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Direct conversion of one differentiated cell type into
another is defined as cell transdifferentiation. In avoidance of
forming pluripotency, cell transdifferentiation can reduce the
potential risk of tumorigenicity, thus offering significant advantages
over cell reprogramming in clinical applications. Until now, the
mechanism of cell transdifferentiation is still largely unknown. It has
been well recognized that cell transdifferentiation is determined by
the underlying gene expression regulation, which relies on the
accurate adaptation of the chromosome structure. To dissect the
transdifferentiation at the molecular level, we develop a non-
equilibrium landscape-switching model to investigate the chromo-
some structural dynamics during the state transitions between the
human fibroblast and neuron cells. We uncover the high
irreversibility of the transdifferentiation at the local chromosome
structural ranges, where the topologically associating domains form. In contrast, the pathways in the two opposite directions of the
transdifferentiation projected onto the chromosome compartment profiles are highly overlapped, indicating that the reversibility
vanishes at the long-range chromosome structures. By calculating the contact strengths in the chromosome at the states along the
paths, we observe strengthening contacts in compartment A concomitant with weakening contacts in compartment B at the early
stages of the transdifferentiation. This further leads to adapting contacts toward the ones at the embryonic stem cell. In light of the
intimate structure—function relationship at the chromosomal level, we suggest an increase of “stemness” during the
transdifferentiation. In addition, we find that the neuron progenitor cell (NPC), a cell developmental state, is located on the
transdifferentiation pathways projected onto the long-range chromosome contacts. The findings are consistent with the previous
single-cell RNA sequencing experiment, where the NPC-like cell states were observed during the direct conversion of the fibroblast
to neuron cells. Thus, we offer a promising microscopic and physical approach to study the cell transdifferentiation mechanism from
the chromosome structural perspective.

Cell-state transition, Chromosome dynamics, Energy landscape, Nonequilibrium model, Cell Stemness

ell transdifferentiation corresponds to the direct con-

version of one differentiated cell type into another.
Similar to cell reprogramming, where the differentiated cell is
induced to the pluripotent cell by a defined cocktail of
transcription factors,"” cell transdifferentiation can be realized
by a combination of the lineage-specific transcription
factors.>™ These transcription factors activate the genes
needed for the cell fate determination, thus dictating the cell
transdifferentiation. The faithful switching of the cellular
phenotype is further established by the epigenetic modifica-
tions, which regulate the patterns of the gene expressions
through the modulations of the DNA accessibility and the
chromatin structure.”” It has been acknowledged that
transdifferentiation is a safer process for a differentiated cell
to gain a new function than reprogramming in the potential
clinical applications, as the cell can reduce the potential risk of
cancer development by avoiding the pluripotency during the
state transition process.8 Despite the numerous successes in
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implementing the transdifferentiation for various cell types,”’
the mechanistic understanding of the process is still quite
limited.

Recent experimental studies used the single-cell RNA-
sequencing (RNA-seq) technologies to dissect the cell
transdifferentiation.'®”"* The transcriptome data of the states
on the transdifferentiation path can be subsequently compared
with the ones found along the cell developmental path in order
to explore the relationship between transdifferentiation and
differentiation.'® The results provided useful information to
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characterize the transdifferentiation pathways and identify the
intermediate states from the transcriptome perspective.'” It has
been well recognized that the transcriptional regulation is
strongly dependent on the three-dimensional chromosome
organization.”*™"” In this respect, cell transdifferentiation,
which is determined by the underlying gene regulation
network, is closely related to the chromosome structural
changes during the transition. To quantitatively understand the
cell transdifferentiation, it is critical to obtain the molecular-
level picture of how the chromosome dynamically arranges its
structure toward that in the destined cell. However, this is a
very challenging task as the current experiments are intrinsi-
cally limited by the temporal or spatial scale and resolution.*’

Nowadays, the high-resolution chromosome structural
determination relies on the Hi-C technique,*"** which
measures the probability of the spatial contact formed by the
loci throughout the genome. The analysis of the Hi-C contact
map revealed that the chromosome is hierarchically organized.
At the submegabase scales, the chromosome forms the
topologically associating domains (TADs),”*~** which corre-
spond to the square blocks of elevated interaction probability
centered along the diagonal of the contact map. Within a TAD,
the loci interact with each other more strongly than with the
loci outside the TAD. At large scale (>5 Mb), the chromosome
segregates into two spatial regions with specific preferential
long-range interactions, leading to the plaid pattern on the Hi-
C contact map.”"***® These two mutually excluded regions,
referred to as compartment A and B, correspond to the active
euchromatin and inactive heterochromatin, respectively.”"*>*°
The Hi-C data on the human embryonic stem cell (ESC) and
its derived multilineage cells at the early embryo devel-
opmental stages indicate the extensive switching of compart-
ment A to B, accompanied by the changes of epigenetic
modifications upon the differentiation.””** Recent studies on
different cell state transitions established the intimate relation-
ship between the chromosome compartment switching and the
transcriptional changes.””** These findings suggest that the
large-scale chromosome structural changes are indispensable
and needed for the cell state transitions.

