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Deciphering the dynamical chromosome structural reorganizations in human neural development
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Understanding the mechanisms of cell-fate determination in neural development is pivotal for advancing
regenerative medicine and addressing neurodegenerative diseases. Cell-fate determination is controlled by
the underlying gene expression networks, which are further regulated by the three-dimensional chromosome
structures. During neural development, chromosomes progressively adapt their structures to accommodate the
requisite gene expressions. However, elucidating the pathways of chromosome structural dynamics during these
transitions remains a grand challenge. In this study, we employed the data-driven coarse-grained molecular
dynamics simulations, coupled with the nonequilibrium landscape-switching model, to quantify the chromosome
structural dynamics during human neural development. We focused on a simplified human neural developmental
system, comprising of cell differentiation, reprogramming, and transdifferentiation among the neural progenitor
cell (NPC), the glia cell, and the neuron cell. We identified significant large-scale chromosome structural
reorganizations during cell-state transitions. From the chromosome structural perspective, the transdifferentiation
processes between the glia and neuron cells exhibited nonmonotonic behaviors characterized by an initial
increase followed by a subsequent decrease in cell stemness. The transdifferentiation appeared to share the same
routes of differentiation after passing through the NPC. Additionally, our findings revealed that the chromosome
structural dynamical pathways at the scale of topologically associating domains exhibited little overlap, in
contrast to the ones at the long-range regions. This suggests that the active, ATP-driven molecular processes
play dominant roles in modulating topologically associating domain (TAD) structures, while the compartmental
segregation in chromosomes is primarily governed by the passive phase separation. Our study offers a theoretical
exploration of neural cell-fate determination from the chromosome structural perspective, paving a way for
potential applications in neuroregeneration.

DOI: 10.1103/PhysRevResearch.6.023309

I. INTRODUCTION

The emergence of cell functionality and the specification
of cell types are fundamental aspects of cell development,
encompassing processes such as cell differentiation, repro-
gramming and transdifferentiation. In the nervous system,
these cell-fate determination processes play a pivotal role in
the development and shaping of the brain, offering a potential
therapeutic avenue for replenishing neuronal losses associ-
ated with neurodegenerative diseases and brain injuries [1].
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Numerous attempts have made to convert non-neuronal
cells into neurons, employing methods such as indirect
reprogramming (followed by differentiation) or direct repro-
gramming (i.e., transdifferentiation) [2]. For instance, both
mouse and human fibroblast (Fibro) cells have demonstrated
to have the capability to directly convert into neurons us-
ing lineage-specific transcription factors or small molecules
[3–5]. Significant progress has also been achieved in convert-
ing glia (Glia) cells into functional new neurons in vivo, both
with and without passing through the proliferative progenitor
stage [6–9]. However, due to the lack of the molecular-level
understanding of cell development, several key questions re-
main unanswered, such as how to effectively control the
cell-fate conversion process and enhance reprogramming effi-
ciency in practical applications [10].

It is widely acknowledged that cell development is intri-
cately regulated by the underlying gene regulation network.
Serving as the structural scaffold for genes, the genome
is highly compacted within the cell nucleus, maintaining a
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well-ordered three-dimensional (3D) organization to achieve
specific gene expression patterns [11]. Determining the struc-
ture of genome has been a long-standing pursuit in molecular
and cell biology, till the invention of chromosome confor-
mation capture (3C) techniques [12]. Hi-C, as an advanced
3C method, typically measures the frequencies of contact
formation between DNA segments throughout the genome
in bulk samples containing millions of cells, resulting in an
ensemble-averaged two-dimensional (2D) contact map [13].
Further analysis of the Hi-C contact map provides a hierar-
chical depiction of chromosome structure. At the megabase
level, chromosomes organize into topologically associating
domains (TADs). TADs represent domains of chromosomal
loci that exhibit a higher rate of interactions within themselves
compared to their interactions with surrounding domains. This
structural characteristics makes TADs preferential structures
for facilitating enhancer-promoter interactions [14–16]. At a
larger scale (greater than 5 Mb), chromosomes segregate into
two mutually exclusive regions known as compartment A and
B. From the functional aspect, these regions strongly correlate
with active euchromatin and inactive heterochromatin, respec-
tively [13,17].

