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ABSTRACT We examine the relationship between the size of domains of epigenetic marks and the stability of those domains
using our theoretical model that captures the physical mechanisms governing the maintenance of epigenetic modifications. We
focus our study on histone H3 lysine-9 trimethylation, one of the most common and consequential epigenetic marks with roles in
chromatin compaction and gene repression. Our model combines the effects of methyl spreading by methyltransferases and
chromatin segregation into heterochromatin and euchromatin because of preferential heterochromatin protein 1 (HP1) binding.
Our model indicates that, although large methylated domains are passed successfully from one chromatin generation to the
next, small alterations to the methylation sequence are not maintained during chromatin replication. Using our predictive model,
we investigate the size required for an epigenetic domain to persist over chromatin generations while surrounded by a much
larger domain of opposite methylation and compaction state. We find that there is a critical size threshold in the hundreds-of-
nucleosomes scale above which an epigenetic domain will be reliably maintained over generations. The precise size of the
threshold differs for heterochromatic and euchromatic domains. Our results are consistent with natural alterations to the epige-
netic sequence occurring during embryonic development and due to age-related epigenetic drift.

SIGNIFICANCE Epigenetic marks enable cells with the same genetic code to express a broad array of phenotypes by
dictating chromatin structure, which modulates transcription and gene expression. During chromatin replication, the
epigenetic sequence is temporarily disrupted as marks are randomly distributed between daughter strands.
Reestablishment of the epigenome following replication is necessary to ensure maintenance of cell identity. Our work
applies a physics-based model of chromatin compaction and epigenetic mark conferral to identify patterns affecting
histone H3 lysine-9 trimethylation heredity. We identify a threshold epigenetic domain size required for persistent
maintenance of the epigenome during chromatin replication. Our results are consistent with dynamic patterns in the
epigenome expected during embryonic development and with aging, implicating chromatin looping as an underlying
mechanism in both processes.

INTRODUCTION that modulate gene expression. Cell development and differ-
entiation illustrate the crucial role epigenetics plays in gene
regulation as a determinant of which genes are expressed at
what time. Abnormal patterns of epigenetic marks disrupt
typical gene expression and are associated with many prev-
alent diseases, including cancer, diabetes, obesity, and
developmental disorders (1-3).

Nucleosomes, which consist of DNA wrapped approxi-
mately one and a half times around a set of eight histone

All cells within an organism contain the same genetic mate-
rial but exhibit a wide variety of characteristics and func-
tions. This diversity arises not because of differences in
the sequence of DNA basepairs but because of epigenetics:
chemical modifications to chromosomal DNA and post-
translational modifications to DNA-associated proteins
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arrangement of the chromosomes, epigenetic marks affect
the accessibility of genes to transcription factors and thereby
regulate gene expression. During interphase, DNA segre-
gates into densely packed, less transcriptionally accessible
regions of heterochromatin and loosely packed, more tran-
scriptionally accessible regions of euchromatin. Histone
methylation is required for the formation of heterochromat-
in (4) and gene repression (5-7).

Heterochromatin protein 1 (HP1) binds specifically to
histone H3 lysine-9 (H3K9) (8-10) and oligomerizes
when bound to adjacent nucleosomes, causing compaction
(11,12). Epigenetic methyl marks interact with HP1, which
shows the strongest affinity for trimethylation (H3K9me3)
(8-10). HP1 also interacts cooperatively with the H3K9
methyltransferases SUV39H1/2 (13-15), which spread
methyl marks to unmethylated nucleosomes in spatial prox-
imity. Chromatin contact experiments reveal a connection
between chromatin organization and epigenetic regulation,
as contact maps show distinct patterns that correlate with
the profiles of epigenetic modifications (16,17).

The epigenetic sequence must be passed faithfully to
daughter cells to ensure continuity of proper cellular iden-
tity and behavior. During replication, the histone methyl-
ation level is temporarily diluted by a factor of two, as
parental nucleosomes are placed randomly on one of the
two daughter strands. The gaps between parental nucleo-
somes are filled with newly synthesized, unmarked nucleo-
somes (18), and the histone methylation level gradually
increases during the cell cycle to return to its original level
(19,20).