The Hi-C measurements on the initial and final states do not
provide the dynamics of the chromosome structural changes
during the cell state transition. Recently, the time-series 4D Hi-
C experiments studied the mechanisms of transitions by
measuring the contact maps at discrete time points during the
processes.”' ~*® However, there is still a lack of connections
between the neighboring data, so the transition pathway
inference strongly depends on the temporal resolution of the
data. Meanwhile, given the highly stochastic nature of the cell
dynamics, the data at each time point inevitably contain the
temporal heterogeneity of cells at different transition stages.
This impedes the precise characterization of chromosome
structures at the intermediate states during the cell
transitions.””**

Here, we used a nonequilibrium landscape-switching
simulation approach to study the chromosome structural
transition between the human fibroblast (Fibro) and Neuron
cells. The transdifferentiation from the Fibro to Neuron cells
has been extensively realized in experiments.’™>*"** However,
the mechanisms of the transitions remain elusive. We
quantified the transdifferentiation pathways by projecting the
trajectories onto different chromosome structural character-
istics, including TADs, compartments, and contacts at different
types and ranges. We identified the nonoverlapped pathways
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for the two transitions from the Fibro to Neuron cells, and
from the Neuron to the Fibro cells, leading to the irreversibility
of the transdifferentiation. The degree of the irreversibility in
transdifferentiation is negatively correlated with the ranges of
the chromosome structures. However, because of the
conserved boundaries of TADs during cell transdifferentiation,
we speculate that the high irreversibility of structural
reorganization at the TAD level may have little effects on
distinguishing the mechanistic differences between the forward
and reverse transitions. We observed that the strengths of
chromosome contacts at the intermediate states during both of
the transitions adapt toward the ones at the ESC. This is an
implication of increasing “stemness” during the transdiffer-
entiation. We found that the NPC is located at the
transdifferentiation pathways projected onto the long-range
contacts. The observations are consistent with the previous
experiment,'* where the NPC-like intermediate cell states were
uncovered during the transition from the Fibro to Neuron
cells. We launched a promising theoretical framework to study
the chromosome structural dynamics during the transdiffer-
entiation and provided extensive predictions that can be
assessed by future experiments.

We used molecular dynamics (MD) simulations to study the
chromosome structural dynamics during cell transdifferentia-
tion between the Fibro and Neuron cells. It has been
demonstrated that an effective equilibrium energy landscape
can accurately describe the nonequilibrium chromosome
system at one cell state in favorable circumstances.*' "
Thus, the chromosome dynamical transitions during cell
transdifferentiation, which corresponds to the transitions
between two cell states, are determined by the connections
between two effective equilibrium energy landscapes. As the
cell state transition processes are governed by the principles of
nonequilibrium dynamics facilitated often by the energy
pumping processes such as ATP hydrolysis, the interlandscape
connections should inherently have a nonequilibrium nature.
In our previous work,*® we developed a nonequilibrium
landscape-switching model that is capable of simulating the
slow and large-scale chromosome structural transitions during
various cell processes, including the cell cycle,*® cell differ-
entiation and reprogramming,’’ as well as the cancer cell
formation."™" The landscape-switching model utilizes an
approximation to connect the two landscapes at the initial
and final cell states through an instantaneous energy excitation,
which triggers the transition from one cell state to the other. As
an external energy input, the energy excitation breaks the
detailed balance of the system and drives the system out of
equilibrium. Therefore, the model not only captures the
essence of the nonequilibrium nature of the cell-state transition
dynamics, but also significantly expedites the cell trans-
formation processes, which are often too slow to be
investigated by the conventional MD approaches.

The rationale of the landscape-switching model can be
explained by the following two facts. First, from the biological
perspective, the cell state transition process exhibits the
switching dynamics. Various experimental evidence suggested
that the cell developmental system shows multistability and the
transition between the multiple stable cell states undergoes like
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Figure 1. Chromosome structural dynamics during cell transdifferentiation from the Fibro to Neuron cells (upper) and from the Neuron to Fibro
cells (lower). The experimental Hi-C contact maps and the ideograms of chromosome 14 (20.5—106.1 Mb) annotated by compartment status for
(A) the Fibro cell and (B) the Neuron cell. (C) Hierarchical clustering of the chromosome contact maps between the transdifferentiation time ¢ =
I, J for total contacts (left), contacts in local range (<2 Mb, middle), and contacts in nonlocal range (>2 Mb, right). The comparison between the
contact maps at t = I and J is made by calculating the coefficient of determination R*(I, J) between the contact probability P,; formed by the

“i” and “j” at time ¢t = I and J: R, ND=1- Zij [Pi’i(t =1I) - Pi,j(t = ])]2 . R¥(I, J), which measures the

I, =D = B OF T, Bt =]) - (BT

similarity of the two contact maps at time ¢ = I and J (R*(I, J) = 1 corresponds to the 1dent1cal Hi-C contact maps with P, ( t=1) = P, ( t=]) and the
deviation of R*(I, J) from 1 indicates the degree of difference between these two contact maps), is shown by 2D plots. (D) The 7 states (“F1” to
“F7”) that represent the typical chromosome contact formation during the transdifferentiation from the Fibro to Neuron cells, based on the
comparison of the local and nonlocal dendrogram cluster trees. (E) The chromosome structural transition of the 7 states denoted in (D) during the
transdifferentiation from the Fibro to Neuron cells shown in terms of the contact maps (upper) and circle plots (lower). In circle plots, the red and
blue bands indicate the chromosomal loci in the compartment A and B, respectively. The compartment profiles are further shown as histograms
near to the band plots. The connections show the long-range (>5 Mb) interactions. The interactions are identified by the enhanced contact
probability P/ P, where Py, and Py, are the observed and expected contact probability, respectively.”’ The red, blue, and gray lines indicate the
interactions between the chromosomal loci within compartment A, within compartment B, and between compartments A and B. Only the top 50
weighted contacts are shown for better visualization. (F—H) The same as (C—E), but for the transdifferentiation from the Neuron to Fibro cells.
The representative 7 states during the transdifferentiation from the Neuron to Fibro cells are denoted as “N1” to “N7”.