During the cell-state transition processes, chromosomes
undergo extensive structural reorganizations, involving re-
arrangements of local TAD structures and compartment
switching in long-range regions [18,19]. A comprehensive
analysis of Hi-C data from the human embryonic stem cell
(ESC) and their multilineage derivatives at early embryonic
developmental stages revealed substantial A/B compartment
switching, accompanied by corresponding changes in gene
expressions [20]. In ESC differentiation, while TAD bound-
aries appear to be stable, interactions within TADs change
significantly, exerting profound impacts on gene regulation
[21]. Through the development of a high-resolution Hi-C
technique [22], Bonev et al. measured the chromosome con-
tact maps of the mouse ESC, the neural progenitor cell (NPC),
and the cortical neuron cells. They observed global genome
reorganizations at all scales during the mouse neural dif-
ferentiation from the ESC, establishing a close relationship
between chromosome structural adaptations and gene expres-
sion specifications in neural development. A recent Hi-C
experiment focused on the human NPC, the Glia cell, and
the neuron (Neuron) cell revealed that differentiation of the
NPC into the Glia and Neuron cells was associated with
widespread remodeling of chromosome interactions [23].
This underscores the significance of chromosome structural
reorganizations in regulating neural development [24].

Despite the accumulation of Hi-C contact maps for chro-
mosomes in individual cell types within the nervous system
[20,25–27], comprehensive characterizations of dynamical
chromosome structural reorganizations during cell-state tran-
sitions in cell development remains elusive. This impedes
our understanding of the structure-function relationships at
the chromosomal level during these dynamical processes.
In this study, we focused on a simplified human neu-
ral developmental system comprising the NPC, the Glia
cell and the Neuron cell. Using our previously developed
landscapes-switching model [28–34], we established con-
tinuous connections between any pair of these three cell
types and studied chromosome structural dynamics during the

transitions through molecular dynamics (MD) simulations.
Our analysis unveiled significant large-scale chromosome
structural reorganizations occurring in human neural devel-
opment. During transdifferentiation between the Glia and
Neuron cells, we observed that chromosomes exhibit high
structural similarity with those at the NPC, leading to an
increase-followed-by-decrease behavior in cell stemness. No-
tably, we found that the forward and reverse pathways at
the TAD scale exhibited little overlap, in contrast to those
at the long-range scale. This implies that active, nonequilib-
rium molecular-level processes predominantly influence the
modulation of the TAD structures. Our results offer valuable
insights into the dynamical pathways of cell-state transitions
in human neural development from the chromosome structural
perspective. These findings contribute to our understanding of
neural cell regeneration, providing potential implications for
the treatment of neurodegenerative diseases.

II. MATERIALS AND METHODS

A. Hi-C data processing

The Hi-C data for the NPC, the Glia cell and the Neuron
cell were obtained from an open-source platform (synapse,
ID: syn12979101) [23]. The Hi-C data for the ESC and the Fi-
bro cell were downloaded from the Gene Expression Omnibus
(GEO) database with accession numbers GSE35156 [14] and
GSE63525 [17], respectively. Read pairs were individually
mapped to the reference human genome (hg19) and we used
the standard pipeline of HIC-PRO (version 2.3.1) to process the
raw Hi-C data [35]. The resulting contact matrices were fur-
ther normalized using the iterative correction and eigenvector
decomposition (ICE) method [36]. Here, we focused on the
long arm of chromosome 14, covering a range of 20.5–106.1
Mb. The resolution of the Hi-C data was set to be 100 kb,
resulting in 857 beads in the subsequent MD simulations.
As noted in previous studies [37,38], each bead at this res-
olution approximately represents a 30-nm chromatin fiber. In
the 30-nm chromatin fiber, nucleosomes are assumed to be
helically packed, forming arrays that exhibit chain stiffness.
We converted the contact frequency into the contact probabil-
ity fi j through further normalization, based on the fact that
the neighboring beads have the highest contact frequencies
and are always in contact with probability fii±1 ≡ 1 in the
beads-on-a-string model.

B. Polymer model

In the absence of Hi-C data for training, chromosomes in
the coarse-grained MD simulations were initially described by
a generic homopolymer model, which comprises of bonded
and non-bonded potentials [39]. The potential of the ho-
mopolymer model is expressed as

VHomopolymer = VBonds + VAngles + Vsc + VC.

The bond potential, denoted as VBonds, is composed of
two elements: the finitely extensible nonlinear elastic (FENE)
potential, represented as VFENE [40], and a hard-core poten-
tial, labeled as Vhc, which serves to prevent spatial overlap.
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Mathematically, VBonds is expressed as

VBonds = VFENE + Vhc.

The angle potential, denoted as VAngles, acts on three
consecutive beads (i − 1, i, i + 1) and is responsible for
maintaining the stiffness of the chain [39]. For nonbonded
interactions between beads i and j (|i − j| > 1), the soft-core
potential Vsc is employed, modeling the effects of topoiso-
merase enzymes that play an important role in untangling
DNA chains [38,41,42]. The spherical confinement potential,
denoted as VC, models the effects of the nuclear membrane,
ensuring that the chromosome occupies the appropriate vol-
ume fraction within the cell nucleus, set at 10%. VC functions
such that if the distance of any bead in the polymer from
the center of the sphere exceeds the defined radius, it will be
pulled back toward the center.