A “buffer model” has been proposed to explain both the
imprecise inheritance of histone methylation at individual
nucleosomes and the consistency of gene silencing at
genomic scales (19). Theoretical models show that estab-
lishing robust bistability requires cooperativity and long-
range interactions between nucleosomes (21-24). Models
that include physically motivated chromatin connectivity
reproduce experimental observations of the extent of epige-
netic spreading and further demonstrate that coupling be-
tween three-dimensional structure and one-dimensional
epigenetic spreading promotes bistability and epigenetic
memory (25-27). Although some models find that boundary
elements are necessary to restrict epigenetic marks to a local
domain (27-29), others find that barrier-free mechanisms,
such as the random diffusive motion of both the chromatin
fiber and a chromatin-bound enzyme (30) or the HP1-driven
phase segregation into heterochromatin and euchromatin
(31), capture the formation and maintenance of epigenetic
domains.

Micheelsen et al. develop analytical approaches to study
the stability of the epigenetic profile across cell divisions.
They find that a positive feedback mechanism for nucleo-
some modification is robust against the temporary destabili-
zation caused by cell division. They also observe that faster
rates of cell division lead to more frequent stochastic transi-
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tions between epigenetic states and that the stability of a
distinct epigenetic domain is proportional to its size (22).
In their stochastic study of various epigenetic circuits, Snep-
pen and Dodd include a replication step in which nucleo-
somes randomly lose their epigenetic marks, and they note
that multiple possible circuits can establish epigenetic sta-
bility (32). Similarly, Zerihun et al. utilize a stochastic
model to study the dynamics of the epigenetic state after
replication, which they imitate by periodically diluting the
epigenetic mark density. They discover that the epigenetic
state is more sensitive to fluctuations immediately after
replication and that the length of the cell cycle has a signif-
icant impact on epigenetic memory (33).

Although the histone methylation level reestablishes it-
self after each replication event, over the course of an organ-
ism’s whole lifetime, both the epigenetic profile and features
of the chromatin structure evolve (34), shifting farther from
their original state. Such age-related changes in the epige-
netic profile, termed epigenetic drift, can contribute to
impaired cellular functions. It has been broadly observed
that as organisms age, their chromatin becomes more
euchromatic and transcriptionally active (35). In fact,
changes in heterochromatin correlate with aged phenotypes
across multiple species, including Caenorhabditis elegans,
Drosophila, and humans (36-38). For instance, human cells
from patients with Hutchinson-Gilford progeria syndrome, a
genetic condition that results in premature aging, show a
decrease in H3K9me3 levels, a reduction in association of
HP1 with pericentrosomal DNA, and a reduction in hetero-
chromatin (35,39). Embryonic stem cells from a model sys-
tem of Werner syndrome, another premature aging disorder,
similarly show loss of H3K9me3, HP1, and SUV39HI1 (38).
Based on such findings and noted cross-species commonal-
ities, the proposed “loss of heterochromatin” model sug-
gests that a reduction in heterochromatin is a driving
feature of aging (35,40). Indeed, the organization of the
genome, and not simply the abundance of epigenetic marks,
appears to have a significant effect on aging, as evidenced
by reports of a shift in the distribution of H3K9me3 from
heterochromatin to euchromatin and an overall increase in
H3K9me3 in aged Drosophila (41).

We employ our theoretical model for the reestablishment
of epigenetic modifications following DNA replication to
explore the relationship between domain size and epigenetic
stability for both heterochromatic and euchromatic do-
mains. Based on our current understanding of heterochro-
matin/euchromatin segregation and methylation spreading
(42,43), our model incorporates the relationship between
methylation state and HP1 binding as well as the coopera-
tive interaction between HP1 and methyltransferase. Our
model predicts the organization of chromosomal DNA
based on the cooperative interactions between bound
HP1, resulting in a condensed heterochromatin phase that
resembles an “inverted” nucleus (44) (discussed further in
Materials and methods) but nonetheless captures contact
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frequencies found from Hi-C measurements (42). Our previ-
ous work shows that small euchromatic and heterochromatic
domains cannot maintain their original methylation level
and are gradually consumed by larger domains of the oppo-
site compaction state (31).