chromosomal loci

a switch.*™>* Theoretical studies showed that the simple to a nonadiabatic (adiabatic) process.”®>” In reality, a cell can
circuitry model of switching between two distinct gene states is stably reside in the terminally differentiated cell state and the
capable of capturing many characteristics of the cell state transdifferentiation cannot occur spontaneously. This indicates
transition.”* >’ Second, from the physical perspective, the cell a slower time scale for the cell waiting for transdifferentiation
state transition process should be described by the non- (interlandscape dynamics) than the cell relaxing within one
adiabatic nonequilibrium dynamics. We have demonstrated stable state (intralandscape dynamics), resulting in the
that the degree of the adiabaticity of the system depends on nonadiabatic process.
the time scales of the processes involved and a faster (slower) Here, we applied the landscape-switching model to study the
intralandscape motion than the interlandscape hopping leads chromosome structural dynamics during cell transdifferentia-
118 https://doi.org/10.1021/jacsau.1c00416

JACS Au 2022, 2, 116-127


https://pubs.acs.org/doi/10.1021/jacsau.1c00416?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00416?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00416?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00416?fig=fig1&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.1c00416?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Insulation Score

0.06 10° Insulation Score C. C.
A Fibro B
Neuron o ® 102 Fibro
X NPC =
S 0.08 15
N 10" = Neuron
8 =
504 e 102 e
o / e | ‘
0.84 0.86
0.12 1072
-0.2 -0.1 0 0.1 0.2 Fibro Neuron NPC
PC2 (6.30%)
C
10°
1
2
0 F.A A\ \y’é\ 10
® -1 Neuron \ \
5 NPC FHN ] =
Q 1
3 5 TD Y Hi1o 5
_5 42 43 48 'c
s ' ' ' ' 10° €
> 1 //*\ =
(2] ‘e Q
”~ =
£ / o //I\\\\\ ,;f,\
Ok ' S / ;C\a/ ] 4
\, \ 2V 7 \f‘\ g0
B ' v ICAVA
™" \v
10

2
42 43 44 45 46

Genomic Distance (Mb)

Compartment Profiles

0.08

3
10
D E
2 Fibro
— 107
S (@] e
c‘?. 10" E Neuron | 0.63
5 04 K 1 c
= X 10° ©
5 S £ wpc| os [ .
Q =
10"
067 | 077 077 [
0.12 102 :
0.2 . -0.1 -0.2 Fibro Neuron NPC
F 10°
P»?‘a'\:\«‘ e !
\ \ rs y “
‘\\l’ \S\ I \\ A > E410°
\ LAY /
2 v ‘\‘\:"ﬁ\if& YV ‘\\
oe_ =L TDF—>N '~ 110t \D‘:
5 60 70 80 =
: e, D0 100 €
3% 4-»- ¥ £
g ~1 Y\ TN - =
S i} o1 ;
/ (\ '\\ 10
\ A
' :_-; DN—»F I ,
10"
80

Genomic Dlstance (Mb)

Figure 2. Chromosome structural transition pathways in terms of the TADs and compartments during cell transdifferentiation. (A) PCA of the
insulation score profiles during the transdifferentiation. The solid and dashed lines are the PCA trajectories of the transdifferentiation projected
onto the first two PCs from the Fibro to Neuron cells, and from the Neuron to Fibro cells, respectively. The Hi-C data of the Fibro cell, Neuron
cell, NPC, and ESC are plotted as circles. (B) Correlation coefficients of the insulation score profiles between any pair among the Fibro cell,
Neuron cell, NPC and ESC. (C) Evolution of the insulation score profiles during the transdifferentiation. Hi-C data at the Fibro cell, Neuron cell,
NPC, and ESC are shown in dashed lines. (D—F) Same as (A—C) but for the compartment profiles.

tion. First, we used the Hi-C data as restraints to obtain the
landscapes for the chromosome dynamics at the Fibro and
Neuron cells, separately. In practice, we performed data-driven
MD simulations guided by the maximum entropy principle to
obtain the simulated chromosome contact maps that closely
resemble the experimental Hi-C data (Figures S1—S4).°° The
prominent outcomes of the restrained MD simulations are two
potentials. Further analyses on the kinetics of the chromosome
systems under these potentials at one cell state show good
agreements with numerous experiments in many faces,
including spatial coherence, viscoelasticity, and the subdiffusive
behavior of the motion in the chromosome.®*” These features
indicate that these potentials can reproduce both the
thermodynamic and kinetic properties of the chromosomes
in one cell state; thus, they correspond to the energy
landscapes of the chromosome dynamics at the Fibro and
Neuron cells, respectively. Then, the landscape-switching
model was implemented to establish the connections between
these two landscapes, leading to the nonequilibrium cell-state
transitions between the Fibro and Neuron cells, namely, the
cell transdifferentiation (see Materials and Methods).

