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Chromosomes are segmented into domains and compartments,
but how these structures are spatially related in three dimensions
(3D) is unclear. Here, we developed tools that directly extract 3D
information from Hi-C experiments and integrate the data across
time. With our “4DHiC" method, we use X chromosome inactiva-
tion (XCI) as a model to examine the time evolution of 3D chro-
mosome architecture during large-scale changes in gene expression.
Our modeling resulted in several insights. Both A/B and S1/52 com-
partments divide the X chromosome into hemisphere-like structures
suggestive of a spatial phase-separation. During the XCl, the X chro-
mosome transits through A/B, $S1/S2, and megadomain structures
by undergoing only partial mixing to assume new structures. Inter-
estingly, when an active X chromosome (Xa) is reorganized into an
inactive X chromosome (Xi), original underlying compartment struc-
tures are not fully eliminated within the Xi superstructure. Our
study affirms slow mixing dynamics in the inner chromosome core
and faster dynamics near the surface where escapees reside. Once
established, the Xa and Xi resemble glassy polymers where mixing
no longer occurs. Finally, Xist RNA molecules initially reside within
the A compartment but transition to the interface between the A
and B hemispheres and then spread between hemispheres via both
surface and core to establish the Xi.
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he dynamics and structural reorganization of chromosomes

contribute to important physiological transitions in the cell.
Three-dimensional (3D) chromosome structure information is
critical for understanding their dynamics and the extent to which
gene expression and epigenetic mechanisms are regulated by the
3D architecture of chromatin (1, 2). Breakthrough technological
advances, such as Hi-C, have enabled large-scale sequencing of
genome-wide two-dimensional (2D) contacts (3) and validated
earlier observations that mammalian chromosomes are organized
into loop domains, anchored by CCCTC-binding factor (CTCF)
proteins, and into larger compartments, which roughly correlate
with gene-expression states (4-9). While it is well-established that
long-range loops between regulatory elements, such as enhancers
and promoters, play a role in developmentally timed gene ex-
pression (10-12), studies have also shown that abolition of topo-
logical domains and major shifts in compartmentalization have
little immediate impact on gene expression (13-19). These studies
have therefore left open the question of whether and how chro-
mosome structure regulates gene expression. Novel protocols have
been developed to label genes for live-cell imaging to study
chromatin dynamics (20), but new methodologies are still required
to push the present boundaries of knowledge. While there are
models that demonstrate important specific features of chromo-
some architecture (21-23), critically missing are methodologies
that directly convert 2D biological information (such as from Hi-C
contact maps) into 3D models of| the ‘chromosome. Such

PNAS 2021 Vol. 118 No. 42 €2107092118

methodologies could yield valuable models from large-scale
sequencing experiments of the pairwise contacts that make up
2D contact maps.

Hi-C experiments typically yield a genome-wide composite of
long-distance interactions between two genetic loci. For every set
of 2D experimental data, however, there are many possible 3D
folds that would be consistent with the aggregate of pairwise in-
teractions. Resolving the 3D structure could therefore be chal-
lenging, as connectivity information alone does not provide all the
information needed to generate a 3D structure because only rel-
ative 2D positions (deduced from cross-linked contacts that are
preserved through DNA ligation) are defined and no actual 3D
contacts are directly visualized. Over the past decade, various
methods for 3D modeling had been developed (21, 24, 25), and
these can be roughly classified into two groups: “mechanistic” and
“inverse” models (for a full review, see ref. 26). Mechanistic
models (27, 28) provide detailed structures of gene loci. Inverse
models use data to infer chromatin structures, generating in silico
configurations of gene loci or whole chromosomes consistent with
Hi-C data. A prominent example of a constraint-based inverse
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model includes TADDit, which has been used to reconstruct gene
loci in mammalian cells (24). Similar methods have been applied
to reconstruct whole yeast nuclei (29). Thus, there are a variety of
computational approaches that could potentially be applied to
synergize with the biochemically based Hi-C datasets. Previous ef-
forts have employed polymer simulations from first principles with
great success, incorporating well-defined one-dimensional (1D) in-
formation, such as CTCF motifs, reconstructing 2D connectivity
profiles from first principles (21, 23, 30). This approach has been
successful in identifying critical elements of chromatin organization,
such as loops, leading to the proposed mechanism of chromatin
folding by loop extrusion (21). These previous models performed by
other groups provide a possibility to generate a contact map as-
suming that the 1D information is sufficient for such predictions.
However, there could be unknown factors and motifs that might
change the model as new experimental techniques emerge.

To minimize assumptions and biases, here we ask the questions:
Given Hi-C data, can a model be generated such that all 2D bi-
ological information is mapped directly onto the 3D structure
without assumptions and prior knowledge of the epigenetic
modification state of the chromosome, and can a modeling pipe-
line be developed that would be transferable to any Hi-C dataset?
Indeed, here, we develop “4DHiC” (pronounced “4-D-Hi-C”)
that enables visualizing chromosomes in 3D over time. We test the
approach on a classic epigenetically regulated chromosome: the
inactive X (Xi) of the female mammal. In female mammals, one X
chromosome is transcriptionally inactivated to balance gene ex-
pression between females and males. X-chromosome inactivation
(XCI) involves a progressive transformation of an active X chro-
mosome (Xa) to an Xi, precipitated by Xist RNA molecules
spreading over the chromosome (31-34). Many 1D (e.g., epige-
netic sequencing) and 2D (e.g., Hi-C) studies of XCI have been
performed and together they point to three evolving principles of
chromosome organization (Fig. 14): 1) A/B compartments, de-
lineating active and inactive regions on the Xa (7); 2) S1/S2
compartments, appearing during the transition from Xa to Xi
(35); and 3) two megadomains, a structural endpoint for the Xi
(7, 14, 36-39). These studies have complemented a wealth of
microscopy studies regarding the large-scale organization of the Xi
in the nucleus (40-46). Yet, many open questions remain. What is
the relationship between A/B and S1/S2 compartments? Are S1/52
structures transitory or do they persist during XCI? How do
megadomains form? Finally, how does Xist RNA spread over the
evolving 3D Xi geometry? To address these questions, we apply
4DHIC, reveal the 3D Xi structure across time, and observe fea-
tures not previously detected by classic Hi-C analysis.