At a large enough size, however, one would expect that
an epigenetic domain could persist despite being sur-
rounded by a larger antagonistic region. By artificially de-
methylating a segment in a region of high methylation and
artificially methylating a segment in a region of low
methylation, we aim to observe the critical size necessary
for a segment to survive within a larger region of the oppo-
site compaction state. Our results indicate that the epige-
netic sequence is more susceptible to aberrations of
overmethylation than to those of undermethylation, sug-
gesting that the cell might operate under conditions that
slightly favor demethylation and the formation of euchro-
matin. Our finding that the system is more robust against
loss of methylation is consistent with experimental obser-
vations that epigenetic drift tends to be in the direction of
loss of H3K9me3 and heterochromatin. Thus, our model
reveals further biophysical detail about the relationship be-
tween epigenetic regulation and chromatin organization
and holds relevance for changes to the epigenetic sequence
that occur as a result of normal recombination events, age-
related epigenetic drift, and artificial manipulations. Inter-
ventions that are designed to selectively activate or repress
a specific gene may entail relocating that gene to drive it
from heterochromatin into euchromatin or vice versa and
thereby affect its transcriptional activity. Understanding
the conditions required for the stability of epigenetic do-
mains is therefore critical to predicting the chromosomal
tolerance for such potential genetic relocations.

MATERIALS AND METHODS

We leverage our model for the heritability of the methylation sequence,
which integrates two fundamental processes of chromatin compaction
and methyl spreading (31). Our aim in this work is to identify the condi-
tions under which an artificially demethylated heterochromatic region will
migrate into euchromatin and vice versa, as the schematic in Fig. 1 illus-
trates. We begin with an experimentally derived profile of H3K9me3 for
human chromosome 16. We then artificially methylate or demethylate a
continuous segment of nucleosomes in euchromatin or heterochromatin,
respectively, producing a chromosome that we label with “generation
zero.” We assume the H3K9me3 profile to be fixed until chromosomal
replication takes place. Assuming that structural equilibration occurs
faster than chromosomal replication, we model equilibrium chromatin or-
ganization by Metropolis Monte Carlo (MC) simulation. From these sim-
ulations, we collect an ensemble of equilibrium configurations that we use
to quantify local chromatin compaction. We use local chromatin compac-
tion as an input to our kinetic model of loop-mediated epigenetic mark
conferral, which we evaluate to generate a new H3K9me3 profile predict-
ing the chromosome’s updated epigenetic state following replication. The
chromosome with the updated H3K9me3 profile is labeled with “genera-
tion one.” By iterating between MC structural prediction and the kinetic
model of loop-mediated mark conferral, we predict H3K9me3 profiles
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FIGURE 1 Artificial methylation and demethylation cause nucleosome
migration between heterochromatic and euchromatic phases. (A) Following
artificial methylation, nucleosomes originally located in a loosely packed,
peripheral euchromatic domain tend to move into a dense heterochromatic
core due to increased HP1 binding and favorable HP1 oligomerization. (B)
Conversely, after removing methyl marks from nucleosomes in heterochro-
matin, these nucleosomes tend to move into the surrounding euchromatic
domain due to less favorable HP1 binding to unmethylated nucleosomes.
Subplots include schematics illustrating the general direction of nucleo-
some migration following artificial methylation (A, left) or demethylation
(B, left), where nucleosomes in cyan, gold, and magenta are classified in
euchromatic, boundary, and heterochromatic domains, respectively. To
exemplify this, each subplot also highlights the location of 300 nucleo-
somes in red before and after artificial methylation (A, right) or demethyla-
tion (B, right).

and chromatin structures following four chromosome replication cycles,
until modeling the chromosome at “generation four.”

Chromatin modeled as a wormlike chain

We simulate human chromosome 16 and represent each of its 393,216 nu-
cleosomes as an individual bead. Such large-scale simulations necessitate
a coarse-grained approach, so we use the discrete, stretchable, shearable
wormlike chain model, which both captures the energetics of a semiflex-
ible polymer and allows for more coarse discretization. The discrete,
stretchable, shearable wormlike chain model is described in detail in the
Supporting materials and methods Appendix for (42) and in the original
articles in which it was developed (45-47). We model chromatin as having
the same persistence length of bare DNA, with nucleosomes spaced 50 bp
apart.



