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Abstract

The dynamics of inheritance of histones and their associated modifications across cell divi-
sions can have major consequences on maintenance of the cellular epigenomic state.
Recent experiments contradict the long-held notion that histone inheritance during replica-
tion is always local, suggesting that active and repressed regions of the genome exhibit fun-
damentally different histone dynamics independent of transcription-coupled turnover. Here
we develop a stochastic model of histone dynamics at the replication fork and demonstrate
that differential diffusivity of histones in active versus repressed chromatin is sufficient to
quantitatively explain these recent experiments. Further, we use the model to predict pat-
terns in histone mark similarity between pairs of genomic loci that should be developed as a
result of diffusion, but cannot originate from either PRC2 mediated mark spreading or tran-
scriptional processes. Interestingly, using a combination of CHIP-seq, replication timing and
Hi-C datasets we demonstrate that all the computationally predicted patterns are consis-
tently observed for both active and repressive histone marks in two different cell lines. While
direct evidence for histone diffusion remains controversial, our results suggest that dis-
lodged histones in euchromatin and facultative heterochromatin may exhibit some level of
diffusion within “Diffusion-Accessible-Domains” (DADs), leading to redistribution of epige-
netic marks within and across chromosomes. Preservation of the epigenomic state across
cell divisions therefore might be achieved not by passing on strict positional information of
histone marks, but by maintaining the marks in somewhat larger DADs of the genome.

Author summary

Inheritance of histones and their associated modifications across cell divisions plays an
important role in maintenance of the cellular epigenomic state. How accurately the his-
tone modification landscape is re-established after cell divisions, is not very well under-
stood. Recent experiments contradict the long-held notion that histone inheritance
during replication occurs within small localized domains, suggesting that active and
repressed regions of the genome exhibit fundamentally different histone dynamics. Using
a stochastic model, we first demonstrate that differential diffusivity of histones in active
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versus repressed chromatin is sufficient to quantitatively explain these recent experiments.
Further, we use the model to predict patterns in histone mark similarity between pairs of
genomic loci that should be developed as a result of diffusion. Using a combination of
CHIP-seq, replication timing and Hi-C datasets we demonstrate that all the computation-
ally predicted patterns are consistently observed for both active and repressive histone
marks in two different cell lines. Our results suggest that preservation of the epigenomic
state across cell divisions might be achieved not by passing on strict positional informa-
tion of histone marks, but by maintaining the marks in somewhat larger diffusion-limited
regions of the genome.

Introduction

Differences in cellular identities are thought to be maintained by varied gene expression pro-
grams, which are in turn controlled by a complex interplay of modifications on DNA and his-
tones [1,2]. These modifications are key determinants of chromatin architecture in the
nucleus, which repress or facilitate gene expression leading to cell-state specification. Depend-
ing on the context, these cellular states might need to be plastic as in stem cells during develop-
ment, maintained faithfully over time such as in adult cells or even exhibit periodic switching,
for example in a variety of cancer cell types [1]. How the interplay between forces of regulatory
plasticity and stable inheritability is achieved remains an intriguing unsolved question in
development and disease.

In dividing cells, DNA replication provides a potential platform for these varied forces to
play out. Cellular replication over multiple generations presents a significant challenge to
the maintenance of chromatin architecture and DNA/histone modification patterns [2].
The nucleosomal structures ahead of the replication fork need to be dismantled and eventu-
ally distributed between the newly created DNA strands. Whether and how the parental dis-
tributions of histones along with their accompanying post-translational modifications
(PTMs) get re-established in the daughter cells, remains incompletely understood even after
decades of research [2-7]. In particular, the question of how histones get dislodged, reas-
sembled and repositioned has a rich history [2,3]. A number of studies have suggested that
the histone transfer process is local (within 200-400 bp of the replication fork, along the
same chromosome) [5,8-10], is usually symmetric [11-13], and that “epigenetic memory”
in mammalian cells is likely maintained by the stable tetramer formed by H3 (H3.1 or H3.2
replicative variants) and H4 components of the histone complex [14-20]. The non-replica-
tive H3.3 variant is deposited at genomic regions of high turnover such as actively tran-
scribed sites [20], hence is unlikely to play a role in epigenetic inheritance. More recently,
the question of how the histone PTMs get transferred and maintained during replication
has received a lot of attention [21-27], with reports suggesting that positional information
of the marks is accurately transmitted irrespective of the active or repressed nature of the
chromatin domain [26].

A recent study [28] however challenged the general consensus on accurate and local trans-
ter of histone-PTM positional information [12,13,26], suggesting that inter-generational inher-
itance is local only in repressed genomic regions (heterochromatin), while wide-spread
dispersion of histones in active regions (euchromatin) might prevent faithful epigenetic infor-
mation transfer. Following biotin-tagged H3.1 and H3.2 histones over time in specific active
and repressed loci of mouse embryonic stem cells, this work demonstrated significantly faster
kinetics of histone dilution in active as compared to repressed regions. Importantly, this
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difference did not arise from transcription-coupled histone turnover [28]. While a number of
potential mechanisms have been suggested such as differences in histone chaperones at the
replication fork [2,29], differential replication rates [28] or concentrations of newly synthe-
sized histones [30], it remains unclear which one of these mechanisms, if any, can fully explain
the distinct histone dynamics in active versus repressed regions. Important to note is that the
new model of “dispersed” histones still allows for histone re-deposition only on the two daugh-
ter DNA strands on the same chromosome [2,28], further from the replication fork compared
to current estimates of 200-400 bp.

Here we provide a new hypothesis, and then evidence from stochastic models coupled
with bioinformatics analyses of available datasets, to demonstrate that the physical phe-
nomenon of diffusion is sufficient to explain these recent experimental results. Further-
more, we find evidence for diffusion-driven histone mark dispersion across different
chromosomes in euchromatin and facultative heterochromatin, therefore not limiting his-
tone re-deposition to just the daughter DNA strands. The basic hypothesis is based upon
observations that many proteins often diffuse in the nucleus before binding to DNA [31],
and that the diffusivity of such proteins, including core histone components [16,32-34],
vary depending on local chromatin architecture [34-36]. Additionally, chromatin itself
exhibits diffusive motion [37] with increased mobility in active domains [38-40]. We sug-
gest that the increased protein and DNA mobility in active chromatin over repressed chro-
matin is sufficient to explain the dispersed vs local histone inheritance recently observed
[28]. Our hypothesis is distinct from all previous models of histone inheritance at the repli-
cation fork (both experimental [2,3,6] and theoretical [10,41-43]) since we suggest that
parental histone marks do not necessarily land on the leading and lagging daughter strands
only, but via diffusion land also on any DNA segment that is spatially proximal and is being
replicated at the same time. To make this hypothesis testable, we develop a lattice model of
cell division with diffusive spatial dynamics of histone-PTM complexes, and demonstrate
that allowing for higher diffusive dynamics in active regions of DNA can quantitatively
explain the histone dilution data reported by Escobar et al [28]. Furthermore, we use our
computational model to predict three distinct patterns of histone-PTM similarity between
pairs of DNA segments within chromosome compartments, that are expected to develop as
a consequence of differential diffusivity. Remarkably, we show that the computationally
predicted patterns can indeed be observed consistently in two different cell lines (GM06990
and K562) after combining HiC, replication timing and CHIP-seq information. Further-
more, the patterns can be seen both in intra as well as inter-chromosomal loci pairs, and we
argue why such patterns are unlikely to be generated by either PRC2 mediated histone
mark spreading or transcriptional processes. Our model therefore suggests that dislodged
histones along with their modifications may exhibit limited amount of diffusion within
“Diffusion-Accessible-Domains” (DADs), leading to redistribution of epigenetic marks
within these domains. This phenomenon happens faster and in a larger domain for active
chromatin regions where diffusivity of proteins and mobility of chromatin is higher. Inter-
estingly, we find that these signatures of diffusion are absent in constitutive heterochroma-
tin marked by H3K9me3, consistent with the idea that these histone marks are very well
conserved across replication [44-48]. Therefore while direct experimental evidence for his-
tone diffusion related mark redistribution remains to be obtained, our “DAD” (Diffusion
Accessible Domain) model adds a potentially new dimension to our understanding of
nucleosome dynamics [49], suggesting that positional information of histone marks may
not be maintained as accurately as previously thought in euchromatin and facultative het-
erochromatin [26,50].
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Methods