Results

Three-Dimensional Reconstructions from Hi-C with 4DHiC. Our
4DHiC approach applies the inverse method with the dis-
tinguishing feature that a minimal number of underlying as-
sumptions are imposed regarding chromosome structure. For
example, no assumptions are made regarding how compartments
interact with each other or whether specific genes, chromosomal
regions, or proteins (such as CTCF) are critical for structure
formation. Additionally, 4DHiC does not stipulate that the dis-
tances between Hi-C interacting beads need be inversely propor-
tional to their interaction frequency, as such stipulation could
undesirably distort chromosome structure by forcing beads with
weak interaction strengths to be farther apart, when in fact they
could be merely beyond cross-linking distance. In 4DHiC, by using
harmonic constraints to simulate cross-linking distances, we
achieve direct, experimentally validated correspondence between
the 3D model and the experimentally determined Hi-C contact
map, allowing us to visualize complex features observed on a 2D
Hi-C map in 3D without prior assumptions about any features in
the Hi-C maps. Thus, empirically determined pairwise interactions
from Hi-C experiments are directly converted to a 3D rendering,
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with a time dimension added subsequently on the basis of changes
observed during a Hi-C time course. Our approach bypasses the
need to call topological domains, loops, compartments, and other
classic structures evident in Hi-C contact maps.

Our approach instead uses a coarse-grained polymer model
and is scalable: the number of beads can be increased or decreased,
allowing tuning of the resolution of the polymer to the resolution of
any Hi-C dataset (Fig. 1B). The approach does not rely on the
multidimensional (MD) scaling approximation, which infers 3D
distances based on measured contact frequency (47). We adapted
the polymer bead-spring model from Grest and Kremer (48), a
widely used polymer model that describes a polymer as beads con-
nected by springs (48, 49). Our Hi-C datasets for X inactivation have
a resolution of 200 kb. Thus, we modeled the 166-Mb X chromo-
some as a polymer with 833 beads, with one bead for each Hi-C bin
viewed at 200-kb resolution. We began with a random polymer chain
conformation and generated a 3D model by collapsing the polymer
using a self-avoiding random walk and imposing constraints based on
strongly attracting monomers (i.e., guided by the empirically mea-
sured pairwise cis-interactions captured by Hi-C experiments). Sim-
ulations are continued until convergence is achieved between
simulated 2D contact maps and experimentally determined 2D Hi-C
maps (correlation coefficient R ~0.97) (Fig. 1).

Validation of the Hi-C Method. To validate our 4DHiC pipeline, we
first reconstructed the Xa and colored two halves of the chro-
mosome separated by the microsatellite repeat, Dxz4 (Movie S1)
(7, 14, 18, 36, 39, 50): a centromeric (CEN) half in white cor-
responding to the proximal megadomain on the Xi (0 to 72 Mb)
and a telomeric (TEL) half corresponding to the distal mega-
domain on the Xi (73 to 166 Mb) in purple (Fig. 1). Without
constraints, the model polymer chain folded into a 3D structure
without apparent organization (SI Appendix, Fig. S1), as expec-
ted, with the two halves (white, purple) of the Xa fully mixed in
3D (Fig. 1 C, Left). On the other hand, constraining the model
using empirically measured 2D Hi-C contacts generated an or-
derly 3D chromosome model, with the proximal and distal halves
of the Xa separated into two poles (Fig. 1 D, Left). The
simulation-derived 2D contact map correlates strongly with the
Hi-C-derived map (R, = 0.97, Rpcarson = 0.85) (Fig. 1 D, Right).
In particular, although the long-range interactions required for
Xi megadomains are not present in the Xa, the two chromo-
somal halves still undertook compact globular morphologies that
were spatially separated from each other in 3D space, consistent
with previous studies (46). We also studied the effect of deletion
of Dxz4 on the structure of the X chromosome based on Darrow
et al. (14), and our 3D models were consistent with previous
empirical findings (S Appendix, Fig. S2) and other models based
on genome architecture mapping (GAM).