C. Maximum entropy principle simulations

We used a maximum entropy principle (MEP) strategy to
incorporate the Hi-C data for a specific cell state into the
aforementioned homopolymer model. According to MEP, the
biasing potential (VHi-C) introduced should be in a linear form
of the experimental observations [43]. Consequently, VHi-C is
expressed as

VHi-C =
∑
i, j

αi jPi j,

where Pi j denotes the contact probability between the chromo-
somal loci “i” and “ j”, and αi j acts as a prefactor modulating
the strength of the biasing potential. In practice, Pi j was cal-
culated using a step function [38,42]. The calculation of Pi j

involved collecting all chromosome structures at a specific
cell state or time point during the simulations.

The values of αi j are determined iteratively through mul-
tiple rounds of MD simulation, aiming to minimize the
discrepancy between the contact probabilities obtained from
the simulated chromosome ensembles and the experimental
data. Therefore, the final potential governing the chromo-
some structure and dynamics at the specific cell state is
expressed as

V (Cell) = VHomopolymer + VHi-C.

For detailed expressions and parameters of the model,
please refer to our previous studies [28–34] and elsewhere
[38,42,44].

D. Landscape-switching model

In order to investigate the chromosome structural dynam-
ics during cell-state transitions in neural development, we
used the landscape-switching model developed in our previ-
ous studies [28–34]. In brief, the model involves three main
steps. (1) Initial cell-state simulation: we simulated the chro-
mosome under the potential specific to the initial cell state,
denoted as V (CellIni ). This potential was obtained from MEP
simulations trained by the corresponding experimental Hi-C
data. (2) Landscape-switching: We then switched the potential
from the initial cell state to the destined cell state, repre-
sented as V (CellIni ) → V (CellDes), where V (CellDes) is the

potential associated with the destined cell state. (3) Destined
cell-state simulation: we simulated the chromosome under
V (CellDes). The simulation allowed the system to relax on
the post-switching energy landscape. The relaxation processes
during this transition were collected and represented as the
structural dynamical trajectories of the chromosome during
the cell-state transition.

The rationale of our model is summarized briefly as fol-
lows. The cell-state transition is driven by a large amount
of energy input, primarily from ATP hydrolysis [45]. This
leads to the breaking of detailed balance in the system,
resulting in nonequilibrium dynamics of the process. In
reality, a cell resides at a stable state and the cell dif-
ferentiation, reprogramming and transdifferentiation do not
occur spontaneously. This implies that the inter-landscape
hopping dynamics (cell-state transition) occur much more
slowly than the intra-landscape dynamics (dwelling on a sta-
ble state), leading to nonadiabatic dynamics of the cell-state
transition processes. Our landscape-switching model, which
implements an instantaneous switch of two landscapes at ini-
tial and final cell states, naturally result in a non-adiabatic
nonequilibrium process, consistent with the nature of the cell-
state transition.

E. MD simulation protocols

We used GROMACS (version 4.5.7) software [46] with
PLUMED (version 2.5.0) [47], to conduct the MD simulations.
The simulations were performed using Langevin dynamics
with a friction coefficient of 10τ−1, where τ represents the
reduced time unit. We used a time step of 0.0005τ in the
simulations to integrate the dynamics of the system. In our
simulations, the temperature was represented in the reduced
energy unit (ε) by multiplying the Boltzmann constant. All
simulations were conducted at a temperature of ε, unless
explicitly specified. It is important to note that the temper-
ature in these simulations does not directly correspond to
real-world values but rather represents an environmental scale
influencing the structural dynamics of the chromosome under
the specified potential [38].

During each iteration of the MEP simulations to calibrate
αi j , we conducted 100 independent MD simulations starting
from different initial chromosome structures. To enhance the
sampling of the conformational space, we employed a sim-
ulated annealing technique in these individual simulations.
Initially, the temperature was gradually reduced from 4ε to
ε over the first 250τ of the simulation. Subsequently, the
temperature was held constant at ε for the remaining time. The
second half of the trajectory, spanning from 500τ to 1000τ ,
was collected for calculating the contact probability Pi j .

The MEP simulation generated an ensemble of chromo-
some structures for the NPC, the Neuron cell, and the Glia
cell, respectively. To reduce the number of chromosome struc-
tures in the ensemble, we performed hierarchical clustering
based on the pairwise distance similarity between chromoso-
mal loci. For each cluster with a population greater than 0.3%,
we selected the two chromosome structures with the closest
distances to the center. This resulted in 244, 314, and 358
structures representing the chromosome structural ensembles
for the NPC, the Neuron cell, and the Glia cell, respectively.
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Using the structures obtained from the aforementioned
approaches, we conducted hundreds of independent simula-
tions using the landscape-switching model for each cell-state
transition process during neural development. Initially, the
equilibration simulations under the potential of the initial cell
state V (CellIni ) ran for a duration of 5000τ . Subsequently,
a sudden switch of the potential from the initial cell state
V (CellIni ) to the destined cell state V (CellDes) was imple-
mented. Finally, simulations under the potential V (CellDes)
were conducted for a duration of 1000τ .