A stochastic model for quantifying the Diffusion-Accessible-Domain
hypothesis (Model 1)

We begin with a two-dimensional “parent” matrix P, representing the parent cell undergoing
replication. The rows of P, indexed by i (i € 1, 2,. . ., R), represent R different regions or loci
within the same or different chromosomes. The columns of P, indexed byj(iel,2,..,N),
represent N nucleosomal sites along each genomic loci. P(i, j) is initialized with the value “1”
denoting the presence of a histone at each site (i,j). Only along one special row denoted by

i = R* are the “1”s followed by a “*”, representing tagged parental histones in accordance with
the experimental design of [28]. Two daughter matrices D, and D, are initialized with “0”s as
entries; these represent the newly formed naked DNA strands for each loci. Next, physical dis-
tances between nucleosomal sites in one column of P and sites in the same column of D, or D,
are defined based on a simple rule: x; ; = |i — 7|, for any j, where i represents the row number of
P, i’ the row number of D, (or D,) and j denotes the column number of P.

The processes of replication fork progression and histone transfer are modeled by choosing
columns serially from j = 1 to j = N, and moving the entries in each column of P (“1” or “1*”)
to sites in the same column of either D, or D, at the same time. This movement of entries in a
column from P to a randomly chosen row in the same column of either D, or D, is the crucial
component of our model-we create a probabilistic rule for this move to mimic diffusion
among the positions of this column (see S1 Text for details):

1 —2, /ADT
i

L = 8 1
pt,t \/me ) ( )

where p;  is the probability of a histone in row i of P moving to row i of D, or D, (within the
same column j), D is the diffusion constant and T represents some characteristic time associ-
ated with histone diffusion. Note that diffusion and redistribution of the histones are allowed
only within the rows of a single column, not across columns (see S1 Text for justification of
this step). Once all entries of all columns of P have been transferred to D, and D,, sites in the
two daughters that remain empty are filled up with new “17s, representing newly synthesized
histones. This series of steps represents the completion of one cell cycle event. We then ran-
domly (with probability 0.5) choose one of the two daughter matrices D, or D, and assign it to
be the parent P, and the whole procedure is repeated many times to mimic multiple cell divi-
sion events. Diffusion of histones, especially across chromosomes, will likely occur in 3D space
as opposed to 1D as used in Eq (1). However, keeping in mind the nature of datasets that pri-
marily exist at the moment (contact frequencies using the HiC technique), implementing a
more accurate 3D model is unlikely to provide added insights over assuming a simpler 1D dif-
fusion model. Since HiC does not provide information on real distances, best fit diffusion con-
stants from our model cannot be interpreted physically, whether a 1D or 3D model is
implemented.

Modeling the impact of diffusion on the emergence of histone modification
patterns (Model 2)

To include histone modifications in the simple model above, we simply re-interpret the “1”s in
the parent matrix P as histones with a particular modification (say H3K27ac), and “0”s as
empty sites or newly synthesized histones without any parental marks. We add another label
“2” to denote histones with marks other than the one of interest. In all simulations with Model
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2, we set R =20 and N = 200. To assign the number of “1”s in a particular row, a random num-
ber was drawn from an exponential distribution with mean 130. This was repeated for all
rows. The remaining unassigned spots were given the label “2”. The (arbitrary) choice of 130
does not make any qualitative difference to the ultimate patterns obtained from the model. We
also modify the description of P by assigning two labels to the rows: the first R/2 rows are
labelled “E”, denoting loci from early replicating regions, while the last R/2 rows are labelled
“L” to denote late replicating loci. In this model, Early and Late loci serve as proxies for active
and repressed chromatin regions respectively.

As before, we assign distances to every pair of rows (i, i’), but with the following modifica-
tions: row-pairs (i, i') g where both the rows belong to E, have a larger average distance than
(i, ') pairs where both rows belong to L. This ensures that the model is consistent with the
fact that late replicating loci tend to lie in heterochromatin which is more compact than
euchromatin [23,40], and hence are expected to have smaller inter-loci distances on average.
The distance assignment is explained in detail in SI Text. The probabilities of histone mark re-
distribution during cell division are assigned using Eq (1) as before. The only difference now is
that two distinct diffusion constants are used for E — E and L — L transitions: Dgg and Dy,
where Dgp > D ;. This inequality in the diffusion constants is consistent with experimental
data suggesting faster diffusion of proteins and DNA in euchromatin as opposed to hetero-
chromatin [35,37,38]. Finally, we initialize P with equal number of “1”s and “2”s on average
(using an exponential distribution with mean 130) between E and L rows. For any given his-
tone mark this equal distribution is not realistic, but we use this initial condition simply to
avoid bias and demonstrate that diffusion is sufficient for the emergence of specific patterns in
the histone modifications. Changing the initial distribution of histone marks between E and L
rows to more accurately reflect CHIP-seq datasets makes no difference to the central results of
this work.

This modified model is then simulated for many cell cycles as described for Model 1, using
Eq (1) to probabilistically move both the histone marks (“1” and “2”) to either one of the
daughter matrices. Transitions within E — E or L — L rows differ simply in the use of different
values of the diffusion constant. Unlike Model 1, in Model 2 we also implement a mark-copy-
ing model at the end of each cell cycle, to prevent the histone mark levels from diminishing to
zero. A simple mark copying model is implemented, where all empty sites in the daughters are
located, and one of the two nearest neighbor’s marks is randomly assigned to the empty site
(details in S1 Text). This process is carried out till no more empty site remains in the daugh-
ters. Finally, a daughter is randomly selected between D, and D, and assigned to P. After the
required number of cell cycles, signal values are calculated for each row of the final matrix as:
signal; = number of 1’s in row 7, and the similarity of histone modification is calculated as
given below. Note that the precise nature of the mark-maintenance process does not matter
for our model, since this is required only to avoid histone mark levels from going down to zero
during replication. Any other process, for example sequence or transcription-based recruit-
ment of marks would not make a difference to the diffusion-based results obtained from our
model.