We then asked whether the 4DHiC pipeline could model the
multimegabase, alternating A and B compartments in a principal
component analysis (PCA) of Hi-C data. In the first principal
component (PC1) of the Xa, active chromatin roughly correlates
with the A compartment (positive value eigenvectors), while silent
chromatin roughly correlates with the B compartment (negative
values) (Fig. 1 E, Lower Inset). For each region of the chromo-
some (i.e., bin of the Hi-C map), a connectivity profile is deter-
mined (row of contact matrix); a covariance matrix is calculated
from covariation of profiles; in the initial basis set, each dimension
corresponds to a chromosome region (bin); the covariance matrix
is then diagonalized by finding a new basis set (consisting of linear
combinations of regions) that maximizes the collective variation of
profiles with across the chromosome. The first eigenvector (PC1)
is composed of a linear combination of a special subset of bins
whose connectivity profiles are the most highly coupled. This
subset includes, but is not limited to, boundaries between spatially
localized domains. The collective coordinate (PC1) often couples
many regions that are distant from each in sequence space but
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Fig. 1. Three-dimensional reconstructions of Xa and Xi using our 4DHiC pipeline. (A) Schematic of megadomain formation during XCI showing Pearson
correlation maps and PC1 at each stage. Adapted from ref. 35, with permission from Elsevier. (B) Schematic of 4DHiC pipeline: virtual cross-links are created
from experimentally determined Hi-C maps and applied to a beads-on-string polymer model of chromosome with self-avoiding random 3D structure; MD
simulations with constraints produce a folded chromosome structure; simulated Hi-C map is computed from folded structure; simulated map is compared with
experimentally determined map; MD simulations proceed until convergence between simulation and experiment is achieved. (C) Results of the unconstrained
folded polymer model (folded equilibrium globule) shows mixing of CEN and TEL regions. Pink, the region corresponding to megadomain 1 (positions 0 to 73 Mb);
white, the region corresponding to megadomain 2 (positions 73 to 166 Mb). Contact map for a folded equilibrium globule shows extensive mixing within the
chain. The matrix is divided into two triangles, with each showing the same pairwise comparison and data taken from an unconstrained “randomized” model. (D)
Three-dimensional model of the WT Xa. Comparison between experimental (Upper Right triangle) vs. simulated (Lower Left triangle) Hi-C contact maps for the
WT Xa shows agreement. (E) A/B compartments defined by PC1 of Xa projected onto 3D reconstruction of Xa shows spatial separation between A and B
compartments. Red: positive values in PC1; blue: negative values. (/) Regions corresponding to megadomains (colors same as D). (ii) Cross-section. (Lower inset) PC1
vs. 1D sequence position shows that A and B compartments are mixed in 1D sequence space. (F) Three-dimensional reconstruction of Xi showing mixing of A and B
compartments in 3D physical space (colors same as E) (i): Regions corresponding to megadomains (colors same as D). (ii) Cross-section.
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span the entire chromosome. Because PC1 data are 1D, how
compartments are spatially related in 3D is not immediately clear.
The ability to visualize this spatial connectivity is beneficial for
structure—function analysis.

The first challenge was to map the A/B compartments derived
from PC1 of Xa (Fig. 1 E, Lower) to a 3D reconstructed model of
the Xa. Here, positive PC1 values represent A compartments, which
are strongly coupled in terms of how their connectivity profiles vary
with respect to one another; negative values represent the more-
weakly coupled B compartments. Using allele-specific Hi-C reads
mapping to the Xa, we colored A and B regions red and blue, re-
spectively, and mapped their positions onto the CEN (pink) and
TEL (white) halves of our deduced Xa model (Fig. 1E). The A/B
compartments of the Xa appeared segregated in 3D space into red
and blue regions, with little mixing between regions. Thus, the A
and B compartments do not merely have opposite gene-expression
states and epigenetic marks but are also spatially segregated on
opposite faces of the Xa in an orientation that is roughly orthogonal
to the TEL/CEN axis (compare the red/blue model with the white/
pink model in Fig. 1 E, i). Further information could be gathered by
examining tomographic sections of the Xa model. Intriguingly,
there is a clear spatial phase separation of A and B extending into
the core of the Xa (Fig. 1 E, i), enabling the visualization of Xa
compartments in 3D. In this context, we argue for a spatial phase
separation on the basis of physical clustering of the compartments
and chromatin with distinct epigenetic features.

Xi Transition from A/B to $1/S2 Organization in 3D. An unresolved
question is what happens to the A/B compartments during the
time-dependent process of XCI. Previous work showed that, as
~63 A/B compartment regions are reorganized on the X chro-
mosome, ~25 S1/S2 regions appear, directed to form by Xist RNA
together with Polycomb repressive complex 1 (PRC1) (51). The
spatial relationship between A/B and S1/S2 compartments is un-
clear. Are the A/B structures destroyed in order to form S1/S2
compartments? Does the chromatin relocate in order to reorga-
nize into S1/S2 structures? These two scenarios would be ener-
getically unfavorable because of the need to destroy preexisting
structures and to construct new structures. An alternative, more
energetically favorable mechanism would entail building upon,
rather than destroying, preexisting structures.

To address these questions, we modeled the 3D structure of
the Xi using allele-specific data from Hi-C experiments taken
from mouse neural progenitor cells. The Xi also partitioned in an
orderly way into a CEN and TEL halves (Fig. 1 F, i). However,
when A/B compartments from Xa were mapped onto the 3D Xi,
there was a clear mixing of red and blue A/B compartments
(Fig. 1F), as further demonstrated in tomographic sections
(Fig. 1 F, i), where Xi heterogeneity contrasted with the clustered
pattern seen in the Xa (Fig. 1 E, ii). The original A/B organization
is therefore not evident in the Xi. To quantify mixing of A/B re-
gions during the Xa to Xi transition, we computed a mixing ratio,
R g, by calculating the number of interactions between A and B
compartment beads, divided by the total number of interactions
made by beads in the B compartment, both with other A com-
partment beads and with B compartment beads. This ratio in-
creased during XCI by ~10% (SI Appendix, Fig. S3). On the other
hand, when the ratio was computed for interactions between B
regions (Rg/p), the ratio decreased due to B mixing with A. These
data indicate that interactions between intra-B interactions were
exchanged for interactions inter-A/B interactions during XCIL.