Consequently, we generated 244 trajectories each for the
NPC differentiation processes to the Neuron cell and the Glia
cell, as well as 314 and 358 trajectories for the reprogram-
ming processes of the Neuron cell and the Glia cell to the
NPC. Additionally, we obtained 314 and 358 trajectories for
the Neuron cell transition to the Glia cell and from the Glia

cell transition to the Neuron cell, respectively. All trajectories
were collected to perform analyses presented in the study. The
data regarding the ESC and the Fibro cell (e.g., MEP simu-
lations, landscape-switching simulations, etc.) were directly
taken from our previous study [31].

F. Trajectory analysis

Due to the stochastic nature of individual cells [48],
chromosome structures at the single-cell level are highly het-
erogeneous. We calculated ensemble-average contact maps
Pi j , which were further used to describe the cell states from
the chromosome structural perspective. The correlation be-
tween two contact probability maps was determined using the
coefficient of determination R2, defined as follows:

R2 = 1 −
∑
i, j

[Pi j (t ) − Pi j (Cell)]2

/√∑
i, j

[Pi j (t ) − 〈Pi j (t )〉]2
∑
i, j

[Pi j (Cell) − 〈Pi j (t )〉]2.

Here, R2 quantifies the similarity of the two contact maps Pi j

at time t and the cell state Cell, where Cell stands for the NPC,
Neuron cell, Glia cell, Fibro cell and ESC, respectively. A
value of 1.0 for R2 indicates identical contact maps, where
Pi j (t ) = Pi j (Cell). R2, calculated without any offsetting, ac-
cumulates the deviation of every element between Pi j (t ) and
Pi j (Cell), providing a quantitative measure of similarity or
dissimilarity between these two matrices. When comparing
the contact maps of the states I and J during the cell-state
transition processes, R2(I, J ) was calculated, where I and
J represent times tA and tB, respectively. Any deviation of
R2 from 1.0 reflects the degree of difference between these
two contact maps. To enable a more meaningful compari-
son, we calculated R2 based on the distance-corrected contact
maps. Specifically, we derived the distance-corrected con-
tact maps from the normal contact maps by subtracting their
average contact probability at the corresponding genomic
distance [49].

To assess the formation of TADs, we applied the insulation
score method as introduced by Crane et al. [50]. Following the
methodology outlined in the original study, we utilized a slid-
ing window size of 500 × 500 kb to calculate the insulation
score based on the contact map. The minima on the insulation
score profile were then used to identify the boundaries of
TADs [50]. To quantify the degree of interaction enhance-
ment, we calculated the enhanced contact probability [13,20].
This probability was determined by dividing the observed
contact probability, denoted as Pobs, by the expected contact
probability, denoted as Pexp. The observed contact probability
Pobs was obtained by summing the contact probabilities at
a resolution of 100 kb within a 1 Mb region. On the other
hand, the expected contact probability Pexp was calculated
as the average contact probability between chromosomal loci
separated by a specified genomic distance.

To assess the reversibility of pathways, we calculated the
contact probability Pi j (t ) during the cell-state transition via a
simple linear interpolation between the data of the initial (type

A) and final (type B) cell states, as follows:

Pi j (t ) = Pi j (A) + t − tBegin

tEnd − tBegin
× [Pi j (B) − Pi j (A)].

Thus, the corresponding reverse pathways from the initial
(type B) to final (type A) cell states can be calculated, as
follows:

Pi j (t ) = Pi j (B) + t − tBegin

tEnd − tBegin
× [Pi j (A) − Pi j (B)].

This method allowed us to generate forward and reverse
trajectories between every pair of the NPC, the Glia cell, and
the Neuron cell, resulting in a total of six transitions. Similar
analysis methods as described above were then performed on
these trajectories.