Measuring similarity of a histone modification pattern between two loci in
simulations

The (dis)similarity of a particular histone mark between two loci or rows (iy, i) is given by:

Q(iy,i,) = ‘LogIU (sigmli1 /signaliz) ’ (2)
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where signal, = number of 1’s in row i;, and the vertical bars represent the absolute value. In
the context of measuring histone modification similarity, Q(i;, i,) has been used earlier and

was called the histone modification distance [51]. When two loci have identical signal values,
Q(iy, i) = 0 and as the signals become increasingly different, Q(iy, i,) becomes larger. There-
fore, the more dissimilar two genomic loci are in terms of their histone modification signals,

the larger Q(iy, i,) will be.

Bioinformatics analysis to quantify histone modification similarity
patterns

To investigate whether the histone modification patterns predicted from the stochastic model
can be observed in real data, we identified two publicly available cell lines, GM06990 and
K562, both of which had HiC, replication timing as well as CHIP-seq datasets available. Repli-
cation timing was used as a measure of active versus repressed chromatin, since this correla-
tion is strong and very well established. For 1Mb resolution HiC datasets, the corresponding
1Mb genomic fragments were defined and replication sequencing data was used to compute
the total early and late scores for each 1Mb segment. A cutoff was then defined for the differ-
ence in early and late scores—genomic segments with score higher than +cutoff were classified
as early, while segments with score less than -cutoff were classified as late. Unless mentioned
otherwise, the cutoff value was chosen to be 1000 for all figures. Choosing the cutoff to be 500
did not change any results, as shown in the SI. These early and late segments were then inter-
sected with CHIP-seq datasets for various histone modification marks, and net histone modifi-
cation signal calculated for each mark over the IMb segment (described below). Finally, all
pairs of intra and inter-chromosomal genomic segments (iy, i,) were iterated over, and Q

(i1, 1) as well as HiC distance values (spatial proximity) computed for each pair. Note that the
spatial proximity metric is not a physical distance, but a Pearson correlation between the i;™
and i,™ rows of the normalized HiC contact matrix [51,52] (see S1 Text for more details).

To compute the Median Q(i1, i2)chance Values expected by chance for any particular histone
mark, random pairs of 1 Mb segments were chosen from the early group 10000 times and
Q(iy, i,) values calculated each time. The median Q(3;, i,) from these 10000 random pairs is
Median Q(i1, 1) chance> the expected median Q(iy, i,) given the average histone modification sig-
nal values for early segments, when HiC proximity is not accounted for. The same procedure
was followed for late segments. Deviations from these expected values when pairs of segments
are grouped by HiC distance would indicate effects of diffusion as predicted by our stochastic
model.

Measuring similarity of histone modification signals between two loci from
CHIP-seq datasets
To compute Q(iy, i,) from CHIP-seq datasets, we use Eq (2) as in the computer simulations,

but define the signal value from each genomic locus differently. The signal value of a particular
histone modification m from a locus i is defined as:

signal,,, = ZHP X W,
»

where the index p runs over all the CHIP-seq peaks in the genomic locus i, H, and W, are the
height and width of the p” peak respectively and m could be any of the histone modifications
H3K27me3, H3K27ac, etc. We also compute a total signal score for each genomic loci, which
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is the sum of signals from all histone modifications:

signal, = Zsignali?m

Results

Evidence for histone diffusion in the literature and formulating the
Diffusion-Accessible-Domain (DAD) hypothesis

Proteins in many contexts are known to combine 3D diffusion with sliding on DNA tracks to
find stable binding sites [31,53] or be transferred between different DNA segments [54]. In
particular, core histone components have also been demonstrated to exhibit diffusion within
the nucleus in many biophysical studies, usually using techniques such as FRAP and FCS
[16,32-34,36]. However, as shown in Fig 1A, the classic model of histone inheritance implicitly
posits that 100% of the histones are accurately transferred from the parent DNA to the leading
and lagging daughter DNA strands [2,11-13,26]. This model discounts the possibility of any
histone diffusion occurring, and hence seems to be somewhat at odds with the various bio-
physical measurements of histone diffusion that have been reported over time. Interestingly, a
recent in vitro reconstitution experiment of the yeast replication fork could account for only
about 68% of the parental nucleosomes redepositing on the nascent DNA [55], suggesting
some amount of nucleosome loss, potentially via diffusion. 100% accurate recycling of histones
would also be contradictory to the recent report of dispersed inheritance of histones in active
genomic regions [28]. How these apparently contradictory experimental results can be recon-
ciled, remain areas of interesting future research.

A number of active chromatin remodeling motors have been implicated in the histone
transfer process [56,57], and models for (H3-H4), tetramer transfer coupled to the replication
fork via the chaperones NPM1, FACT, CAF1, ASF1, MCM2 and POLE3/4 have been proposed
[2,48]. It is possible that while these chaperones suppress most of the possible histone diffu-
sion, some amount of diffusion still occurs. Indeed, it is well understood that ATP-dependent
activity of motors and chaperones can in turn result in increased diffusivity of other proteins
within the same medium [58]. We therefore formulate the first part of the DAD hypothesis—
dislodged parental histones may exhibit some small level of undirected diffusion while being
transported to the destination DNA site. We therefore envision these “Diffusion-Accessible-
Domains” or DADs to be spatial domains centred around each parental histone, accessible
with non-zero probability via diffusion. An immediate consequence of this hypothesis is that a
small fraction of parental histones will diffuse to non-daughter DNA sites on neighboring
chromatin regions. If DNA is being replicated in the destination sites at the same time, this dif-
fusion process could end with some histones binding to non-daughter DNA strands. Two con-
ditions must therefore be satisfied for histone redistribution over neighboring chromosomal
loci-(1) the origin and destination sites on DNA must be in close physical proximity, and (2)
both the sites should belong to chromatin regions undergoing replication at the same time,
thereby limiting the viable regions for diffusion. Fig 1B provides a schematic of the DAD
hypothesis.