The calculated mixing of A/B compartments is consistent with
the idea that A and B compartments are merged to create S1 and
S2 compartments, an intermediate and transitory state of the Xi
prior to assuming its final superstructure (35). While S1/52
compartments emerge only transiently on a Hi-C contact map
during XCI, they become stable structures in cells deficient for
the noncanonical SMC protein, SMCHD1 (35, 51-53). To
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examine the 3D relationship between A/B and S1/S2 structures,
we produced 3D reconstructions of the Xi in SMCHD1 knockout
cells and overlayed the previously mapped S1/S2 regions onto
the 3D structure (Fig. 24 and B). Our 3D reconstruction showed
that the S1/S2 regions partitioned into two opposite faces on the
Xi, with the S1 (Fig. 24, green) compartment forming a roughly
continuous surface on one side of the Xi and the S2 (Fig. 24,
purple) compartment forming a continuous surface on the op-
posite side. Cross-sections revealed that this organization ex-
tended beneath the surface (Fig. 2 A4, i). The partition occurred
nearly orthogonally to the CEN/TEL axis (Fig. 24, ii) and to the
axis of the two megadomains (Fig. 2 A4, ii). The megadomains
persisted despite the SMCHD1 deficiency (Fig. 2B). Overall, the
simulated contact map closely approximated the empirically
measured heat map (Fig. 2B) (R¢p = 0.97, Rpearson = 0.85).

To understand how A/B regions of the Xa transitions into
S$1/S2 regions of the Xi, we overlaid the A/B (red/blue) chromatin
of the Xa onto the 3D structure of the SMCHD1 knockout Xi
(Fig. 2 A4, iii) and compared the red/blue (A/B) distribution with
the green/purple (S1/S2) distribution. Surprisingly, the resulting
overlay showed that portions of the original A/B structures
remained intact beneath the S1/S2 organization. The A/B and
S1/S2 organizations were not identical, as indeed the red/blue
segments crossed over the axis of the S1/S2 structure. Thus, con-
trary to the prevailing belief that A/B organization is destroyed
during XCI, it appears that elements of these original structures
persist but remain hidden from view.

To examine the relationship between S1/S2 structures and the
compartmentless Xi, we mapped S1/S2 regions of the SMCHD-
deficient Xi onto the 3D model of the WT Xi (Fig. 2C). In
contrast to the S1/S2 spatial partitioning observed for the mutant
Xi (Fig. 24), the S1/S2 (green/purple) segments as mapped onto
the WT Xi showed less distinct compartmentalization in 3D
physical space (Fig. 2C). Indeed, a cross-section of the 3D struc-
ture showed a greater degree of S1/S2 spatial mixing when com-
paring the SMCHD-deficient Xi with the WT Xi (compare
Fig. 2 A4,i with Fig 2 C, i). Even so, large 3D clusters of S2 (purple)
and S1 (green) chromatin could still be observed. These obser-
vations suggest that S1/S2 3D organization may be less prominent,
but not necessarily destroyed when the megadomain structures
(Fig. 2D) form on the Xi. The megadomains identified by our
simulation closely matched those empirically derived (Fig. 2D).
Thus, neither the A/B nor S1/S2 3D organization appears to be
entirely destroyed during the progressive Xa to Xi transformation.
Notably, these hidden structures were not visible in a Hi-C contact
map or by PCA underneath the obvious megadomains. Thus, our
simulations enabled visualization of hidden 3D structures not
discernible in a 2D connectivity map.

Spatiotemporal Evolution from Xa to Xi. To examine how tran-
scriptional activity correlates with X chromosome shape, we
tracked changes in volume and surface area as a function of time
from day 0 (pre-XCI), day 3 (early XCI), to day 7 (mid-XCI)
(Fig. 3 A and B). During this transition, the X chromosome
underwent substantial volume compaction (Fig. 34), supporting
the general correlation between compaction and gene silencing
(81 Appendix, Fig. S3). However, the surface area did not change
dramatically with respect to volume during this timeframe. To
examine differential spatial distributions of genes that are subject
to XCI versus XCI escapees, we tracked their radial distributions
(Fig. 3C) and asked if each is localized to the core, peripheral, or
surface positions of the chromosome. Most silent genes localized
within the core of the chromosome, while escapees tend to reside
in the outer regions near the chromosome surface, either at or just
beneath the surface, consistent with previously published cyto-
logical data (43, 54). To quantitatively assess the rearrangement in
3D architecture from Xa to Xi, we calculated the root mean
squared distances (RMSD) between particles in Xi and Xa in a
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shell at each radius, reenter, and plotted them as a function of reepger
(Fig. 3D). Interestingly, some escapees appeared to be clustered at
or just beneath the Xi surface in our 3D model (Fig. 3E). A recent
Hi-C analysis also suggested clustering of some escapee genes (55).