III. RESULTS

A. Dynamical chromosome structural reorganizations
during human neural development

We applied our previously developed landscapes-switching
model [28–34], implemented within MD simulations, to
investigate chromosome structural reorganizations during
neural development. The landscape-switching model was per-
formed in two steps. First, Hi-C data at individual cell
states, including the NPC, the Glia, and Neuron cells, were
trained using the maximum entropy principle (MEP) coarse-
grained MD simulations to render the respective energy
landscapes [38,42,51]. This energy landscape dictates chro-
mosome structural organization and dynamics within each
cell state (Figs. S1–S3 in Supplemental Material [52]). Sec-
ond, to establish connections between two cell states in the
neural developmental system, we triggered cell-state tran-
sitions through an energy-excitation-followed-by-relaxation
implementation. This was realized by switching the energy
landscape for chromosome structural dynamics from the
initial to the final cell state during MD simulations. Conse-
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FIG. 1. Chromosome structural reorganizations during neural development. (a) Evolution of chromosome contact probabilities over time
during cell-state transitions. The contact maps for the NPC and the Glia and Neuron cells are derived from experimental Hi-C data. Calculations
for contact maps at t = 0.1τ , 1τ , 10τ , and 100τ of each transition are performed, where τ represents the unit of MD time. The contact map
resolution is 100 kb. (b) Correlation of the distance-corrected contact probability map during the transition with those at the initial (solid line)
and final (dashed line) states of the transition, as well as the NPC (purple line), the ESC (cyan line), and the Fibro cell (red line) [49]. The
degree of correlation is quantified by the coefficient of determination R2, the full definition of which can be found in “Materials and Methods.”
Generally, a high (low) value of R2 indicates a high (low) degree of similarity between two chromosome structures.

quently, there are six cell-state transition processes [Fig. 1(a)],
including differentiation of the NPC to the Glia and Neu-
ron cells (DiffG and DiffN), reprogramming of the Glia and
Neuron cells to the NPC (ReprG and ReprN), and transd-
ifferentiation between the Glia and Neuron cells (TDG→N

and TDN→G). Through the landscape-switching simulations,
hundreds of parallel trajectories were generated for each cell-
state transition process (details in “Materials and Methods”).
Then, chromosome contact maps evolving with time were
calculated by averaging all the trajectories at the same time
points, mimicking the dynamic changes of Hi-C maps in-
duced by cell-state transitions [Fig. 1(a)]. Due to the intimate
structure-function relationships in chromosomes [20,53–56],
the contact maps, which reflect the ensemble-average struc-
tural properties of chromosomes, can characterize the cell
state during the transition processes from the chromosome
structural perspective.

To see how chromosomes dynamically reorganize their
structures, we calculated the similarities of the contact maps
during cell-state transitions with respect to those at the NPC,
the Glia cell, the Neuron cell, the ESC and the Fibro cell
[Fig. 1(b)]. As the cell-state transition proceeds, the chromo-
some gradually adapt its structure, deviating from the one at
the initial state and approaching towards the one at the final
state. These chromosome structural adaptations are mono-
tonic for all six cell-state transitions in neural development.

Throughout all the cell-state transitions in neural develop-
ment, we observed that the chromosome structural similarities
with respect to the ESC and the Fibro cell remain relatively
low [Fig. 1(b), R2 < 0.6, where R2 is the coefficient of de-

termination between the contact maps in the trajectories and
contact maps of the ESC and the Fibro cell]. This indicates
that chromosome structures within the neural system are quite
different from those at the ESC and the Fibro cell. Thus, cell-
state transitions within neural development do not approach
the pluripotent state or the other terminally differentiated cell
from the chromosome structural perspective.

For transdifferentiation between the Glia and Neuron cells,
we observed that both the trends of R2 with respect to the NPC
along with time exhibit an increase-followed-by-decrease be-
havior [Fig. 1(b)]. This suggests that chromosomal structures
during transdifferentiation may resemble those observed in
the NPC. Considering that the NPC is a type of stem cell pos-
sessing the ability to differentiate into various types of cells
within the central nervous system [57], it can be inferred that
transdifferentiation between the Glia and Neuron cells ini-
tially enhances the degree of cell stemness and subsequently
reduces it, from the chromosome structural perspective.

B. Cell-state transitions in human neural development
from chromosome structural perspective

Our study focuses on six distinct cell-state transitions in
neural development. Intuitively, the reprogramming processes
initiated from the Glia and Neuron cells towards the NPC
should merge during the transitions. Similarly, the processes
of forming the Glia and Neuron cells through differentiation
of the NPC and transdifferentiation should also merge at cer-
tain stages. To gain insights into how the merging of these two
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FIG. 2. Correlation maps illustrating time-evolving chromosome contact maps for two transitions during (a) reprogramming of the Glia
and Neuron cells to the NPC (ReprG and ReprN), (b) transitions for forming the Glia cell from the NPC (differentiation, DiffG) and the
Neuron cell (transdifferentiation, TDN→G), (c) transitions for forming the Neuron cell from the NPC (differentiation, DiffN) and the Glia cell
(transdifferentiation, TDG→N), (d) transitions for forming the Neuron cell from the NPC (differentiation, DiffN) and Fibro (transdifferentiation,
TDF→N), (e) transitions for forming the Neuron from the Glia cell (transdifferentiation, TDG→N) and the Fibro cell (transdifferentiation,
TDF→N) and (f) differentiation of the NPC to the Glia cell (DiffG) and the Neuron cell (DiffN). The comparison between the process “A”
at time tA = I and the process “B” at time tB = J is performed by calculating the coefficient of determination R2(I, J ) between the contact
probabilities Pi j formed by the chromosomal loci i and j. R2(I, J ) measures the similarity of two chromosome contact maps at time tA = I
of the process A and tB = J of the process B (R2(I, J ) = 1 corresponds to identical contact maps with Pi j (tA = I ) = Pi j (tB = J ), and the
deviation of R2(I, J ) from 1 indicates the degree of difference between these two contact maps). The lower panels in (a)–(f) show cell states
“J” selected to be either the initial states (solid lines) or the final states (dashed lines), representing how chromosomes dynamically deviate
from the initial structures and establish the final structures, simultaneously.