The second part of the hypothesis is that diffusion of proteins as well as DNA in active chro-
matin regions (euchromatin) is faster than that in repressed regions (heterochromatin). The
intuitive reason is that euchromatin is less tightly packed as compared to heterochromatin,
thereby providing a relatively unhindered space for diffusion [36]. Measurements of diffusivity
in active versus repressed chromatin as well as in spatially heterogeneous chromatin directly
confirm this hypothesis for test and core histone proteins [34-36]. Enhanced diffusivity of
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ReplicaTtion fork progression

Leading
strand
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Parental histone o Potential landing

(H3-H4), site for parental
Parental histone histone
mark

s LOCUS 1 DNA

== | 0cus 2 DNA

Fig 1. The Diffusion-Accessible-Domain (DAD) hypothesis. (A) Classical view of histone transfer at the replication
fork, where the parental histones on being dislodged from the DNA land exclusively on the leading and lagging
daughter strands. (B) Our new DAD hypothesis which states that due to diffusion, some parental histones (for example
on locus 2 DNA) may end up landing on non-daughter strands (locus 1 DNA), as long as the loci are in close physical
proximity as well as replicated at the same time. Thicker arrows indicate higher probability transitions due to physical
proximity. The wiggly nature of the arrows are meant to indicate diffusive histone transfer. Note that the undirected
nature of diffusion in this model results in symmetric distribution of parental histones to the daughter DNA strands.

https://doi.org/10.1371/journal.pcbi.1011725.9001

DNA in euchromatin [37,38] has also been experimentally observed. These observations
amount to setting Dgr > Dy in our consequent models, where Dgg is the diffusion constant of
a histone going from one Early replication timing chromosome segment to another Early seg-
ment, while Dy; is the same but within Late replication timing segments. This second part of

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1011725 December 18, 2023 8/24


https://doi.org/10.1371/journal.pcbi.1011725.g001
https://doi.org/10.1371/journal.pcbi.1011725

PLOS COMPUTATIONAL BIOLOGY Histone diffusion during replication shapes epigenomic architecture

the hypothesis is crucial for explaining the local versus dispersed histone transfer process
observed in the recent work by Escobar et al [28], as we quantitatively demonstrate in the next
section.

The size of these DADs, limited by replication timing, is challenging to estimate since accu-
rate quantification of the diffusion constants in different genomic contexts is not easily avail-
able, and neither are measurements of the time-scales of diffusion. A very rough estimate
would suggest an upper limit of R = v/6 D t = 8 um using the following measurements from
previous studies: (1) D~ 10 ymz/s [34,59] and (2) Diffusion time ¢ on the order of seconds
before the nucleosomes get reassembled behind the replication fork [5]. This upper-limit esti-
mate of 8 um would be consistent with the idea that diffusion might occasionally transfer his-
tones from one chromosome to another, since distances between chromosomes are of the
order of 3-5 pm [60].

A stochastic model of the DAD hypothesis reproduces experimental data
on differential histone dilution kinetics at the replication fork

We then converted the DAD hypothesis as formulated above into a quantitative model
(Model 1), to investigate whether the observed experimental data on differential histone dilu-
tion kinetics in active versus repressed chromatin [28] can be recapitulated. A detailed
description of the model along with its assumptions and limitations is provided in the Meth-
ods and S1 Text; here we provide a brief description. We set up a lattice model of the replica-
tion fork where the rows of a 2D matrix P (the parent “cell”) represent different genomic loci
and columns represent positions of nucleosomes along each loci (Fig 2A). Replication fork
progression is simulated by serially removing histones from each column and redistributing
them stochastically in two new matrices D, and D, representing daughter cells, following the
laws of diffusion (Methods, Eq (1)). Diffusion and redistribution of the histones are allowed
only within the rows of a single column, not across columns. This step in our model amounts
to making an assumption that the replication fork progresses slower than the time taken for
histones to diffuse and find their new landing spots in the newly created DNA strands (see
S1 Text for some simple estimates to justify this assumption). One special locus R* starts
with marked histones which are tracked over cell cycles, allowing quantification of the kinet-
ics of histone dilution and mimicking the experiments by Escobar et al [28] (Fig 2B). The
only free parameter in this model which is varied to fit the experimental results is the diffu-
sion constant D in Eq (1).

The results of simulating Model 1 are shown in Fig 2C, where decay in the marked histone
level at the locus R* is followed over time. Best fit results to experimental data on active genes
are shown in Fig 2C top row, while those for repressed genes are shown in Fig 2C bottom row.
The good fits of the model to the data suggest that differential diffusion is sufficient to explain
the large differences in the histone dilution kinetics at the replication fork. The best fit diffu-
sion constants are also shown in the respective plots, and as expected, are larger for active
genes as compared to repressed genes (Fig 2D). Interestingly, the diffusion constants for all the
active genes were quite similar to each other while those for the repressed genes were smaller
but similar to each other, suggesting little variation in diffusivity given the genomic context.
While these results suggest that histone dilution kinetics could be governed by differential dif-
fusivity between active and repressed regions, this model by itself does not provide any means
of checking whether histone redeposition occurs on other loci, including on different chromo-
somes. To explore the possibility of this phenomenon, we modify the model to include a
description of histone marks and predict histone mark similarity patterns between pairs of loci
in the genome, as described in the next section.
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Fig 2. Differential histone diffusivity between chromatin compartments explains histone dilution kinetics during replication. (A) A model of
histone dilution at the replication fork incorporating the DAD hypothesis (Model 1). Each row of the parent matrix P represents a different DNA locus
(either on the same or on different chromosomes) and columns represent histone sites. Histones are shown as green spheres, with the j = I histones
shown larger to indicate diffusion within rows of the same column. The yellow stars represent biotin tags on the histones at one particular locus of
interest R*, mimicking the initial conditions of the experimental protocol in Escobar et al [28]. The arrows show examples of possible movement of
histones between loci from the parent P to either daughter D, or D, . The probabilities of these transitions are based upon laws of diffusion, which
accounts for the distance between parent and daughter loci x;; = |i — /| (details in Methods and SI). (B) Flowchart of one run of the simulation for
multiple cell cycles. Histone are distributed from parent to the two daughter matrices based on the laws of diffusion, and the process repeated many
times. Empty spots arising out of histone dilution are filled with untagged histones, thereby leading to a decrease in number of tagged histones at the
locus R*. (C) Comparison of model (pink dashed lines) with experimental results [28] (green solid lines) for both active and repressed genes. Results
from three active genes (Pou5f1, Nanog, Ccna2) and three repressed genes (Meis2, Hoxc6, EbfI) are shown here. The model results represent best fit
curves, with the diffusion constant D as the only free parameter. (D) As expected, fitted diffusion constants from panel (C) are higher for active genes
than repressed genes, demonstrating the reasonability of our model.

https://doi.org/10.1371/journal.pcbhi.1011725.9g002

Diffusion of histones is predicted to generate both distance-dependent and
independent patterns of histone mark similarity in early and late-
replicating genomic loci

We argued that if histone diffusion within DADs and the concomitant redeposition is indeed
prevalent during replication, there must be signatures of this process left behind on the PTMs
associated with the histones. In particular, pairs of genomic loci might show histone modifica-
tion patterns that are indicative of diffusive processes. To develop a quantitative expectation
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for the nature of patterns that might be generated by diffusion of histones, we extended the
model from the last section to include a description of histone modifications. This allowed us
to quantify average levels of a particular modification on every loci in the model, and compare
the similarity of these levels between loci within active/repressed regions (Methods). Note that
in this and subsequent parts of the paper, we use Early (E) and Late (L) replication timing
regions as proxies for active and repressed genomic regions respectively, since this connection
is well established [61].