By combining the analysis of radial densities and chromosome
segment displacements during XCI progression, we inferred that
the Xi likely becomes more densely packed in its core. The core
could have become too dense to allow further rearrangement of
segments buried inside the core, resembling the principle of
dynamical arrest in polymer glasses (Fig. 4), and differing dra-
matically from the unconstrained equilibrium globule collapse
(Fig. 4 and SI Appendix, Fig. S2). In order to confirm the pres-
ence of dynamical arrest in chromosomes, we looked at the in-
termediate scattering function (the Fourier transform of the van
Hove correlation function) of MD trajectories of chromosome
motions (Fig. 4E), confirming that the intermediate scattering
function did not decay to zero for chromosomes both in their
active and inactive states, suggesting that chromosome dynamics
is arrested. The difference in density between the core and sur-
face (Fig. 3E) suggested that more architectural reorganization
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cells. (C) Three-dimensional reconstruction of WT Xi:
$1/S2 compartments mapped onto the WT Xi model
showing mixing of $1/52 compartments. Black thick
dashed line, CEN/TEL axis. Black thin dashed line,
perpendicular to CEN/TEL axis. (D) Experimental (Upper
triangle) vs. simulated (Lower triangle) contact map for
the WT Xi.

occurred on the surface where lower polymer density would allow
for greater mobility (56). The lower density at the surface would
facilitate diffusion, mixing, and entry of necessary transcription
factors into the chromosome territory, possibly explaining why
active genes and escapees reside near the surface.

We then asked whether, once formed, the Xa and Xi continue
to evolve dynamically. We calculated relative contact probabili-
ties as a function of spatial separation in Xa and Xi 3D models
and asked which of the two modes they represent: a fully mixed
unconstrained folded equilibrium polymer or a “glassy globule”
that does not mix as a result of dynamical arrest (Fig. 4 A-D). A
fully mixed folded polymer would be expected to have a single
slope (Fig. 44), whereas a chromosome with no mixing would be
expected to have a curve with two slopes and contain far fewer
long-range interactions relative to the fully mixed configuration
(Fig. 4B). Analysis of the Xa and Xi showed that both chromo-
somes have two slopes, indicating that relatively little mixing
occurs in both the Xa and Xi states (Fig. 4 C and D). Altogether,
these data suggest that there is dynamic reorganization during
XCI as the X chromosome transits through A/B, S1/S2, and
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and surface. (E) Three-dimensional reconstruction of the WT Xi with escapee genes represented as green spheres. Escapees generally localize at or near surface.

megadomain structures (Fig. 3), but that, once formed, both Xa
and Xi chromosomes are each in a state of dynamical arrest. To
confirm this, we computed the intermediate scattering function
(Fig. 4E), showing that indeed, for a mixed polymer, the function
decays to zero, and in the case of Xa and Xi, it does not, consistent
with the notion of dynamical arrest. We then used social network
analysis as a method of investigating the change in global connectivity
of the X chromosome during inactivation. We applied this analysis to
our 3D Xa and Xi models, along with an unconstrained equilibrium
polymer model as a control (Fig. 4 F-H). We represented the con-
nectivity of the chromosome by a graph, where the degree of a node
defines the number of contacts for that node and the local clustering
coefficient measures the degree to which nodes cluster. Degree
centrality measures the number of connections a particular node has
in the network. The results displayed a visible difference in two types
of models: unconstrained equilibrium polymers (Fig. 4F) and Hi-C
constrained chromosome structures (Fig. 4 G and H). The nodes in
fully mixed folded equilibrium polymers are more uniformly con-
nected (interaction density smoothly decaying as a function of dis-
tance from the center of the graph) with no obvious clustering, as
opposed to Hi-C—constrained chromosome models, where we iden-
tified a number of nodes with high connectivity that form a single
cluster, which may play an important role in structure-based infor-
mation spreading both locally and globally.

We also examined connectivity and mixing between the two
megadomains of the Xi (Fig. 5). Although the long-range in-
teractions seen within Xi megadomains are not present in the Xa
Hi-C map, the regions corresponding to the proximal (Fig. 54,
white) and distal (Fig. 54, purple) megadomains still exhibited
compact globular morphologies that were spatially separated, and
this separation persisted through the XCI time course. In the
proximal megadomain at day 0, connectivity was relatively local-
ized, with regions connected to each other that were nearby each
other in linear sequence. For each megadomain, we colored the
chromosome by linear sequence position, with red indicating re-
gions nearer the CEN end of the megadomain, blue indicating
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regions nearer the TEL end, and white regions in between (Fig.
5B). Red, white, and blue segments were clearly separated at day 0.
As XCI progressed, the Xi segments displayed more color mixing
within the megadomain, indicating significantly more long-range
interactions, consistent with the appearance of large “squares” of
the megadomains on the empirically measured Hi-C map
(Fig. 5B, days 3 and 7). The intramegadomain mixing could be seen
from two other 3D perspectives of the structure (Fig. 5C and SI
Appendix, Fig. S4). In the case of the proximal megadomain, similar
intramegadomain mixing was observed, with clear separation be-
tween red, white, and blue at day 0 and progressively more mixing
of red, white, and blue at days 3 and 7 (Fig. 5 D and E and SI
Appendix, Fig. S4). Evident was a progression from mainly nearest-
neighbor local interactions at day 0, typical of A/B compartments
of the Xa, to increasingly longer-range interactions that represent
S1/S2 compartments and, ultimately, the megadomains of the Xi.

To quantify the intramegadomain mixing of regions inside
megadomains, we divided regions corresponding to mega-
domains evenly into three subregions (region 1, region 2, and
region 3 in Fig. 5 F-K). The mixing ratio for each region, R;, was
determined by computing the number of interactions within a
cutoff radius, R, between region i and another region divided by
the total number of interactions. That is, for subregion 1, three
values of Ry were computed: one describing interactions of region
1 with itself, one describing interactions of region 1 with region 2,
and one describing interactions of region 1 with region 3. In the
case of megadomain 1 (Fig. 5 F-H), as expected, self-interactions
(region 1 with region 1) decreased from day O to day 7. Interre-
gional interactions within a megadomain (interactions of region 1
with region 2; interactions of region 1 with region 3) increased
significantly from day 0 to day 7, demonstrating the occurrence of
substantial mixing between these subregions within the mega-
domain during Xi. Similar behavior is observed for R, and Rj,
suggesting that all three subregions were significantly mixed, con-
sistent with the graphical representations of the 3D reconstructions
in Fig. 5. Likewise, we also observed substantial mixing between
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subregions of megadomain 2 (Fig. 5 I-K). These results demon-
strate that, although the regions corresponding to the two mega-
domains appear spatially distinct in Xa and Xi, subregions within
these megadomains undergo significant mixing during the Xa to
Xi transformation (Fig. 5) and then become stably “phase-
separated” after XCI is established (Fig. 4).