We focused on the long arm of human chromosome 14 with
a range of 20.5-106.1 Mb. The Hi-C maps of the
chromosomes at the Fibro and Neuron cells show significant
differences (Figure 1A and B), in particular, at the regions far
from the diagonal. This implies that there are large-scale
chromosome structural changes during the transdifferentiation
between these two cell states. We first studied the transition
process from the Fibro to Neuron cells (denoted as TDF~Y)
and obtained the Hi-C-like contact probability maps along
with the transition time. We compared the similarity of the
contact probability maps between any of two time points
during the transition (measured by the coefficient of
determination R*(I, J), where I and ] correspond to two time
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points ¢ = I and J) for different chromosomal loci interacting
ranges (Figure 1C). We found that the local and nonlocal
chromosome contacts organize with different time scales, as
the R*(I, J) plots show different patterns. Stepwise comparison
of the local and nonlocal dendrogram clustering trees can
further simplify the transition process into 7 representative
states (“F1” to “F7”) (Figure 1D). The chromosomes within
one state show high structural similarity at both local and
nonlocal ranges. The contact maps of these 7 states indicate
the chromosome structural adaptation during the trans-
differentiation, where the changes of long-range contacts are
more significant than short-range contacts (Figure 1E, upper).
The changes of long-range contacts further lead to the
compartment state switching associated with the rearrange-
ments of the interactions based on the compartment state
during the transition (Figure 1E, lower). It is worth noting that
although the contacts within the compartment B at both the
Fibro and Neuron cells are highly weighted (blue lines in
Figure 1E, lower), the chromosomes at the states on the
transition path tend to increase the weights of contacts within
the compartment A (red lines in Figure 1E, lower). The results
indicate that the chromosome strengthens the long-range
interactions within the active compartment A regions, followed
by weakening them during the transdifferentiation.

We then studied the chromosome structural dynamics
during the transdifferentiation from the Neuron to Fibro cells
(denoted as TDN~F). Overall, the chromosome structural
evolution during the TDV™F shows the same behavior as that
during the TD'™N, where the local and nonlocal contacts
organize the changes through different time scales (Figure 1F).
Similarly, we used 7 representative states (“N1” to “N7”) to
simplify the transition process (Figure 1G). The representative
states during the TDV™F, except the initial and final states,
show different contact maps with the states during the TD*™N

https://doi.org/10.1021/jacsau.1c00416
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Figure 3. Evolution of the chromosome enhanced contact probability during cell transdifferentiation. (A) Chromosome enhanced contact maps
(upper) and compartment profiles (lower) of the 7 states during the transdifferentiation from the Fibro to Neuron cells. (B) Statistics of enhanced
contact probability of the 7 states during the transdifferentiation from the Fibro to Neuron cells. The violin plots (upper) and average (lower) of
the contact probability are based on the interaction loci pairs from (left to right) total, within compartment A, within compartment B, and between
compartments A and B. (C, D) The same as (A) and (B), but for the transdifferentiation from the Neuron to Fibro cells.

(Figure 1H). This indicates that these two transitions in the
opposite directions do not undergo the same route, leading to
the irreversibility of the transdifferentiation. Despite the
different contact maps between the representative states during
these two transitions, the long-range contacts within the
compartment A in the chromosome are enhanced at the
intermediates during the TDN™F, similar to the observations
during the TD*~N. The results suggest that strengthening the
contacts within the active compartment A regions in the
chromosome is prevalent during the transdifferentiation
regardless of the transition direction.

Since TADs have been deemed as the structural units of the
chromosome,'¥**** we focused on how the TADs structurally
change during the transdifferentiation. We used the 1nsu1at10n
score, which was previously introduced by Crane et al,®

quantify the structure of the chromosome at the local ranges,
where TADs form. The insulation score is calculated based on
the chromosome contact map and presented in terms of a one-
dimensional profile. Every locus in the chromosome has an
insulation score that reflects the aggregate of the interactions
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occurring across this locus at a local range. Therefore, the local
minima of the insulation score profile denote the loci of high
insulation that can potentially be classified as the TAD
boundaries. The insulation score provides a quantitative
structural measurement of the TADs and the associated
boundaries. It was used here to capture the TAD formation.
We performed the principal component analysis (PCA) on the
evolution of the insulation score profiles along with the
transition time during the transdifferentiation (Figure SS) and
projected the trajectories onto the first two principal
components (PCs) (Figure 2A). The two pathways that
show the dynamical changes of the local chromosome
structures during the forward and reverse transitions do not
overlap. This indicates a high degree of irreversibility in TAD
structural dynamics during the transdifferentiation. Further-
more, we observed that the ESC and NPC are located far away
from both pathways. The findings suggest that TADs do not
form the structures in either ESC or NPC during the
transdifferentiation between the Fibro and Neuron cells.
Extensive analyses on Hi-C data have revealed that the
structures of TADs are highly conserved across different cell
types.”>>*°° We also found that there are strong correlations
among the insulation score profiles of the Fibro cell, Neuron
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Figure 4. Chromosome structural transition pathways in terms of the chromosome contact probability. The PCA plots of the enhanced contact
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cell, NPC, and ESC (Figure 2B). This implies that the changes
of TAD structures during the transdifferentiation may not be
significant. We collected all the insulation score profiles during
the transitions and compared them with the ones from the
experimental Hi-C data of the Fibro cell, Neuron cell, NPC,
and ESC (Figure 2C). All the insulation score profiles show
very similar trends during the transitions and do not deviate
significantly from the ones obtained through the Hi-C data of
the 4 cell states. The results suggest that the large-scale
chromosome structural changes during the transdifferentiation
should mainly occur at the ranges beyond the TADs.