Briefly, in this extended DAD model (Model 2; Fig 3A) we start with equal average signal of
a histone modification in E and L loci and allow for diffusive exchange between early-early
(EE) and late-late (LL) loci. This exchange or redistribution once again follows the law of diffu-
sion (Eq. (1)), and the diffusion constants follow the inequality Dgr > Dy;. At the end of each
cell cycle, mark copying [24,41,62] is implemented to assign marks to newly synthesized his-
tones—this prevents dilution of histone mark levels across cell divisions. Note that the mark
copying model has been established only for H3K9me3 and H3K27me3, and sequence-depen-
dent recruitment of modifiers and transcription restart might play a major role in maintenance
of other marks [21]. However, the precise nature of the maintenance does not matter for our
model, since this is required only to avoid histone mark levels going down to zero during repli-
cation. Many cell cycles are simulated and finally the similarity in histone modification signals
Q(iy, i,) from EE and LL pairs of loci are calculated. When signals from two segments are iden-
tical, Q(iy, i) = 0, and it increases monotonically as the signals become less similar (Methods
and S1 Text).

Predictions of Model 2 are shown in Fig 3B. Histone modification similarity Q(i;, i,) as a
function of negative distance at four time points (after 0, 2, 8 and 50 cell cycles) is shown. Note
that the choice of negative distance is simply to generate smaller distances on moving right
along the x-axis, allowing easy comparisons with “distance” measures from HiC data (spatial
proximity or contact frequency), where moving right on the x-axis corresponds to decreasing
physical distance (see next section). When no cell divisions have occurred, the pattern is set
simply by the initial conditions, which we specifically chose to avoid any biases among the EE
and LL segments. With increasing number of cell cycles, the diffusive process redistributes his-
tone marks, leading to decreasing Q(i1, i) (indicating increasing similarity of loci pairs driven
by diffusion) and emergence of a final stable pattern (Fig 3B). Note that the mark-copying pro-
cess is crucial for stability of the pattern over many cell cycles, since the pattern would have
become flat over many cell cycles in the presence of diffusion and no mark-copying. Three dis-
tinct and important aspects of the pattern can be identified in Fig 3B and 3C:

1. adistance independent pattern: at any given value of the distance x, the median Q(i}, i,) sat-
isfies the inequality Q(iy, i5)gr < Q(i1, i) 11, implying more similarity between EE segments
compared to LL segments. In Fig 3B, this pattern develops even after just 2 cell divisions.

2. a distance-dependent pattern: pairs of loci that are closer in distance are more similar than
pairs that are further away, resulting in a non-zero slope of the Median Q(i;, i) vs x line.
This is true irrespective of whether the loci come from early-early or late-late pairs. This
slope is evident in the EE segments already after 2 cell divisions, but takes more time to
develop in the LL segments (Fig 3B).

3. The slope of the distance dependence is steeper for the lower diffusion constant. Hence the
LL pairs exhibit a more negative slope compared to the EE pairs once the steady pattern
emerges after sufficient number of cell cycles (Fig 3C).

Note that since there is no directionality to the diffusion process, no positive or negative
bias in signal difference between EE and LL pairs emerges after many cell cycles (Fig 3D). Yet,
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Fig 3. DAD model predictions of diffusion-induced histone mark patterns in the epigenome. (A) A modified version of the model shown in Fig 2A,
that incorporates a description of histone marks and mark copying (Model 2). Since any locus will have various types of histone marks, we incorporate a
mark of interest (red clover symbol) and other marks (blue clover). Once the parent P divides, empty spots are left in the daughters D, and D,, which
get filled with newly synthesized histones carrying neither blue nor red marks. These sites are then filled by a simple mark copying rule where the nearest
neighbor sites determine the mark to be assigned (dashed lines; details in Methods and SI). Rules of diffusion and transition of histones from parent to
daughter cells remain identical to Model 1. (B) Results from simulations of Model 2, for various number of cell cycles. Histone modification similarity
between pairs of loci Q(iy, i,) as a function of negative distance (—x;) is plotted. Negative distance was used to qualitatively match the spatial proximity
measure in HiC datasets, where physical proximity increases towards the right of the x-axis. The red box- plots correspond to Early-Early (EE) segments
while blue corresponds to Late-Late (LL) segments. For all simulations performed, the matrices P, D, and D, have 20 rows and 200 columns, where the
first 10 rows correspond to Early segments (faster diffusion, D = 1.2) and the last 10 rows to Late segments (slower diffusion, D = 0.07). Each row was
assigned a number of histone marks of interest drawn from an exponential distribution with parameter 130. Statistics for each plot were generated from
100 repetitions. Beginning with no difference in Q(iy, i,) between EE and LL segments at 0 cell cycles, three distinct patterns emerge and stabilize over
increasing cell cycles: Q(iy, i,)11. is larger than Q(iy, i,)gg for any value of the x-axis, there is a distinct distance dependence in the Q(iy, i,) values for both
EE and LL loci pairs, and finally the slope of the distance dependence is higher for LL pairs. (C) Quantification of the slopes of the distance dependent Q
(i}, i) patterns using linear regression, demonstrating a steeper slope for the LL loci pairs (blue line) once the patterns have stabilized after 50 cell cycles.
(D) Distribution of the difference between average Early (averaged over the 10 Early rows) and average Late signal after 50 divisions, demonstrating no
biases in the simulations. Since these simulations are started with equal numbers of histone marks of interest (on average) between Early and Late rows,
no differences emerge after any number of divisions. Yet, the Q(i;, i,) values develop the distinct patterns shown in panel (B), highlighting the role of
diffusion in generating non-trivial patterns. (E) Simulations of Model 2 where diffusion is not allowed and parental histones from a particular locus land
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on the identical locus in either one of the daughter DNA strands. Evidently, none of the three patterns from panel (B) develop when diffusion is
prevented from occurring.

https://doi.org/10.1371/journal.pchi.1011725.g003

differences in signal similarity get stably established simply due to the differences in diffusion
constants-faster diffusion within EE loci allows for histones to reach further distances in a
given amount of time T, thereby increasing overall similarity of these segments. If diffusion is
disallowed in the model and a histone evicted at a parental site is allowed to land only on the
same site in either one of the two daughter strands, none of the three patterns are observed as
shown in Fig 3E. This simple model serves to clearly demonstrate the patterns that emerge
purely out of diffusion of histones at the replication fork. None of the above results change
qualitatively if the simulations are started with unequal average signal of the histone modifica-
tion between E and L regions, which is the more realistic scenario (Fig A in S1 Text). In the
Discussion section below, we provide detailed arguments for why these patterns are unlikely to
be generated by other processes such as PRC2-mediated histone mark spreading or histone
turnover during transcription.