A Model for Xist RNA Spreading in 4D. We endeavored to model
how Xist RNA spreads in 4D by integrating Xist binding data
and H3K27me3 enrichment data with our 3D chromosome
models across time. Epigenomic methods, such as capture hy-
bridization analysis of RNA targets (CHART), have produced
genome-wide binding maps for Xist RNA across time and
yielded the hypothesis that Xist RNA spreads through proximity
transfer (57, 58), but Xist RNA’s spreading trajectory in 3D has
yet to be elucidated. We integrated data from time-course Hi-C
and CHART experiments'(35, 51, 58) from WT cells (Fig. 64) by
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ID separation (s)

Inactive X-chromosome (WT Xi)

and Xi. (A) Three-dimensional model and contact
probabilities for a hypothetical fully mixed polymer
chain. In the contact probability graph, a single slope
suggests high degree of mixing. Pink, the region
corresponding to megadomain 1 (positions 0 to 73
Mb); white, the region corresponding to mega-
domain 2 (positions 73 to 166 Mb). “ID separation”
represents the node separation distance. (B) Model
of a dynamically arrested glassy polymer chain with
no mixing. Two slopes suggest two modes of con-
nectivity: one at shorter ranges, one at longer
ranges. (C) Model of the WT Xa showing contact
ros probabilities defined by two slopes, suggesting that
there is reduced mixing between the CEN (pink) and
the TEL (white) domains and that there are two
modes of connectivity: short and long range. (D) WT
Xi model likewise shows contact probabilities with
two slopes, indicating reduced mixing and two
modes of connectivity: short and long range. (E) Self-
intermediate scattering function Fi(k, t) demon-
strates arrested dynamics behavior typical for a
glassy polymer. Both Xa and Xi show this behavior.
For the liquid globule, the F(k, t) decays to zero,
typifying a fully mixed equilibrium globule (no Hi-C
constraints). (F~H) Profiles showing normalized between-
ness centrality for (F) folded equilibrium globule
polymer chain, (G) WT Xa, and (H) WT Xi. Values near
0 (purple) indicate low number of interacting neigh-
bors. Values near 1 (yellow) indicate high number of
interacting neighbors. Small node size indicates low
number of interactions. Large node size indicates high
number of interactions.

10? 10?

superimposing the 1D signal onto the deduced 3D structure of
the chromosome. Our modeling indicated that the Xist gene lo-
calized at the surface of the Xa, specifically on the A-compartment
side (Fig. 64, day 0, ii). Intriguingly, our modeling indicated that,
although Xist resides in the A compartment, it is located at the
interface between the A and B hemispheres (Fig. 64, day 4). Xist
RNA was synthesized within the A compartment and, at day 4,
spread along the ipsilateral side to cover the proximal A com-
partment hemisphere of the Xi (Fig. 64, red-colored polymer
segments coinciding with the A compartment in #). The axis of the
A/B compartments was perpendicular to the CEN/TEL axis
(Fig. 64, day 4, iii). A tomographic section through the Xi at day 4
revealed that Xist covered not just the surface of the A hemi-
sphere, but also regions within its core. Thus, Xist RNA does not
just travel along the surface of the Xi. By day 7, Xist had spread to
the opposite hemisphere, now covering what were clearly separated
A/B hemispheres of the former Xa. At the day 7 time point,
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viewpoint showing mixing at day 7. (D) Three-dimensional reconstructions based on Hi-C for region corresponding to megadomain 2 (positions 73 to 166 Mb),
from same 3D viewpoint as A. Chromosome is colored in a gradient from red to blue according to sequence position. At day 0, colors a separated. At day 7, colors
are mixed, indicating intradomain mixing. (E) Same as D, but from a second viewpoint showing mixing at day 7. (F-K) Quantification of intradomain mixing of
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however, it was also clear that the A/B compartments have os-
tensibly mixed and condensed (Fig. 64, day 7, ii). Because Xist is
known to spread with PRC2, we also examined the spreading dy-
namics of the Polycomb mark on trimethylated histone H3-lysine
27 (H3K27me3). The spreading of the H3K27me3 mark paralleled
the migration of Xist RNA. Thus, Xist RNA, along with the epi-
genetic complexes that it recruits, emanates from a single point
source in the A compartment and diffuses in 3D space both along
the chromosomal surface as well as beneath.