We then studied the changes of the compartment, which is a
long-range structural motif in the chromosome, during the
transdifferentiation. We used the compartment profile to
quantify the structural compartmentalization in the chromo-
some. The compartment profile is the first PC (PC1) of the
enhanced contact probability and its direction is assigned
based on the gene density. A positive (negative) value in the
compartment profile dictates the compartment A (B)
chromosome region, which further correlates with the
euchromatin (heterochromatin) state.”"””” The compartment
A was found to be associated with open chromatin and the
compartment B with closed chromatin. Interactions are largely
constrained to occur between chromosome regions belonging
to the same compartment status, which is denoted by the
compartment profile. Therefore, the compartment profile
provides the quantitative measurement of the strength of the
chromosome compartmentalization and was used here to
capture the compartment formation. We performed the PCA
of the compartment profiles evolving with the transition time
and projected the trajectories onto the first two PCs (Figure
2D). Interestingly, we observed that the pathways of the
compartment changes share similar routes for the two
transitions. The ESC is still located far away from the
pathways, indicating that the ESC does not lay in the
transdifferentiation processes from the compartment perspec-
tive. On the other hand, we found that the NPC is very close to
the Neuron cell, due to the strong correlation of compartment
profiles between the NPC and Neuron cell (Figure 2E). Thus,

121

it cannot be determined whether the NPC is on the transition
pathways based on the compartment changes. Different from
the TADs, the trajectories of the compartment profiles show
significant changes with compartment state switching between
A and B during the transition (Figure 2F). Therefore, our
results show that the chromosome structural changes during
transdifferentiation are mainly associated with the compart-
ment changes, which undergo reversible pathways during the
forward and reverse transitions.

As shown in Figure 1, the irreversibility of the trans-
differentiation can be observed at the adaptation of the long-
range chromosome contacts. This indicates that the compart-
ment profile, which is the one-dimensional projection (PC1)
of the enhanced contact map, is insufficient to accurately
describe the chromosome structural dynamics during the
transdifferentiation. Therefore, we present the 2D maps of the
enhanced contact probability at the representative 7 states
during the TDN~F and TD*~V (Figure 3A and C). It is shown
that the contact maps of the states, except the initial and final
states, at the forward direction have clear differences from
those at the reverse direction (Figure S7A), though they have
highly similar compartment profiles (Figure S7B).

To see how the chromosome contacts rearrange during the
transdifferentiation, we categorized the contacts based on the
compartment state of the involved loci. For the whole contact
sets (“Total” type), the contact probability shows an initial
increase followed by a decrease during both transitions (Figure
3B and D). This nonmonotonic change of contact probability
during the transdifferentiation was also observed for the
interacting loci within the compartment A (“A-A” type) and
between the compartment A and B (“A-B” type). Interestingly,
the changes of contact probability involved by the loci within
the compartment B (“B-B” type) show distinct behaviors
during the TDN=F and TDFN. During the TDFN the
probability of the “B-B” contact type decreases first toward the
value at the ESC, followed by a sharp increase from the state
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“F6” to “F7”. In contrast, the probability of the “B-B” contact
type during the TDV~F undergoes a monotonic decrease. It is
worth noting that the chromosome in the ESC shows the
highest probabilities of the “A-A” and “A-B” contact types and
the lowest probability of the “B-B” contact types among the 4
cell states (Figure S8). Therefore, the initial rearrangements of
the chromosome structures with strengthening the contacts of
the “A-A” and “A-B” types and weakening the contacts of the
“B-B” type during the transdifferentiation potentially adapt the
chromosome contacts toward the ones formed at the ESC.

To see how the contacts in the chromosome organize at
different ranges during the transdifferentiation, we projected
the trajectories of the enhanced contact probability onto the
first two PCs at the different contact ranges during the two
transitions (Figure 4). We found that the pathways of the
forward and reverse transitions are more likely to be
irreversible at short contact ranges, compared to the ones at
long contact ranges. At the local contact range within 2 Mb,
where TADs form (Figure 4A), the ESC and NPC are located
far away from these two nonoverlapped pathways, echoing
with the analysis based on the insulation score (Figure 2A).
Increasing the contact ranges from 2 Mb to 20 Mb
progressively moves the ESC and NPC close to the pathways
(Figure 4B,C,D). It is worthing noting that the NPC and ESC
are very close to each other at the contact ranges of 5—10 Mb
and 10—20 Mb, indicating that the chromosome interactions at
these ranges are very similar at the ESC and NPC.
Interestingly, when the contact ranges exceed 20 Mb (Figure
4E and F), the NPC appears to be on the two pathways, while
the ESC is located far away from the NPC and these two
pathways. The results indicate that the chromosome structures
at the very long ranges (>20 Mb) can go through the ones
formed at the NPC during both transitions in the trans-
differentiation. Together, our findings suggest that the
chromosomes during the transdifferentiation between the
Fibro and Neuron cells can partially form the structures in
the NPC at the long ranges.