DAD model predictions are consistently observed in datasets of the
GM06990 and K562 cell lines, providing evidence for diffusion-mediated
redistribution of histone marks

Having established quantitative expectations for diffusion-induced histone modification pat-
terns in the genome using stochastic simulations, we next investigated whether such patterns
can be found in real datasets. We used data from lymphoblastoid (GM06990) and erythroleu-
kemia (K562) cell lines for which Hi-C, replication timing and CHIP-seq datasets for various
histone modifications were available in public repositories (see Methods and S1 Text for
details; Fig 4A provides a summary of the bioinformatics analysis). We first computed the net
early and late replication timing scores for each 1 Mb segment (for Hi-C data of 1 Mb resolu-
tion), and noticed that the distribution of the difference in score across all 1 Mb segments was
bimodal, with peaks at positive and negative values (Fig 4B). This allowed us to classify coarse-
grained 1 Mb loci as either early or late, based on whether the score difference was positive or
negative. To be confident that a 1 Mb segment comprised mostly early or mostly late signals,
we used positive and negative cutoffs respectively for the classification (Fig 4B), and checked
that the precise value of the cutoff does not make any qualitative difference to the main results
(Fig B in S1 Text). We then quantified the similarity of histone marks Q(i;, i) between pairs
of these coarse-grained loci (i, i), grouped by the Hi-C distance (spatial proximity) between
them. Note that this spatial proximity metric is not a physical distance, but a Pearson correla-
tion between the i, and i,™ rows of the normalized HiC contact matrix [51,52] (see S1 Text
for more details). Values of spatial proximity closer to 1 indicate more frequent contacts
between loci, implying high proximity in physical space. While this difference between x in
our computational models and spatial proximity from Hi-C maps prevents a direct quantita-
tive comparison, we expect to be able to make qualitative comparisons on the patterns of his-
tone modifications.

Fig 4C shows one example each of an active mark (H3K27ac), a repressive mark
(H3K27me3) and a mark that has been suggested to be associated with poised chromatin
regions (H3K4me2 [63]). The strong qualitative similarity of the Q(i;, i) patterns in Fig 4C to
computational predictions of the DAD model (in Fig 3B) is immediately apparent across both
cell types GM06990 and K562. We found signs of all three predicted patterns-Q(iy, i,)gr < Q
(i1, 1)1 for any value of spatial proximity (Fig 4C), the non-zero slope in the Q(i;, 1) vs spatial
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Fig 4. Histone modifications in the GM06990 and K562 cell lines consistently exhibit the predicted patterns from
the DAD model. (A) An overview of the bioinformatics pipeline for investigating the presence of the three predicted
histone modification patterns in public datasets. (B) Classification of 1 Mb genomic segments as early or late,
depending on the replication timing score difference (early score-late score) for each segment. A cutoff value of 1000
was used in all plots in this figure. If the score difference was larger than +1000, the segment was classified as early. If
the score difference was less than -1000, the segment was classified as late. Results with another cutoff value of 500 are
shown in Fig B in S1 Text. (C) Q(iy, i) vs spatial proximity plots for H3K27ac, H3K27me3 and H3K4me2
modifications from the GM06990 (top row) and K562 (bottom row) cell lines. The dashed lines represent the Median
QU, j) chance Values for early (red) and late (blue) loci. The three predicted patterns from the DAD model are clearly
visible here. Spatial Proximity is defined as the Pearson correlation between the i, and i,™ rows of the normalized
HiC contact matrix. (D) Linear regression of Median Q(i, i,) against spatial proximity for EE and LL loci pairs, for the
H3K27me3 mark in both cell types. The x-axis points are the middle values of the bins from panel (C). The third
pattern-a steeper slope for LL segments is evident in these plots. (E) The difference AA = AMedianQ(i;, i,) -
AMedianQ(i;, i)chance plotted as a function of spatial proximity, where AMedianQ(is, i,) = MedianQ(iy, ix)11

— MedianQ(iy, i)gg. As per the DAD model predictions, AMedianQ(i;, i,) is expected to be larger at lower values of
spatial proximity (left side of the plot) and smaller at higher values of spatial proximity (right side of the plot).
AMedianQ(i;, i5)chance Was subtracted from AMedianQ(i;, i,) to account for the observed baseline differences in
average values of histone modification signal between early and late segments for any mark. Positive AA values at low
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spatial proximity demonstrate consistency with the DAD model predictions. (F) A negative control histone mark
H3K9me3, that shows none of the three predicted patterns in Q(iy, i,). This is likely a result of H3K9me3 marking
constitutive heterochromatin regions, where diffusion is expected to be minimal or even absent.

https://doi.org/10.1371/journal.pcbi.1011725.9004

proximity plot (Fig 4C and 4D), as well as the higher slope for LL segments (Fig 4D shows
H3K27me3 slopes as an example). We noticed that in these datasets the average histone modi-
fication levels were different between the early and late segments, for each modification (Fig C
in S1 Text). To make sure that the three patterns of interest were not spuriously generated due
to this baseline difference in average levels, we calculated for both early and late segments the
quantity MedianQ(i1, 1) chance- the median similarity expected given their average modification
levels. To compute this quantity, we randomly sampled pairs of loci from within the early
(late) segments, with no Hi-C information, and computed the median of the Q(iy, i,) values of
these random pairs. These are shown as dashed lines in Fig 4C. Clearly, when grouped by Hi-
C distance, MedianQ(iy, i) at low spatial proximity (left side of the plots) are systematically
higher than MedianQ(i;, i,)chance While at high spatial proximity (right side of the plots), Med-
ianQ(i;, i) are lower than MedianQ(i}, i5)chance- This is true both for early and late loci pairs.
Furthermore, the difference in MedianQ(i;, i,) values between late and early segments, AMed-
ianQ(iy, i,)), are consistently larger than AMedianQ(iy, i5)chance at lower spatial proximity (Fig
4E), becoming smaller (or even negative) towards higher spatial proximity values as expected
from the DAD model. This suggests that baseline differences between average histone mark
signal in early vs late segments is not sufficient to explain the trends we observe. Note that
strictly speaking the DAD model predicts positive AMedianQ(i;, i) at any spatial proximity;
hence the negative values observed in Fig 4E are at odds with our model results. This is likely
because AMedianQ(iy, i) is expected to become close to zero at close proximity (see Fig 3B, 50
cell cycles), and such small positive differences can be hard to detect in noisy datasets.

We also investigated the existence of the same patterns when loci pairs were separately ana-
lyzed based on intra versus inter-chromosomal contacts. Expectedly, the intra-chromosomal
contacts consistently showed all three patterns in both cell lines (Fig D in S1 Text). More inter-
estingly, some of the inter-chromosomal contacts also showed clear signs of the diffusion-
induced patterns, particularly in the GM06990 datasets (Fig E in S1 Text). Consistent with the
expectation that diffusion across larger distances is easier in active chromatin, the inter-chro-
mosomal diffusion patterns were clearer in the Early-Early pairs (Fig E in S1 Text top row, red
boxplots). These results suggest that while diffusion is more prevalent between intra-chromo-
somal regions due to shorter distances, redistribution of histone marks can also occur between
different chromosomes. Note however, that since inter-chromosomal contacts occur much less
frequently as compared to intra-chromosomal contacts, the patterns for the former are noisier
as is evident in Fig E in S1 Text.