pathways occurs from the chromosome structural perspective,
we calculated the coefficient of determination, R2, between
the two contact maps over time (Fig. 2).

For reprogramming, we observed that the pathways of
the Glia and Neuron cells converting to the NPC become
similar at approximately 0.5τ with high values of R2 by
comparing the chromosome structures during these two cell-
state transitions [Fig. 2(a), upper panel, along the diagonal].
In other words, ReprG and ReprN share similar routes after
0.5τ , which can be approximately deemed as the merging

point of these two pathways. At the merging point, the sim-
ilarities of the contact maps to the destined NPC are high,
close to 0.9 [Fig. 2(a), lower panel]. This implies that the
reprogramming pathways of the Glia and Neuron cells only
merge at the very late stage of the transitions when the contact
maps at the merging point resemble those of the NPC. This
observation of forming an NPC-like state from reprogram-
ming of the Glia and Neuron cells is consistent with the
previous experiments, where reprogramming of two termi-
nally differentiated cells can lead to an ESC-like state prior
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FIG. 3. Cell-state transitions in neural development from the chromosome structural perspective. (a) Illustration of the six cell-state
transitions in neural development and two transitions between the Fibro and Neuron cells. (b) Quantified chromosome structural dynamical
pathways depicted in PCA plots of contact maps projected onto the first two principal components (PCs, left panel). Percentages in axis labels
represent the weight ratios of corresponding PCs and R2 values showing the correlation between contact maps among the NPC, the Glia cell,
the Neuron cell, the ESC, and the Fibro cell (right panel). (c) Similar to (b), but PCA plots and R2 are based on the insulation score profiles
[50]. (d) Similar to (b), but PCA plots and R2 values are based on enhanced contact probability log2(Pobs/Pexp) [13,20].

to the establishment of the final induced pluripotent stem
cell [58].

Interestingly, we observed distinct behaviors in adapting
chromosome structures during differentiation and transdif-
ferentiation towards the same destined cell, as compared to
reprogramming processes. We found that the pathways of
forming the Glia cell from the NPC differentiation and the
Neuron cell transdifferentiation merge at approximately 0.1τ

[Fig. 2(b), upper panel, along the diagonal], when the value
of R2 with respect to the destined Glia cell is smaller than
0.8 [Fig. 2(b), lower panel]. The results indicate that chromo-
somes are still structurally different from the ones within the
Glia cell at the merging point, suggesting that the NPC differ-
entiation and the Neuron cell transdifferentiation may share a
similar route upon forming the Glia cell from the chromosome
structural perspective. A similar phenomenon was observed
for forming the Neuron cell from the NPC differentiation and
the Glia cell transdifferentiation [Fig. 2(c)]. Notably, we ob-
served that transdifferentiation from the Fibro to Neuron cells
also shares the routes with the NPC differentiation and trans-
differentiation from the Glia to Neuron cells [Figs. 2(d) and
2(e)]. Our results suggest that transdifferentiation can partially
utilize the differentiation route to accomplish the cell-state
transition from the chromosome structural perspective. This
is reminiscent of a recent RNA-seq experimental observa-
tion that transdifferentiation from the Fibro to Neuron cells
undergoes an NPC-like state [59]. Meanwhile, we compared
the chromosome structural dynamics during the pathways of
the NPC differentiation to the Glia and Neuron cells. We
found that chromosomes during these two differentiation pro-
cesses start to diverge from each other at approximately 0.1τ

[Fig. 2(f), upper panel, along the diagonal], where chromo-
somes exhibit highly structural similarities to those at the
NPC [Fig. 2(f), lower panel]. This observation aligns with
emerging theoretical predictions and experiments, where cell
differentiation processes initiated from stem cells to different
sublineages bifurcates early [20,29,60].