Given the above, we next asked how the absence of SMCHD1
and failure to merge S1 and S2 compartments influenced the
spreading dynamics of Xist RNA and H3K27me3. We mapped
Xist CHART and H3K27me3 chromatin immunoprecipitation
data onto the 3D reconstruction of the Xi in SMCHD1-deficient
cells, and then projected the S1 (Fig. 6B, green) and S2 (Fig. 6B,
purple) compartments onto the same model. Intriguingly, Xist
RNA and H3K27me3 now only decorate one face of the Xi—
specifically the S1 (Fig. 6B, green) compartment at day 7—at a time
when Xist ordinarily would have already spread to the opposite face
of the Xi (Fig. 64). Thus, Xist stalled in the S1 compartment and
failed to spread to the S2 half of the Xi. Likewise, H3K27me3 was
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observed to be enriched on the S1 side of the Xi, unable to continue
onward to the S2 side. While these data are consistent with previous
1D and 2D findings that Xist RNA and PRC2 become trapped in
the S1 domain when SMCHDL1 is lost (51), we were able to visualize
compartments in relation to the migration pattern of Xist RNA and
PRC2 along the 3D surfaces of the A/B and S1/S2 type of chro-
matin across time, thereby characterizing the process in 4D.

Here we were also able to study Xist RNA’s spreading through
the radial distribution function. Whereas Xist spread outwardly in
WT cells, Xist could not do so in SMCHD1-deficient cells beyond 46
(Kolmogorov—Smirnov statistic = 0.49, P = 1.33¢™"") (Fig. 6D). In
the SMCHD1-deficient Xi, escapees partitioned into the S1 hemi-
sphere, whereas constitutive lamin-associated domains (cLADs) and
constitutive interlamin domains (ciLADs) were distributed across
the S1 and S2 hemispheres (Fig. 6 E and F).

Finally, we endeavored to visualize the formation of Xist RNA
cloud around Xi during spreading and to investigate the spreading
mechanism, we performed particle-based reaction diffusion sim-
ulations (59). This method is similar to the simulation method
described above, but allows for additional processes, including
chemical reactions, particle creation (e.g., transcription), and
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binding. Specifically, we simulated similar 3D transitions to those
described above (from Xa to Xi) subject to the same Hi-C con-
straints, with the additional effects of RNA transcription, RNA
diffusion and RNA binding to the chromosome. Consistent with
above findings, our reaction-diffusion model used the X-inactivation
center (Xic) as the single point source from which Xist RNAs are
transcribed (Fig. 7, purple sphere). As each bead in the chromo-
some represented 200 kb (consistent with the 200-kb Hi-C resolu-
tion), each Xist RNA (~15 kb) was modeled by a single particle. In
our simulations, once transcribed, RNAs were allowed to freely
diffuse in 3D space around and through the chromosome, subject to
crowding by the cellular environment, emulated with spherical
boundary conditions. RNAs could then bind back to the chromo-
some with a given rate, kpqing, to designated Xist binding sites, as
determined experimentally by our CHART experiments (35, 51). In
accordance with the above 3D reconstructions (Fig. 6), Xist RNA
was simulated to initially diffuse from the proximal hemisphere,
along the surface as well as through the internal core (Fig. 7 and
Movie S2). Simultaneously, the X chromosome underwent large
conformational changes during the transition from the Xa to Xi
state (Fig. 7 and Movie S2). Rates and parameters were chosen
consistent with experimental observations, with the transition from
Xa to Xi occurring on the time scale of 7 d and RNA spreading
occurring over 7 d. Our data suggest that crowding and diffusion
were sufficient to achieve rapid spreading of Xist over the full X
chromosome. Specifically, as the Xic moved from its Xa to Xi po-
sition in 3D, Xist RNAs quickly formed a cloud around the chro-
mosome, maintained by crowding, and were positioned to cover the
surface of the full chromosome (Fig. 7 and Movie S2). Simulta-
neously, the RNA particles initiating at the Xic diffused through the
chromosome, coating the interior regions. A third effect occurred
where RNA particles diffused into solution around the chromo-
some and then entered the chromosome from surface regions distal
from the Xic, allowing more rapid coating of the intermediate layer
between the surface and core (mantle).

Control simulations that allowed RNA diffusion but did not
allow conformational change of the chromosome (i.e., “frozen”
chromosome) showed less occupancy of Xist RNA binding sites
on the chromosome, suggesting the specific conformational
changes undergone by the X chromosome may help optimize the
process of Xist coating through the various modes of Xist RNA
binding. It is worth noting that the changes in 3D conformation
of the X chromosome did not occur independently of spreading.
We anticipate that 3D changes are highly connected with Xist
and Polycomb spreading, with the latter also helping to propa-
gate the former. As more experimental evidence elucidates this
relationship, we hope to incorporate such interdependency in
our models in the future. In sum, our time-evolution snapshots
from particle-based reaction diffusion simulations suggest that
diffusive processes alone may explain Xist RNA spreading, but
does not rule out active processes in vivo.