To mimic the confinement DNA experiences in the nucleus, we set a
spherical confinement around the single chromosome in our simulation.
This confinement is 1.8um in diameter, corresponding to the approximate
size of a chromosome territory (48). To calculate the total interaction free
energy between chromosomal segments, we divide the system into cells
of volume A® and define ¢, as the volume fraction of chromatin calculated
inside discrete bins of width A. As in (49), we use linear density interpola-
tion to calculate ¢, for each cell. We define the interaction free energy to be

xA'¢? if ¢.<0.5

o otherwise.

Fim(d)c) =

We set A =28.7nm to capture density fluctuations on an appropriate
length scale for nucleosome-level detail. We assign each bead a volume
of 520nm® to correspond to the approximate volume of a nucleosome.
We choose a moderate value of the parameter x that is large enough to pre-
vent the formation of chromatin-less regions, but not so large as to prevent
noticeable variation in chromatin density. We note that this coarse-grained
binning procedure does not prohibit the overlap of individual nucleosomes.
However, no bin is allowed to be more than 50% full of nucleosomes. This
method is appropriate for revealing equilibrium density fluctuations in
chromatin on length scales greater than A.

The total energy of the system includes energy from polymer-chain
deformation, nonspecific repulsion, and HP1 binding: E = E,;;,+
> pinsFint () + Epina. We select configurations from an ensemble of the
system using MC sampling.

MC structural prediction

Our model for chromatin compaction predicts DNA segregation into het-
erochromatin and euchromatin based on a fixed methylation sequence
and cooperative HP1 binding (42). We use a polymer-based MC simulation
to sample configurations from the equilibrium ensemble of this system. Our
simulations include five categories of moves that 1) rotate a segment of the
polymer about the axis that runs through its ends, 2) change the binding
state of histone tails, 3) rotate a single bead, 4) translate beads, and 5) pivot
the end of the chain. Moves are performed repeatedly in order for the sys-
tem to reach equilibrium. We use parallel tempering between different
chemical potentials (i.e., concentrations of HP1) to ensure that full sam-
pling of the configuration space can occur. Our model does not include
any topological constraints on the DNA. By implementing a coarse-grain-
ing interaction (49), we simulate the entire human chromosome 16 with
nucleosome-scale discretization.

Based on the experimentally observed connection between HP1 and
methyltransferase (50,51), we incorporate HP1 binding directly into our
model. We allow HP1 to bind and unbind to both methylated and unmethy-
lated histone tails, adjusting for the preferential binding of HP1 to methyl-
ated tails. Based on experimental data from Canzio et al. (11) and modeling
by Mulligan et al. (52), we set the methylated and unmethylated histone-
HP1 binding affinities to &y = —0.01kgT and ey = 1.52kpT, respectively.
To account for the oligomerization of HP1, which leads to compaction of
the chromosome, our model also includes an experimentally based ener-
getic benefit for regions with higher concentrations of HP1 (11). HP1-
bound nucleosomes that come within an interaction radius experience a
J = —4.0kpT free-energy benefit. We choose an interaction radius of
rine = 3nm to correspond to the approximate length of a histone tail (53).
We use a two-state model in which each H3 tail is either bound by HP1
or not bound. The free concentration of HP1 determines the chemical po-
tential through the relation u = kgTlog([HP1],.). We use the canonical
ensemble (i.e., fixed number) for the DNA and nucleosomes and the grand
canonical ensemble (i.e., fixed chemical potential) for the HP1 molecules.
We calculate the interaction between separate nucleosomes based on p, the
local number density of bound HP1 interpolated from a linear grid with
spacing A. Altogether, the HP1-binding energy is given by
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N

Eping = Z J’U[lo,.z—i— i(gi—’u)g{ +Z%J"imA3pza

i= j=1 bins

where vi,, = (4 /3)mr
nucleosomes, a{ is 1 if the jth H3 tail of the ith nucleosome is bound by HP1

-3 . denotes the interaction volume, N is the number of
and 0 otherwise, gf is &y or gy, depending on the methylation state of the
corresponding histone tail, and J' = J(1 —v;, /A%) to correct for double-
counted interactions between H3 tails on the same nucleosome (42).

Our model behaves similarly to other models that treat chromatin as a
block copolymer (54-56), but our approach incorporates local binding of
HP1 that is sensitive to changes in the surrounding epigenetic sequence.
Data-driven modeling approaches achieve exquisite agreement with in vivo
genomic contact maps based on Hi-C measurements (57,58). Our bottom-
up approach predicts many genomic contacts that are measured in Hi-C ex-
periments while maintaining predictive ability for epigenetic mark conferral.