In this work, we studied the chromosome structural dynamics
during the transdifferentiation between the Fibro and Neuron
cells with a data-driven model followed by a nonequilibrium
MD simulation approach. We analyzed the formations of
TADs, compartments, and contacts, and quantified the
chromosome structural transition pathways during cell trans-
differentiation. We found that the degree of the irreversibility
in cell transdifferentiation varies by contact range and type. In
particular, we observed that the local contacts and the contacts
within compartment B are formed irreversibly during cell
transdifferentiation. Based on the intimate relationship
between the structure and function of the chromosome, we
described the cell transdifferentiation process from the
chromosome structural perspective. The irreversibility, which
reflects the nonequilibrium nature of the cell state transition
process, underlines the differences in the mechanisms of the
transitions from the Fibro to Neuron cells and from the
Neuron to Fibro cells.

Our results indicate that the two transdifferentiation
pathways in the opposite directions at the local structural
level are nonoverlapped, indicating a significant degree of
irreversibility for forming TADs. In contrast, these two
pathways, when projected on the compartment profile,
reflecting the chromosome structure at the long range, appear
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to be almost reversible. These distinct features of the
chromosome structural transition pathways at the TAD and
the compartment level may be correlated with the distinct
mechanisms for forming the TADs and the compartments in
the chromosome. For TADs, the structures are assumed to be
formed by the active extrusion of the chromatin loops.®””*® The
active loop extrusion is undertaken by the structural
maintenance of chromosome (SMC) protein complexes,é9
and the process is highly ATP-dependent.70 In other words,
the structural changes of the TAD:s in the chromosome are led
by the active, motor-driven, nonequilibrium dynamics. From
the physical perspective, the nonequilibrium dynamics is the
origin of the irreversibility. Therefore, it is expected that there
is a high degree of irreversibility in the chromosome structural
transition pathways of cell transdifferentiation at the short-
range where the TADs form. On the contrary, the exact
segregation mechanism of the chromosome compartmentaliza-
tion and its molecular players have not been fully identified.
Nevertheless, compartments are deemed to rely in part on the
association of the loci according to the histone modifica-
tions,””" which leads to the different binding affinities across
different loci and the potential recruitment of the hetero-
chromatin protein 1 (HP1) or the other proteins.””””
Although our current limited knowledge on the mechanism
of the compartmental organization does not rule out the
possible active events involved in the process, it has been
demonstrated that the spatially segregated compartment can be
well explained by the equilibrium microphase segregation,”*”>
which can be spontaneously induced by the specific association
of the chromosomal loci from the same compartment status
with or without the participation of the proteins. Therefore,
the nonequilibrium effects on the structural formations of the
compartments in the chromosome should be much weaker,
compared to the TADs, leading to largely overlapped
transdifferentiation pathways of the forward and reverse
transitions from the compartment perspective.

The nonoverlapped pathways at the TAD level indicate
distinct behaviors of the chromosome reorganizing its structure
during the forward and reverse processes. However, we
speculate that the irreversibility at the TAD level may have
negligible effects on distinguishing the two transitions due to
the following two facts. First, we found that the insulation
score profiles preserve similar trends during the trans-
differentiation, so the boundaries of TADs are conserved.
The conserved boundaries of TADs are supposed to maintain
the same functional roles as spatial constraints for facilitating
the specific enhancer-promoter interactions.'* Second, a recent
experiment found that the disruptions of the TAD
organizations through CTCF depletion do not affect the
transdifferentiation of the B cells into macrophages.”” Besides,
extensive studies showed that the structural changes on TADs
in various species only caused minor changes in gene
expressions.”°~*" Therefore, the different routes for TAD
reorganizations during the two transdifferentiation processes
should not lead to mechanistic differences in the gene
regulation at the TAD level.

The irreversibility of transitions was further observed in
terms of the contact adaptations within B compartment regions
during the transdifferentiation. A previous study uncovered
that the chromosomes in the mouse Neuron cell and NPC
have weaker interactions within the active compartment
regions accompanied by stronger interactions within the
inactive compartment B than the chromosomes in the mouse
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ESC.*" We found a similar trend in calculating the contact
strengths with different types in the chromosomes at the
human Fibro cell, Neuron cell, NPC, and ESC (Figure S8).
This suggests a common mechanism that the strong
aggregation in the chromosome is more likely to occur at
the euchromatin regions than the heterochromatin regions in
the pluripotent ESC, and vice versa for the partially and
terminally differentiated cells. These delicate arrangements of
the compartment segregation strengths may be used to
characterize the different stages of the cell developmental
processes.””>**>% In this respect, we claim that the initial
increase of the “A-A” contact strengths during the trans-
differentiation potentially adapts the chromosome interactions
within the compartment A regions toward the ones formed at
the ESC. At the same time, the decrease of the “B-B” contact
strengths during the two transitions also promotes the
formation of chromosome interactions within the compart-
ment B regions toward that at the ESC. However, it leads to
irreversibility as the strengths of the “B-B” contacts at the late
stages in the TD"~™ have to increase to reach the values at the
Neuron cell (Figure 3B and D). Therefore, the chromosome in
these two transitions has a similar propensity to organize its
structure toward that formed in the ESC at the early stages of
the transdifferentiation. The irreversibility between these two
transitions originates from the different strengthens of the
interactions formed within the B compartment. During the
transition from the Fibro to Neuron cell, the chromosome can
reach a weaker interaction strength in the inactive compart-
ment B regions, possessing more degrees of ESC-like structures
than during the transition from the Neuron to Fibro cells.
Combining all the findings present in this study allows us to
draw a schematic Waddington’s landscape for cell trans-
differentiation between the Fibro and Neuron cell from the
chromosome structural perspective.”* In the pictorial Wad-
dington’s epigenetic landscape, the cell, which is metaphori-
cally described as a ball, rolls down from the top to the bottom
of the landscape during cell differentiation. The ESC, which
possesses the highest degree of pluripotency, locates at the top
of the landscape, and the terminally differentiated cells (e.g.,
the Fibro and Neuron cells) are placed at the minima of the
landscape. During the ESC differentiation, the cell forms the
multipotent NPC prior to the arrival at the Neuron cell. The
cell transdifferentiation processes correspond to the transitions
that occur directly between the two minima on the landscape
(Figure S). Our calculations on the strengths of the different
contact types suggest that an initial climb up the landscape
toward the ESC is a prerequisite for cell transdifferentiation
(Figure 3B and D). The observation that the ESC is far away
from the quantified pathways projected at the structural
characteristics of the TADs and compartments (Figure 2A and
D) indicates that the transdifferentiation does not undergo a
full reprogramming process,”” which corresponds to a
complete rise of the cell state from the bottom to the top of
the landscape. The long-range contact evolution pathways
show that the chromosomes during the transdifferentiation
form the structures, which largely resemble those in the NPC
(Figure 4C—F). This suggests that the NPC, as a cell
developmental state, lies close to the transdifferentiation
paths. Our theoretical results resonate with a recent
experimental work, where Treutlein et al. used the single-cell
RNA-seq technique to reveal NPC-like intermediate cell states
during the direct conversion of the mouse Fibro to the Neuron
cell.'’ Furthermore, the transcriptomic data of the inter-
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Figure S. Scheme illustrating Waddington’s landscape for cell
transdifferentiation between the Fibro and Neuron cells from the
chromosome structural dynamics perspective.