C. Quantified chromosome structural dynamical
pathways of human neural development

To understand the cell-state transitions during neural de-
velopment at the chromosome structural level, we quantified
the pathways through the PCA plots of different chromosome
structural aspects (Fig. 3). Additionally, we included transd-
ifferentiation pathways between the non-neural cell (i.e., the
Fibro cell) and the Neuron cell, obtained from our previous
work [31], into our following analysis [Fig. 3(a)]. Notably,
the total weights of the first and second principal components
(PC1 and PC2) in the PCA plots are relatively high, suggest-
ing that projecting the high-dimensional simulation data onto
only PC1 and PC2 is feasible and the relevant analyses should
be reliable [Fig. 3(b)].

From the PCA plots of chromosome contact maps with
a total weight of PC1 and PC2 at 91.93%, we observed
nonoverlapping forward and reverse pathways for transitions
between any pair of cell states [Fig. 3(b)]. By artificially
generating interpolation-based transition trajectories connect-
ing the initial and final cell states, we identified the direct
correspondence between pathway overlap and reversibility
(Fig. S4 in Supplemental Material [52]). Therefore, our obser-
vations based on the landscape-switching model underscore
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the nonequilibrium nature of cell-state transitions, indicat-
ing their irreversibility of the processes. Notably, there is
significant degree of overlap in the pathways of the NPC
differentiation to the Glia cell (DiffG, blue line) and transd-
ifferentiation of the Neuron cell to the Glia cell (TDN→G, red
line). This suggests that processes forming the Glia cell from
different initial states may share a common route to gradually
adapt chromosome structures. In contrast, the NPC differen-
tiation pathways for forming the Neuron cell (DiffN, green
line) exhibit only a small degree of overlap with the transdif-
ferentiation pathways from the Glia to Neuron cells (TDG→N,
orange line) and the Fibro to Neuron cells (TDF→N, dashed
black line), highlighting the heterogeneity in pathways for
forming different cell types. The PCA plots also indicate early
bifurcation of the NPC differentiation pathways (DiffG, blue
line; DiffN, green line) and late merging of reprogramming
pathways (ReprG, cyan line; ReprN, yellow line), consistent
with observations in Fig. 2.

To examine the dynamics of chromosome structural orga-
nizations at the TAD and compartment levels, we calculated
the insulation score profiles and the enhanced contact prob-
ability log2(Pobs/Pexp) from the chromosome contact maps.
Insulation score profiles were previously used to identify local
TAD structures (details in “Materials and Methods”) [50],
while Pobs and Pexp are respectively the observed and expected
contact probabilities with combined ratio of log2(Pobs/Pexp)
describing the long-range compartment formation (details in
“Materials and Methods”) [13,20]. From the PCA plots of
insulation score profiles and log2(Pobs/Pexp) with the respec-
tive total weights of PC1 and PC2 at 96.08% and 69.78%
[Figs. 3(c) and 3(d)], we observed diverse behaviors in cell-
state transition pathways during neural development from
different chromosome structural aspects. The pathways of
insulation score profiles revealed that merging points for path-
ways leading to the same cell types occur in the very late
stages of cell-state transitions. This suggests that different
cell-state transitions forming the same cell types may uti-
lize different mechanisms to rearrange the TAD structures.
Conversely, pathways from the PCA plots of log2(Pobs/Pexp)
showed that merging of pathways leading to the same cell
types can occur very early. For instance, the transdifferenti-
ation pathway from the Neuron to Glia cells (TDN→G, red
line), projected onto log2(Pobs/Pexp), goes through the NPC.
After passing through the NPC, the pathway of TDN→G in the
PCA plots of log2(Pobs/Pexp) highly overlaps with that of the
NPC differentiation to the Glia cell (DiffG, blue line). Intrigu-
ingly, we observed that the NPC is on the pathway of TDF→N

(dashed black line) but deviates from TDG→N (orange line) in
the PCA plots of log2(Pobs/Pexp). This implies that different
neuron transdifferentiation processes may undergo different
pathways, and the NPC is not the common intermediate state
for those transitions.

The forward and reverse pathways for transitions between
any pair of cell states appear to be nonoverlapped when
projected onto the TAD structural formations. In contrast,
the pathways projected onto the long-range structural inter-
actions seem to be highly overlapped. Nonoverlapping TAD
structural pathways reflect the irreversibility of cell-state tran-
sitions at local chromosome structural regions, emphasizing
the nonequilibrium nature of TAD formation induced by ATP-

dependent loop extrusion [61,62]. In contrast, the overlapping
pathways in terms of log2(Pobs/Pexp) can be attributed to
the fact that chromosome compartment segregation is largely
formed by passive phase separation processes mediated by
various proteins, such as transcription factors and heterochro-
matin protein 1 [63–65]. Our analyses of the quantified
pathways contribute to the molecular-level understanding of
how chromosomes dynamically reorganize their structures
during cell-state transitions.

