably open or closed. Additionally, both open chromatin regions and (true and 
potential) closed chromatin regions were also located at the surface of the X chromosome in ES cells, whereas an open-
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chromatin-dominant region was predominantly located at the surface of the X chromosome in 2-day cells. Autosomes 
exhibited minor changes in such structural epigenetic states during differentiation. 

In 2-day cells, X chromosomes were predominantly surrounded by open chromatin regions, whereas the surfaces of 
autosomes were predominantly occupied by closed chromatin regions. Note that the volume fraction of chromatin fiber 
and their binding proteins in closed chromatin regions were naturally expected to be larger than that of open chromatin 
regions. Thus, X chromosomes and autosomes may be regarded as soft and rigid objects, respectively, and repulsion 
caused by the excluded volume between X chromosomes was much weaker than that between other chromosome pairs. 
Therefore, the pair of adjoining X chromosomes could form a more compact shape, providing a larger intranuclear space 
for the other chromosomes. Thus, the number of states correlating with the entropy of the system was expected to be 
larger when two X chromosomes were spatially close than when other chromosomes were located between the X 
chromosomes. This can easily be visualized using a simple lattice-block model consisting of soft and rigid blocks allowing 
the number of states to be immediately estimated (Figure 5). This entropic effect was expected to be the driving force for 
the mutual approach of X chromosomes, similar to the force known as depletion force [38–40] or to that inducing the 
phase separation of polymers with different rigidities [22,41–45]. 

In ES cells, the large area of the X chromosome surface was occupied by closed and potentially closed chromatin regions. 
Thus, the excluded volume effect between X chromosomes in ES cells was not higher than that between other chromosome 
pairs but was sufficiently higher than that between X chromosomes in 2-day cells. Based on this, we concluded that the 
mutual approach of X chromosomes occurred less frequently in ES cells than in 2-day cells because of weakening of this 
driving force owing to entropic effects. 

One study suggested the attractive interactions among B-regions mediated by multivalent heterochromatin binding 
proteins determine both intra- and inter-chromosome configuration [46]. The present study did not consider the effects of 
such proteins. These effects enhance the aggregation of autosomes promoting separation between autosomes and X-
chromosomes; however, the pairing of X-chromosomes in the 2-day cell model might be more enhanced if such effects 
were added to the present model.  

The main purpose of this study was to explore the driving force of nucleus-wide chromosome migration, resulting in X 
chromosome pairing, which preceded the local short-range interaction between two Xic pairs through specific molecules 
such as Xist and Tsix RNAs. Thus, any effect of Xist RNA was not considered explicitly. It should also be noted that the 
detailed structural dynamics of the local chromatin region around Xics could not be revealed by the present model because 
of the larger characteristic scale of blobs than those of TADs or chromatin compartments. From a combination of the 
current model and other recently proposed models of Xic interactions based on microscopic molecular processes [6–12], 
a model may be developed to explain all processes involved in Xic pairing and stabilization.  

Additionally, recent experimental data have demonstrated that Xic tends to localize to the nuclear periphery owing to 
the association between lamin-binding receptors (Lbrs) and Xist RNA; this tendency is weakened by the inhibition of Xist 
RNA [47]. Because our current model did not consider the effects of such RNA, Xic did not exhibit strong specific 
localization to the nuclear periphery (Supplementary Figure S7), consistent with recent experiments. In future studies, a 
modified model with nontrivial interactions between Xic and the nuclear periphery through the Lbr-Xist association and 
the Xist-Tsix-driven inter-Xic interaction should be developed to consider the entirety of Xic behaviors during the early 
differentiation process of ES cells.  

In the present study, two biological replicates of Hi-C data of ES and 2-day cells were analyzed. The positioning of A- 
and B-regions in autosomes of ES cells and all chromosomes of 2-day cells was considered robust because the A/B 
compartment profiles were well matched over a wide range of chromosomes between two biological replicates. 
Conversely, the A/B compartment profiles of X chromosomes in ES cells were unstable and formed a wide range of M 
regions. In these chromosomes, the A/B compartment profiles might change temporally and/or exhibit large cell-
dependent variability. In this case, M or M-like regions may expand in X chromosomes in ES cells with an increase in 
biological replicates of the Hi-C data. This conjecture should be verified in future studies. 

The present results of Hi-C data analysis suggested the surfaces of chromosomes, except X-chromosomes, in 2-day cells 
were predominantly occupied by closed chromatin regions. Such features seem to contradict the microscopic observation 
that various cells in mouse fetal liver [48] that open chromatin regions tend to gather near-surface on the chromosome 
surface. This difference in intrachromosomal structure may be due to the difference in the stage of cell differentiation 
between ES or early-differentiated cells and cells in the tissue. To validate this conjecture, the detailed microscopic 
imaging analysis of ES and early-differentiated cells should be performed in the future. Additionally, the viscoelastic 
features of A- and B-regions on chromosome surfaces should be inferred experimentally in the future, which might be 
estimated by the live imaging observations of diffusive motions of loci in these regions based on the arguments of polymer 
rheology. 

The simulation of the coarse-grained blob chain model of chromosomes demonstrated that not only X chromosomes but 
also chromosomes 4 and 19 showed significant changes in the profiles of the probability distribution of distance between 
the pair of homologous chromosomes between ES cell and 2-day cell models (Supplementary Figure S5). However, the 
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mechanism of such behaviors of chromosomes 4 and 19 was still unclear differently from that for the X chromosome. 
Theoretical studies as well as experimental verification of this phenomenon should also be conducted. 

 
 

Figure 5  Illustrations showing the simple 1-d lattice-block model consisting of soft and rigid blocks providing an intuitive 
understanding of the mechanism by which X chromosomes tend to exhibit mutual approach in 2-day cell model. (a) The 
model consists of nine sites with edge walls, two yellow blocks, and two green blocks. It is assumed that the width of each 
block = 2 sites, and that two soft blocks can overlap with each other by half (1 site). (b) Illustrations of all states when all 
blocks were assumed to be rigid blocks. The number of all states was obtained as 30, and the number of states that two 
green blocks contact (or overlap) with each other was obtained as 12. Therefore, the probability that two green blocks 
contact (or overlap) with each other was estimated to be 12/30 = 0.4. (c) Illustrations of all states when green and yellow 
blocks were respectively assumed as soft and rigid blocks, and two green blocks overlap with each other. By the 
combination of states in (b) and (c), when the increase in the potential energy with the overlap between two green blocks 
was assumed to be 𝑈𝑈, the probability that two green blocks make contact or overlap with each other was estimated as 
(12 + 30𝑒𝑒−𝑈𝑈/𝑘𝑘𝐵𝐵𝑇𝑇)/(30 + 30𝑒𝑒−𝑈𝑈/𝑘𝑘𝐵𝐵𝑇𝑇) > 0.4 ( 𝑘𝑘𝐵𝐵 is the Boltzmann constant, and 𝑇𝑇 is the temperature). This probability 
approaches 42/60 = 0.7  for 𝑈𝑈 → 0 . These facts suggested that when two green blocks were soft, like the X 
chromosomes in the 2-day cell model, mutual approaches occur more frequently than when the green blocks were rigid 
like the X chromosomes in the ES cell model. 
 
Conclusion 
 

Overall, intrachromosomal structural epigenetic features and their changes play important roles in regulating 
intranuclear positioning and transitions. Application of such arguments is expected to provide important insights into the 
mechanisms underlying cell species- and cell cycle-dependent behaviors of intranuclear architecture. 
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