Our MC simulations predict an “inverted” architecture for a single chro-
mosome territory, characterized by a dense heterochromatic core and a
loose euchromatic periphery. On the scale of the entire nucleus, such in-
verted configurations are observed in rods of nocturnal animals (44). Mean-
while, the “conventional” nucleus is defined by an opposite configuration,
with heterochromatin preferentially located at the nuclear envelope. To
reproduce the organization of the conventional nucleus, a favorable interac-
tion between HP1-bound nucleosomes and the nuclear envelope may be
specified (59,60). However, specifying such an interaction with a free
parameter may bias our model and compromise predictability. To minimize
our use of free parameters, we have chosen not to specify an interaction be-
tween HP1-bound nucleosomes and the confining boundary. For structural
simulations of a single chromosome territory, predicted configurations with
centrally located heterochromatin have reproduced features observed in
experimental Hi-C contact maps (42,57,61). Likewise, experimental Hi-C
contact maps from conventional and inverted nuclei produce common fea-
tures and consistent degrees of compartmentalization (44,59). The observa-
tions suggest that compartmentalization of heterochromatic and
euchromatic domains is independent of the nuclear envelope (59). There-
fore, for the purposes of predicting HP1-bound nucleosome contacts and
associated loop-mediated H3K9me3 conferral to study epigenetic drift
and domain stability within a chromosome territory, our simulations are
valid without an interaction with the nuclear boundary.

We determine the original methylation profile from experimental ChIP-
seq data (62,63). Histone tails are methylated by applying a cutoff to the
ChIP-seq signal such that ~50% of the histone tails are methylated. We
calculate the fraction of methylated nucleosomes in sliding windows of
101 nucleosomes centered around each nucleosome and refer to this mea-
sure as the “methylation state.” This approach is based on the finding that
the methylation level of a region of ~100 nucleosomes is a better predictor
of local compaction state (i.e., located in heterochromatin or euchromatin)
than an individual nucleosome’s methylation state (42). We apply the same
cutoffs for window-averaged methylation established in previous work (31)
to identify the compaction state of each nucleosome and identify the longest
continuous heterochromatic and euchromatic regions of the chromosome.
At the center of the heterochromatic and euchromatic regions, a segment
of the original methylation sequence is replaced with a segment that is
completely unmethylated or completely methylated, respectively. The
size of the altered segment is varied (from as small as 10 nucleosomes to
as large as 600 nucleosomes) to examine the relationship between domain
size and epigenetic stability. We label chromosomes with the directly
altered methylation profiles as belonging to “generation zero.”

Kinetic model of epigenetic mark conferral

Our methylation model predicts, based on the spatial arrangement of the
chromatin, which nucleosomes become methylated through loop-mediated
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spreading (43). Experimental measurements of methyl spreading around a
nucleosome (50,51) inform the function of the methyltransferase in our
model. Given the interaction between HP1 and methyltransferase, methyl-
ation is able to spread from both methylated and unmethylated nucleosomes
as long as HP1 is bound. However, spreading will occur differentially from
methylated and unmethylated nucleosomes as a result of their different
binding affinities for HP1 (11). For each snapshot of chromatin structure
produced by MC simulation, we quantify compaction at each nucleosome
i by the number of surrounding HP1-bound nucleosome tails within cutoff
distance @ = 15nm. We assign this quantity to nypj-labeled “near-
neighbor count” or “neighbors.” As with our previous work, we choose
the 15-nm cutoff distance to represent approximately half the resolution
of the MC simulation. We average the number of HP1-bound tails within
a cutoff distance a of the ith nucleosome over 26 independent, equilibrated
chromatin structures, which we denote by {nyp;,). The average number of
near neighbors at each nucleosome position provides a representative
map of nucleosome connectivity.