Finally, we wondered whether we could find a “negative control” histone mark where the
predicted patterns cannot be observed. We argued that a good candidate might be the consti-
tutive heterochromatin mark H3K9me3, since constitutive heterochromatin regions are
expected to be most densely packed with minimal diffusion, and the marks are known to be
very well conserved across cellular generations [44-48]. As per our expectation, neither in the
GMO06990 nor in the K562 cell types could we see evidence of any of the three patterns in
H3K9me3 (Fig 4F). In fact the late-late loci were more similar than the early-early loci and
there was no distance-dependence in Q(i#;, i,). These patterns did not show up even if the
intra-chromosomal contacts were separately analyzed (Fig F in S1 Text). Additionally, to
make sure none of our observed patterns are consequences of choosing the Pearson correla-
tion (spatial proximity) as a proxy for distance in the HiC datasets [52], we also analyzed both
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cell types using the observed contact frequency and enrichment scores and found largely con-
sistent results (Fig G in S1 Text). In summary, the consistent presence of our computationally
predicted patterns in most datasets point to a widespread influence of diffusion in shaping the
landscape of histone modification patterns during cell division.

Discussion

While a number of recent studies have reported efficient and accurate redeposition of parental
histones behind the replication fork [12,13,26,55], thereby apparently precluding the possibil-
ity of histone diffusion, there are many biophysical studies that have characterized histone dif-
fusion both in vitro and in vivo [16,32-34,36], suggesting potentially contradictory
implications and hence an incomplete understanding of histone dynamics. Additionally, a
recent study could account for only about 68% of the original parental nucleosomes on the
nascent daughter DNA [55]. These studies, along with the recent report of dispersed histone
inheritance in actively transcribed loci [28], suggest that a small, but potentially important role
of histone diffusion cannot be neglected in the mechanism of epigenetic inheritance. There-
fore, here we hypothesized the existence of “Diffusion Accessible Domains” or DADs, that
may shape the architecture of the epigenome. Our DAD hypothesis posits that during replica-
tion, dislodged histones along with their post-translational modifications undergo some level
of undirected diffusion (potentially as complexes with various histone chaperones). These dif-
fusing histones may get captured by any genomic loci in the vicinity which are also in the pro-
cess of being replicated. While the majority of parental histones from any locus will get
captured in cis by the spatially proximal leading or lagging strands of the same locus, occasion-
ally some histones will get deposited in trans, leading to a redistribution of histone marks.
Since diffusion relies purely on passive, ATP independent undirected processes, deposition of
the histones is symmetric [6,12,13] and does not account for asymmetries that have been
observed recently in Drosophila germ cells [64]. Intriguingly, results from a recent minimal
experimental system tracking single nucleosomes suggested that passive, chaperone-indepen-
dent processes can indeed lead to nucleosome transfer at the replication fork [65].

We combined a lattice model for the replicating fork with stochastic rules for histone trans-
fer to convert the DAD hypothesis into a computational model that can be used to explore the
ramifications of this diffusion-based hypothesis. We first demonstrated that simply by allowing
the diffusion constants of histones to be different between active and repressed regions, we can
quantitatively explain recent results [28] on the disparate kinetics of histone dilution at various
genomic loci. We next predicted three characteristic patterns of histone mark similarity
between pairs of loci, which are expected to be developed as a result of diffusion. While one of
these patterns is distance independent, two of the emergent patterns are distance-dependent.
We carefully demonstrated that even in the absence of any differences between early and late
loci that may bias the simulations (except the differences in diffusion constants), these three
patterns emerged over the course of cell divisions. Perhaps most importantly, we find the exis-
tence of all three patterns in histone modification datasets from two different cell lines, strongly
suggesting that diffusion plays an important role during replication. Rather remarkably, our
analysis provides evidence not just for intra-chromosomal, but also inter-chromosomal diffu-
sion of histone marks-a result that is fundamentally different from the current models of his-
tone mark inheritance, including those that allow for dispersion of histones in active genomic
regions [2,28]. Some earlier studies have reported more similarity in histone mark signals at
closer physical distances [51], but the replication timing resolved patterns have not been
reported to the best of our knowledge. Crucially, the reason for the existence of such patterns is
poorly understood, and here we provide a plausible model based on simple physical principles.
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Interestingly, H3K9me3, which is a hallmark of constitutive heterochromatin, was the only
modification that did not exhibit any of the expected patterns in either the GM06990 or the
K562 datasets. This is fully consistent with many past studies, which have demonstrated strict
conservation of this constitutive heterochromatin mark via suppression of histone turnover by
a plethora of proteins such as ASF1, SNF2 family proteins and FACT [47,48,66], This would
also be consistent with the idea that constitutive heterochromatin is the most condensed of all
chromatin states [67], thereby minimizing diffusion. Additionally, it is interesting to note that
H3K27me3, which is a hallmark of facultative heterochromatin [2], does show all the signs of
diffusion-mediated patterning. This also seems consistent with the observation that facultative
heterochromatin regions are less condensed than constitutive heterochromatin and are poised
to convert into euchromatin [28], therefore allowing for more diffusion of histones.

Could other models of histone mark transfer potentially explain all or some of the similarity
patterns we predict via simulations and observe in datasets? The most obvious alternate model
would be that of PRC2 mediated long-range histone mark spreading, which would indeed
explain why chromosomal regions in close proximity tend to have similar levels of H3K27me3
[68,69] (pattern 2 in Fig 3B and 3C). However, if the only factor determining distance-based
histone modification similarity (for H3K27me3) was PRC2-dependent spreading, then one
would not be able to explain why for the same distance, we see more similarity in Early repli-
cating loci pairs as compared to Late replicating loci pairs (pattern 1, Figs 3B and 4C). Further-
more, the PRC2 model alone cannot explain why the slope of the distance dependence is
higher in Late as compared to Early replicating regions (pattern 3; Figs 3B and 4C). And since
we see the same pattern in marks other than H3K27me3 where PRC2-like long-range spread-
ing mechanisms have not yet been reported (Fig 4C), this argues for the existence of additional,
more general mechanisms that could be at play. Additionally, while there is strong evidence
for H3K27me3 spreading from “nucleation” sites to both proximal (cis) and distal (trans)
“spreading” sites, the precise mechanism of this spreading is currently not well understood. In
a recent work by Oksuz and colleagues, mouse embryonic stem cells with H3K27me3 depleted
genomes were induced to express PRC2 and consequently develop H3K27me3 de novo [68]. It
was demonstrated that while PRC2 occupied and traversed the distance between nucleosomes
at nucleation sites where the initial H3K27me3 deposition occurred, PRC2 occupancy in distal
sites (though close in physical distance due to DNA looping) remained negligible over time
even though the H3K27me3 marks spread to these sites [68]. Furthermore, the idea that PRC2
might bring together distal chromatin domains and form loops [70] may not be true every-
where in the genome, since mutating the EED domain of PRC2 did not lead to any observable
differences in the 4C interactome of 11 nucleation sites [68]. These results argue that the pre-
cise mechanism(s) leading to trans spreading of H3K27me3 remain unclear, and it is plausible
that mechanisms distinct from PRC2-mediated spreading exist. Indeed, since the cells used in
the Oksuz et al study [68] (and other recent H3K27me3 spreading studies [69]) were stem cells
from humans and mice, the division times would be of the order of 12 hours, thereby making
diffusion mediated spreading a distinct possibility as well. In summary, it is likely that there
exist additional and more general mechanisms for long-range rearrangements of histone
marks besides the canonical one proposed for H3K27me3 via the PRC2 complex. Diffusion
mediated histone mark spreading could potentially be one such mechanism affecting not just
H3K27me3, but other marks as well, as our results suggest.