IV. DISCUSSION AND CONCLUSIONS

We employed a Hi-C data-driven approach, coupled with
the landscapes-switching simulations, to investigate chro-
mosome structural dynamics during cell-state transitions in
human neural development. Our findings revealed large-
scale chromosome structural reorganizations during these
processes, emphasizing the intricate relationships between
structure and function at the chromosomal level [19]. The
developmental processes of cells can be illustrated through the
Waddington’s epigenetic landscape [60,66], where cell dif-
ferentiation is metaphorically represented as a marble rolling
from the upper level to the lower level of the landscape
[Fig. 4(a)]. Triggered by external agents such as transcrip-
tion factors or chemical stimulations, terminally differentiated
cells can manipulate their fates back to the pluripotent state
[67–71]. This phenomenon, known as cell reprogramming, is
analogous to a marble climbing from the lower level to the
upper level of Waddington’s landscape [72]. Our simulations
unveiled distinct pathways for differentiation and reprogram-
ming regarding the reorganization of chromosome structures,
emphasizing the nonequilibrium dynamic nature of cell de-
velopmental processes [73]. This suggests that cells utilize
diverse molecular-level processes to achieve differentiation
and reprogramming, respectively.

Notably, our simulations indicate nonoverlapping forward
and reverse pathways predominantly at the TAD level. This
implies that local chromosome structural dynamics, driven by
various ATP-dependent molecular processes (e.g., loop extru-
sions [61,62], chromatin remodeling [74,75], etc.), contribute
to the irreversibility of differentiation and reprogramming
pathways. In contrast, highly overlapped chromosome struc-
tural reorganization pathways were observed at long-range
regions for both differentiation and reprogramming, suggest-
ing that passive molecular processes, such as phase separation,
play a crucial role in establishing nonlocal chromosome struc-
tures [64,65]. Additionally, our observations indicate that the
establishments of local chromosome structures precede those
of nonlocal ones (Fig. S5 in Supplemental Material [52]).
These findings are consistent with the relaxation dynamics of
the Rouse-like polymer models [76,77]. Importantly, previ-
ous Hi-C experiments on cell-cycle processes also detected
a faster recovery of TAD structures than that of compart-
ment segregation during the mitosis-to-G1 transitions [78,79].
Collectively, our results suggest that chromosome structural
reorganizations during cell developmental processes are initi-
ated by active molecular processes at the local level, followed
by passive molecular processes at the long-range level.

Cell transdifferentiation does not go through the ESC
to achieve the cell-state transition between two terminally
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FIG. 4. A scheme illustrating cell-state transitions among the NPC, Glia, and Neuron cells for neural development on pictorial Wadding-
ton’s landscapes from the chromosome structural perspective. Left panel: the differentiation and reprogramming processes. Right panel: the
transdifferentiation processes, with transitions between the Fibro and Neuron cells shown with dashed lines.

differentiated cell types, thus it is less time-consuming and ca-
pable of reducing the risk of tumorigenesis [80–82]. We found
that transdifferentiation can approach the NPC, though not the
ESC, to accomplish cell-state transitions from the chromo-
some structural perspective. After passing through the NPC,
transdifferentiation and differentiation may share the same
route to accomplish the processes. Our theoretical results align
with a previous experimental study [59], where transdiffer-
entiation from the Fibro to Neuron cells can go through an
NPC-like stage with several NPC genes expressed. Here, we
found that chromosome structures during transdifferentiation
from the Neuron to Glia cells can be very similar to those
at the NPC, implying that the NPC is the intermediate state
for this cell-state transition. Our theoretical results, combined
with experiments [83], suggest that although cell transdif-
ferentiation can bypass the ESC to directly convert somatic
cell types, cells during this process still have to go through a
precursor that possesses a certain degree of stemness. From
Waddington’s landscape, cell transdifferentiation can be de-
scribed as a nonmonotonic process that occurs by initially
climbing up the mountain, followed by rolling down to an-
other basin as a function of cell-fate maturation [Fig. 4(b)].

Our theoretical studies provided quantified pathways
for the dynamical structural organizations of chromosomes
during human neuron cell differentiation, reprogramming,
and transdifferentiation, thus contributing significantly to

understanding neural developmental processes from the chro-
mosome structural perspective. Converting adult somatic cells
to neuron cells, through either reprogramming or transdiffer-
entiation, has been deemed a promising therapeutic strategy
for neurodegenerative diseases [84]. Our work presented a
computational approach that can be used to dissect pathways
and identify intermediate states during neural developmental
processes from the chromosome structural perspective. The
results serve as a theoretical exploration of the neural cell-
fate determination, aiming for the potential applications in
neuroregeneration and disease modeling [85].
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