We write a kinetic equation for the change in methylation probability
with respect to time 2 = k(% (nyp,)(1 —p;) — kqp:, where p; is the proba-
bility that the ith nucleosome is methylated (i.e., trimethylated in our
model), k,(q?) is the bare methyltransferase rate, and &, is the demethylation

rate. We constrain our rate constants to the parameter oy = k,(,?)/ kq, the
relative rate of methylation to demethylation. Consistent with previous
work (31), we set ay = 0.042. This value for «; ensures that the fraction
of methylated nucleosomes returns to approximately the same value after
each successive generation for a moderate concentration of unbound HP1
(0.700 uM), which we previously identified as an optimal concentration
for maintaining the epigenetic sequence (31). In this work, we focus on
this optimal concentration of HP1 to explore the domain size requirements
for epigenetic stability under the most beneficial conditions for epigenetic
memory. Using local chromatin compaction as an input for the methyl

120 nucleosomes 150 nucleosomes

Generation 0

Generation 2
&
o

Generation 4
W
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spreading master equation, we solve for the steady-state methylation pro-
file. The methylation status of each nucleosome is selected based on the
probabilities p; from the master equation. The resulting methylation
sequence then serves as input for the next MC simulation for chromatin or-
ganization. Because the updated methylation sequence models the
H3K9me3 profile of the chromosome after a replication cycle, we label
the chromosome with this sequence as belonging to the next generation
(e.g., “generation one” through “generation four”).

Model of H3K9me3 mark heritability

We integrate our models for chromatin organization and methyl spreading
by alternating between MC simulations for the three-dimensional configu-
ration and a master equation solution for the methylation sequence (31). By
iterating between chromatin compaction steps and methyl-spreading steps,
we observe the evolution of chromatin structure and epigenetic sequence
over multiple generations. One generation is defined to be one MC simula-
tion coupled with one master equation solution. Fig. 2 shows snapshots for
three values of the artificially demethylated region (120, 150, and 180 nu-
cleosomes) for chromatin generations zero, two, and four. The artificially
demethylated region is highlighted in these images, and the view of the
simulation is rotated such that the center of mass of the artificially demethy-
lated region is aligned along the x axis. Therefore, the radial position of the
demethylated region is clearly identified in the snapshots of Fig. 2.
Experimental measurements of the rate of transfer of histone methyl-
ation, methyltransferase activity, and the diffusion coefficient of genetic
loci in mammalian cells suggest that chromosomal dynamics are much
faster than methylation dynamics (64—66), and our choice of using an aver-
aged nucleosome connectivity reflects this difference in timescales. An
averaged connectivity represents a range of chromosomal structures and

180 nucleosomes

N FIGURE 2 Our physics-based simulations depict
nucleosome migration between a loose euchromatic
periphery and a dense heterochromatic core, reflect-
ing dynamic patterns of H3K9me3 modifications
during cell replication. We render snapshots of chro-
matin organization within a spherical chromosomal
territory following artificial demethylation of a vari-
able-length region of heterochromatin. At generation
zero, H3K9me3 modifications are artificially
removed from segments of 120, 150, and 180 nucle-
osomes in heterochromatin, causing these nucleo-
somes to relocate to a peripheral euchromatic
| domain with other similarly unmethylated nucleo-
somes. We iterate between MC simulation of
chromatin organization and a kinetic model of
loop-mediated epigenetic mark conferral to predict
the epigenetic profile following four subsequent cy-
cles of chromosomal replication. Snapshots from
our simulations collected at chromosome genera-
tions two and four (following two and four replica-
tion cycles, respectively) depict progressive
reestablishment of the methyl sequence and migra-
tion of the modified nucleosomes back toward the
dense heterochromatic core. The view is rotated
such that the center of mass of the highlighted artifi-
cially demethylated region is aligned with the x axis
for each snapshot.




therefore takes into account local fluctuations in nucleosome positions and
HP1 binding. Furthermore, additional analysis demonstrates that the mech-
anism for epigenetic heritability presented in (31) is robust against varia-
tions in the simulation and master equation procedure. Alternative
procedures that represent different timescales for chromosomal rearrange-
ment and methylation spreading produce qualitatively consistent results
(31) and, therefore, the approach taken in this and prior work is reasonable.

Materials and data availability

MC simulation code to predict chromosomal organization at each genera-
tion and code/documentation for the master equation solution for methyl-
ation dynamics are found in the Spakowitz Lab GitHub (https:/github.
com/SpakowitzLab) and on our lab website (http://www.stanford.edu/
~ajspakow/).