A second natural question that arises is whether similar patterns could arise due to histone
turnover during transcription. This however is unlikely because of two reasons: first, many
past studies [48,71-73] and also recent cryo-EM structures [74] have suggested that histones
that are displaced during transcription, are mostly replaced in their original sites after passage
of the RNA Pol-II polymerase. This is true for most of the genome, except small regions
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around the edges of genes and in very highly transcribed genes [75]. While histone turnover is
largely minimized, correct phasing of histones is achieved during transcription [76]. Second,
even if we were to assume that a small fraction of histones dislodged during transcription do
not get replaced in their original positions, this is not sufficient to explain the distance depen-
dent patterns in the K562 and GM06990 datasets. Transcriptional events across genes in a sin-
gle cell occur in unsynchronized, stochastic bursts [77,78]. As a result, dislodged histones that
are not replaced after RNAP-II passage are unlikely to diffuse and reassemble on physically
proximal genomic regions. Simultaneous transcription at the proximal DNA would be
unlikely, leaving no naked DNA for the histones to land on. This is in contrast to replication,
where entire genomic regions are known to replicate in phase, broadly divided into Early and
Late replicating regions [61]. This synchronized availability of naked genomic regions is a crit-
ical requirement of the DAD model, as mentioned earlier. Indeed, in a recent study where rep-
lication timing patterns of the genome were randomized by knocking out the protein RIF1,
replication dependent alterations were observed in the histone modification patterns [79].
This experiment suggests that the replication timing program is crucial for maintaining the
boundaries of euchromatin and heterochromatin, and the DAD model requiring synchronized
replication among genomic loci is consistent with these results. The DAD model is also consis-
tent with the idea of sharp heterochromatin boundaries, since replication timing differences
would minimize diffusion between early and late replication timing regions which mirror
euchromatin and heterochromatin respectively.

While our model predictions are recapitulated in a remarkable number of datasets, there
are a number of limitations of the current model arising from simplifying assumptions (dis-
cussed in more detail in S1 Text). Primary among them is the fact that the diffusion constants
used in the model cannot be directly compared to their experimental counterparts. This is
partly because of the simplicity of our model-we use a 1D diffusion equation and the lattice
model has distances only in 1D instead of 3D. Our models also make the assumption that a dis-
lodged set of histones must find their new spots before the next set of parental histones get dis-
lodged. This may be reasonable, since a number of studies in the past have demonstrated that
nucleosome positioning is rapidly re-established behind the replicating fork [5]. Another
major limitation of our results is that since Hi-C provides correlates of physical proximity and
not real distances, it is challenging to map our distance x in simulations to the spatial proxim-
ity measure in Hi-C datasets. This limitation also currently prevents us from estimating how
large the DADs could be and how the DAD sizes differ between active and repressed chroma-
tin regions. Methods to infer physical distances from Hi-C contact maps are being currently
developed, and might help resolve these intriguing questions in future studies [80,81]. Indeed,
since the slope of the median Q(i}, i,) vs x plot is directly related to the diffusion constant, esti-
mating the diffusion constants in various genomic regions from these plots presents an excit-
ing possibility for the future.

Conclusion

While much is known about the physical forces that shape the genome, far less is understood
about the emergence of the epigenome. Our results in this work suggest that occasional diffu-
sive events may redistribute histone modifications during cell division both in active and
repressed genomic regions, in contrast to the “text-book” picture of parental histones being
transferred only to the leading or lagging daughter strands. This redistribution is more preva-
lent between intra-chromosomal genomic contacts, but also occurs between inter-chromo-
somal genomic loci. The consequence of such a model for our understanding of epigenetic
inheritance could be immense-maintenance of cellular states might be achieved not by passing
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on strict positional information of histone marks, but by maintaining histone marks in some-
what larger Diffusion Accessible Domains (DADs). Additionally, we surmise that these repli-
cation-coupled diffusive events might be a potential mechanism to generate plasticity in
epigenomic states, for example in cancer or stem cells. Future experiments will clarify whether
this model and its implications hold—-whether diffusion is indeed a physical phenomenon that
shapes the architecture and plasticity of the epigenome.

Supporting information

S1 Text. Supplementary information. Fig A: Simulations with different starting histone mod-
ification signals between E and L loci do not qualitatively affect the central results. Every row
of the parent matrix was initialized with a draw from an exponential distribution with parame-
ter 130, for E loci, and parameter 20 for L loci. (A) The Q(iy, i,) patterns after 8 and 50 cell
cycles and (B) the slopes of the distance dependence of Q(iy, i,) show the same expected pat-
terns as shown in Fig. Fig B: Histone mark similarity patterns are unchanged for a cutoff value
of 500 for the Early vs Late assignment. Top row shows the Q(i}, i,) patterns for three marks
H3K27ac, H3K27me3 and H3K4me?2 for the GM06990 cell line, while the bottom row is the
same for the K562 cell line. Fig C: An example showing the difference in histone modification
levels between early and late loci, for the H3K27ac mark. Cutoff for Early-Late classification
here was 1000. (A) GM06990 cell line and (B) K562 cell line. Fig D: Intra-chromosomal Q(i;,
i,) patterns show all the diffusion-induced patterns. Top row shows the Q(i}, i,) patterns for
three marks H3K27ac, H3K27me3 and H3K4me?2 for the GM06990 cell line, while the bottom
row is the same for the K562 cell line. Fig E: Inter-chromosomal Q(i}, i,) patterns show the dif-
fusion-induced patterns for some marks, mainly in the GM06990 cell line. Top row shows the
Q(iy, i,) patterns for three marks H3K27ac, H3K27me3 and H3K4me2 for the GM06990 cell
line, while the bottom row is the same for the K562 cell line. The distance dependence is
clearer for the Early-Early loci, consistent with the expectation that diffusion is easier in active
genomic loci as compared to repressed loci. Fig F: Intra-chromosomal Q(is, 1) patterns for the
H3K9me3 histone mark, in (A) the GM06990 and (B) the K562 cell lines. None of the diffu-
sion-induced patterns can be observed for this mark, consistent with the idea that little to no
diffusion mediated redistribution occurs within constitutive heterochromatin regions, even
along the same chromosome. Fig G: Expected histone modification similarity patterns are
observed even when using HiC metrics other than spatial proximity, namely the observed HiC
counts between pairs of loci or the ratio of the observed to the expected counts (also called
enrichment [52]). The top two rows correspond to the GM06990 cell type, while the bottom
two correspond to the K562 cell type. Early versus late replication timing cutoff used in these
an analyses is 1000.
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