mediate states show certain degrees of deviation from the ones
of the NPC.'? This is also in line with our simulation that the
NPC does not always locate on the transition pathways. The
findings suggest the slightly divergent pathways for the late
stages of the transdifferentiation from the Fibro to Neuron cell
and the differentiation from the NPC to the Neuron cell,
leading to nonoverlapped paths on Waddington’s landscape
(Figure S). Finally, the two paths of transdifferentiation with
opposite directions should be separated on the landscape to
reflect the irreversibility of the transitions. However, the
separation of these two paths should be minor, as the two
transitions share many features in organizing the chromosome
contacts, as indicated by our simulations.

It is noteworthy that there are two prominent limitations in
our current model that can be improved in the future. First, the
model with a focus on the chromosome structural changes in
the interphase during cell transdifferentiation does not take
into account the cell cycle process. Currently, the experimental
Hi-C data for the cell cycle during cell development are still
lacking, and the relationship between the cell cycle and cell
transdifferentiation remains elusive. In this regard, we treated
the cell cycle dynamics as an averaged background and focused
on the slow cell developmental process. Thus, our results
indicate the chromosome structural dynamics at the interphase
of the cell during transdifferentiation. The model can be
improved by implementing the cell-cycle dynamics using the
Hi-C data at different cell-cycle phases measured from future
experiments. Second, the model that simplifies cell trans-
differentiation into a bistable switch does not take into account
the possible existence of the intermediate state. The
intermediate state, which corresponds to the metastable state
on Waddington’s landscape, should contribute to dictate the
developmental pathway. Further improvement on the model
can be made by applying multiple stepwise switching between
the cell states during the developmental process when the Hi-C
data at the intermediates state are available.

In summary, we quantified the chromosome structural
dynamics during the transdifferentiation and uncovered the
molecular mechanisms of the cell state transitions at the
chromosomal level. Our predictions can be assessed by future
experiments, in particular, with the rapid development of the
4D nucleome techniques.85’86 On the other hand, further
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improvements on our model can be made by introducing the
cell-cycle dynamics and the intermediate states into the
landscape-switching model, when the relevant Hi-C data are
available. We anticipate that our approach can be extended to
study the chromosome structure dynamics during different cell
state transition processes and quantify the essential pathways
and mechanisms that are difficult to characterize in the current
experiments.

The Hi-C data of the Fibro cell and ESC were downloaded from the
Gene Expression Omnibus database with accession number
GSE63525%% and GSE35156,> respectively. The Hi-C data of the
Neuron cell and NPC are accessible through an open source platform
(synapse, ID: syn12979101).*” The analyses of Hi-C data were
performed by the Hi-C Pro software through the standard pipeline.*®
The contact matrices were generated at a resolution of 100 kb and
further normalized by the iterative correction and eigenvector
decomposition (ICE) method.*” We focused on the long arm of
chromosome 14 with a range of 20.5—106.1 Mb, so there are 857
beads in our simulations. In order to perform the simulations, we
further normalized the contact frequency to contact probability f,,
based on the reasonable assumptions that the neighboring beads are
always in the contacts with probability f;; = 18379590

In our simulations, the chromosome is described by a beads-on-a-
string model, where the neighboring chromosomal loci are connected
by the pseudo bonds.”" Soft-core repulsive interactions are
implemented on any pair of the beads to allow the chain-crossing,
mimicking the effects of topoisomerase.””***> These bonded and
nonbonded interactions with an additional spheric confinement
potential, which mimics the effects of the nuclear membrane, make up
a homopolymer potential Vpgj .- In our previous work, we showed
that the chromosome under Vpjpe, results in an equilibrium globular
ensemble, which has no biasing to specific structures.*’