Discussion

The 4DHiC pipeline is transferable and can be applied by a user
to any Hi-C map and incorporated into existing empirical pipe-
lines, such as GAM (60). By combining 2D Hi-C experiments
with polymer physics models and reaction-diffusion kinetics, we have
constructed 4D models to demonstrate the organization and the
dynamical properties of the X chromosome during the transition
from the active to the inactive state. From our 3D modeling, we have
learned details that were not previously deduced from 2D datasets.
First, previous studies left open the question of whether the original
underlying structures are destroyed when an Xa is reorganized to an
Xi. However, by visualizing specific 3D relationships and examining
cross-sections of the Xa and Xi, our 4DHiC analysis suggests that
neither the A/B compartments nor the S1/S2 structures are wholly
destroyed within the Xi superstructure. Second, because of limita-
tions associated with viewing 2D information alone, the Xi
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previously gave the appearance of being unstructured within two
megadomains. Taken together with published studies, our 4DHiC
analysis now underscores the fact that the Xi incorporates structural
remnants from an earlier configuration in the chromosome’s life
cycle. Third, our study identifies three layers of chromosome dy-
namics: slow dynamics in the dense core, intermediate layer (man-
tle), and fast dynamics on the surface of the chromosome where
gene expression continues to take place (escapees). During the XCI
time course, the X chromosome transits through A/B, S1/S2, and
megadomain structures by undergoing a highly dynamic but regu-
lated mixing to assume new structures. However, once formed, the
folded Xa and Xi are analogous to a glassy polymer where little
additional global mixing of genetic elements occurs. In essence, once
formed, domains of the Xa and Xi are stably phase-separated.
From our 4D study we have also learned that the Xist
gene—although located in the A compartment—resides near the
A/B interface. During XCI, Xist RNA originates in the A com-
partment, and spreads through both the surface and the core of
the A compartment initially. Xist RNA then depends on
SMCHDL1 to migrate across the A/B interface to spread over the
B compartment. Within both hemispheres, Xist binds both surface
and core chromatin. Our 3D analysis provides an effective way of
tracking the spreading of Xist RNA, showing that the spreading
resembles a diffusive wave-front emanating from a single point
source, the Xist locus. In the SMCHD1 knockout case, the wave-
like propagation halts midway, effectively polarizing the chromo-
some, only half of which becomes covered by Xist RNA. Xist’s
coverage of chromosome surface versus its core could not be de-
termined from 2D contact maps alone. It is also notable that es-
capees reside near or at the surface of the Xi where the
chromosome is less compact and where greater mobility is possible.
Our deductions (Figs. 6 and 7) are consistent with the wealth of
published 2D contact maps (7, 35-38, 51, 61, 62) and microscopy
data that have yielded much valuable information about locations
of select genes within the Xi territory (40-46). The picture emerges
of a well-organized but dynamic Xi during its formation and es-
tablishment, and then a spatially phase-separated glassy globule
once the Xi is established. Taken together, our results are consis-
tent with a gradual accumulation of structural elements throughout
the process of Xi, whose 4D architecture may aid in accelerating
Xist diffusion and binding throughout the chromosome, ultimately
resulting in rapid Xist coating and shutdown of the X chromosome.

Methods

Simulations described in this work were performed using the large-scale
atomic/molecular massively parallel simulator (63) and reaction diffusion dy-
namics (ReaDDy?2) (59). The initial structures consisted of N = 833 beads cor-
responding to ~167 Mb. The initial configuration forms an open coil as a result
of a self-avoiding random walk. Experimental Hi-C constraints were used di-
rectly such that connected segments were required to form harmonic bonds
between interacting particles, and those were directed to form connected
pairs prior to production simulations. The ReaDDy2 particle-based reaction
diffusion simulation package was used to simulate RNA spreading around and
through the X chromosome (59). Raw next-generation sequencing data and
processed files for Hi-C, chromatin immunoprecipitation sequencing (ChIP-seq)
and CHART-seq have been deposited in the Gene Expression Omnibus (https:/
www.ncbi.nlm.nih.gov/geo/) under accession no. GSE99991.

Data Availability. Previously published data were used for this work. All data
and code used in the structure analysis are available in S/ Appendix and
Dataset S1. Raw next-generation sequencing data and processed files for Hi-
C, ChIP-seq, and CHART-seq have been deposited in the Gene Expression
Omnibus (accession no. GSE99991).

ACKNOWLEDGMENTS. We thank members of the K.Y.S. and J.T.L. labora-
tories for stimulating discussions. This work was funded by Los Alamos
National Laboratory (LANL) Laboratory Directed Research and Development
grant 20210082DR and LANL Laboratory Directed Research and Develop-
ment grant 20210134ER (to K.Y.S. and A.L.), grant F31HD100109-01 (to A.K.),
and NIH grant RO1-HD097665 (to J.T.L.). We are grateful to LANL Institu-
tional Computing for their generous support.

Lappala et al.
Four-dimensional chromosome reconstruction elucidates the spatiotemporal

reorganization of the MyMAAaRNANATSCOIM


http://movie-usa.glencoesoftware.com/video/10.1073/pnas.2107092118/video-2
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.2107092118/video-2
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.2107092118/video-2
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107092118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107092118/-/DCSupplemental
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE99991
https://doi.org/10.1073/pnas.2107092118

A 3D reconstruction 2D cross section 3D reconstruction 2D cross section

20 hr

] — 6 hr
1 — 72 hr
1 — 168 hr
1.0
w i
(=)
e ]
0.5

0 1 2 3 4

Tcenter

Fig. 7. Time-evolution snapshots from particle-based reaction diffusion simulations suggest that diffusive processes alone may explain Xist RNA spreading.
(A) Time evolution of chromosome structures and Xist RNA particles, with corresponding cross-sections through the chromosome, displaying the interior of
the chromosome (Insets). White chain, X chromosome; magenta, Xic; red, bound Xist RNA; light blue, diffusing Xist RNA. At time = 0 d, 13 min, newly
transcribed Xist RNA particles visible (blue). At time = 0 d, 6 h, Xist RNAs begin binding to experimentally determined Xist binding sites (red). At time =0d,
14 h, RNA particles begin to penetrate interior of chromosome. At time = 0 d, 20 h, RNA particles reach core of chromosome (/nset). At time = 3 d, chro-
mosome has undertaken large reorganization. At time =4 d, 5 h, RNA particles cover much of X chromosome. At time = 7 d, Xist RNA has covered majority of
r. (B) Radial distribution function (RDF) for bound Xist RNA particles for 6 h, 72 h, and 168 h shows
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