To accurately reproduce the experimental observations with the
MD simulations, one can introduce additional restraints based on the
experimental data. Here, we used the maximum entropy principle to
implement the experimental observations, i.e.,, Hi-C contact maps,
into the MD simulations. As requested by the maximum entropy
principle, the potential from experimental restraints should be in the
linear form of the contact probabilities.”>”* Therefore, the potential of
chromosome system at one cell state Vi, where the subscript “Cell”
corresponds to “Fibro” or “Neuron”, is expressed as the following:

VCelI = VPonmer + z ai,jpi,j
i)j

where P, is the contact probability between the chromosomal loci “i”
and “j” with prefactor a;; controlling the strength. a;; is determined by
the maximum entropy principle through multiple rounds of iterations
to ultimately match P;; from the simulated chromosome ensembles to
the f;;, which is the experimental Hi-C contact probability. Details of
the model can be found in the Supporting Information and the

. L 4345
previous studies.

We performed the landscape-switching model, which was developed
in our previous work, "™ to study the chromosome structural
dynamics during cell transdifferentiation. We briefly describe the
model here. First, the chromosomes are simulated under the potential
obtained by the maximum entropy principle simulations for the Fibro
(VEibro) o Neuron (Vieuron) cell. Then, a switch of the potential from
the Fibro cell to Neuron cell (Viyp,o = Viewon), OF from the Neuron
cell to Fibro cell (Vyeuon = VEibro), i implemented. The switching
implementation results in an instantaneous energy excitation to
transfer the system from the equilibrium energy minimum on the
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preswitching landscape to an excited state on the postswitching
landscape. Finally, the system relaxes to the energy minimum at the
postswitching landscape, and the dynamics of the relaxation
correspond to the transitions between the two cell states.

We used Gromacs (version 4.5.7) MD software’ with PLUMED
(version 2.5.0)°° to undertake the simulation tasks. Langevin
dynamics was used with a friction coefficient 1077, where 7 is the
reduced time unit. Temperature is in the energy unit by multiplying
the Boltzmann constant and € is the reduced energy unit. The
temperature in our model does not have a direct connection to the
real one. Instead, it reflects the environmental scale in affecting the
chromosome dynamics under the potential energy. Time step was set
to be 0.00057. In each round of maximum entropy principle
simulations, 100 independent MD simulations starting at different
chromosome structures were performed with a length of 1000z. A
simulated annealing technique was applied in the individual
simulations, where the temperature was gradually reduced from 4e
to € during the first 2507 time. Then, the temperature was then kept
at €, and the second half of the trajectory from 5007 to 10007 was
collected to calculate the simulated contact probability P;;.

We performed the hierarchical clustering on the chromosome
structural ensembles obtained by the maximum entropy principle
simulations at the Fibro and Neuron cells (Figures S1 and S2). Two
chromosome structures with the closest distances to the center of
each cluster, which has populations more than 0.3%, were picked out
for initializing the landscape-switching model simulations. These led
to 220 and 270 chromosome structures to represent the ensembles at
the Fibro and Neuron cells, respectively, and to perform the
chromosome dynamics transition from the Fibro to Neuron cells
and from the Neuron to Fibro cells, respectively. The trajectories at
the landscape-switching model simulations with either V., or Vigeuron
potential were performed with a length of 1 X 10%, within which the
systems are able to reach the equilibrium (Figures S1 and S2).

We used the insulation score to identify the signals of the TADs. The
insulation score was introduced by Crane et al.”> Here, we applied the
same size of sliding space (500 kb X500 kb) suggested previously,** to
calculate the insulation score of each chromosomal locus from the
contact probability map. A minimum of the insulation score profile
indicates a strong local insulation tendency to form the TAD
boundary. TADs are usually megabase-sized structural domains, thus
consisting of about 10 beads in our polymer model, which has a
resolution of 100 kb. In our previous study at the same resolution,*’
we performed the simulations under only potential V., and found
that no TAD formed with the insulation scores equal to 0 across the
whole chromosome segment. In this regard, TADs can be reliably
established by forming and enhancing the block-sized contacts
between the nonbonded beads with including the experimental
restraint from the Hi-C data.

We used the enhanced contact probability Pg,/P,,, at the 1 Mb
resolution to calculate the compartment profile. We performed PCA
on the enhanced contact map after the ICE normalization and
extracted the first PC to represent the compartment profile. Since the
direction of the PC1 is arbitrary, we further determined the status of
the compartment based on the association with the gene density, so
the positive (compartment A) and negative (compartment B) values
were assigned to the gene-rich and gene-poor regions (Figure S9).
Finally, the direction of the PC1 values of states during the
transdifferentiation was determined by calculating the correlation
coefficient to the compartment profile (PC1) of the Fibro cell. The
PCA plots of the trajectories of the enhanced contact probability were
divided based on different contact ranges, which are determined by
different genomic distances between the interacting loci. In practice,
we first performed the PCA on the time evolution of the enhanced
contact probability at different genomic distances, respectively. The
trajectories were then projected onto the first two PCs, leading to the
quantified pathways in terms of the enhanced contact probability.
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.1c00416.

Details of chromosome simulation model; figures of
data-driven simulation results (Figures S1—S4), time-
evolving trajectories of TADs and compartments (Figure
SS and S6), correlation between contact probability and
compartment during transdifferentiation (Figure S7),
contact probability varied by contact type (Figure S8),
and gene density (Figures S9) (PDF)
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