RESULTS

We perform a series of simulations of the reestablishment of
the methylation sequence after DNA replication, as outlined
above. These simulations explore how artificially methyl-
ated or demethylated regions of chromatin persist over mul-
tiple cell cycle generations. We find that there is a critical
size threshold between 100 and 200 nucleosomes required
for a domain of a particular epigenetic state to survive
within a larger region of the opposite state. Domains smaller
than the threshold size are absorbed by the larger region and
gradually switch epigenetic state, whereas domains larger
than the threshold size persist stably over generations and
maintain consistent epigenetic states.

Mark spreading reverses minor epigenetic
perturbations

To characterize the threshold size above which an epigenetic
domain persists during cell replication, we focus our anal-
ysis on a linearly adjacent, 1000-nucleosome “local” region
containing the artificially adjusted nucleosome segment. We
partition this local region into “artificial” and “surround-
ing” segments, which we separately characterize during
later analysis. For each simulated alteration to the epige-
nome, we plot the evolution of methylation states and
near-neighbor counts in the local region following four
chromatin replications. These profiles capture the gradual
spreading of methylation marks at interfaces between epige-
netic domains, blurring the boundaries between condensed
heterochromatic and loose euchromatic regions. For short
heterochromatic regions established by artificially methyl-
ated nucleosomes, spreading of the inserted methylation
marks during chromatin replication causes a reversion to
the original euchromatic state. Similarly, for short segments
of euchromatin caused by artificial demethylation, we
observe that mark spreading from surrounding regions re-
stores a continuous, compact heterochromatic domain. For
example, Fig. 3 plots the progression of methylation state
and near-neighbor count profiles following 150-nucleosome
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FIGURE 3 We use bar charts to represent the profiles of H3K9 trimethy-
lation (“MET”) and near-neighbor counts (“NBR”) for a continuous 1000-
nucleosome “local” region of the chromosome containing our artificially
demethylated domain. At each nucleosome position, the methylation pro-
files plot the 101-nucleosome window average of the number of histone
tails modified with H3K9me3, whereas the neighbor count profiles plot
the average number of HP1 proteins bound within a 15-nm cutoff radius
among all equilibrated MC snapshots. Beginning with an initial, experi-
mentally derived H3K9me3 profile, we artificially demethylate 150 nucle-
osomes from a continuous heterochromatic domain and label the resulting
chromosome as belonging to generation zero (“Gen0”). We then apply MC
simulation to predict the structure of the manipulated chromosome and
generate the neighbor count profile. From the neighbor count profiles, we
leverage a kinetic model of loop mediated epigenetic mark conferral (43)
to predict patterns of H3K9me3 modifications at the next chromosome gen-
eration. By iterating between our kinetic model of epigenetic mark
conferral and MC structural prediction, we predict the H3K9 trimethylation
and neighbor count profiles following four subsequent chromosome replica-
tion cycles (labeled chromosome “Genl” to “Gen4”). The “local” region is
divided into “artificial” and “surrounding” subregions for subsequent ana-
lyses. In the methylation state profiles, nucleosome positions colored in
magenta, gold, and cyan are classified into heterochromatic, boundary,
and euchromatic domains, respectively. In the neighbor count profiles, po-
sitions colored in red indicate which nucleosomes were artificially deme-
thylated at generation zero. These profiles offer a basis for quantitative
comparison of the methylation states and near-neighbor counts in the re-
gions containing and around the artificially modified nucleosomes during
progressive cell generations.

artificial demethylation from a continuous heterochromatic
domain, illustrating that the original domain is restored after
four chromatin replications.

Epigenetic domains persist during chromatin
replication beyond a critical length

When the size of an artificially methylated or demethylated
nucleosome segment exceeds the threshold length between
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in heterochromatin are introduced to an experimentally derived profile of H3K9me3 for human chromosome 16, and a chromosome with the modified
H3K9me3 profile is referred to as “generation zero.” We then iteratively simulate chromatin structure and mark conferral to predict similar profiles of
H3K9 trimethylation and near-neighbor counts following four subsequent chromosome replication cycles, yielding what we refer to as chromosome “gen-
eration one” through “generation four.” Here, we plot profiles following artificial demethylation of 120, 150, and 180 nucleosomes at chromosome gener-
ations zero (“Gen0”), two (“Gen2”), and four (“Gen4”). In the methylation state profiles, nucleosome positions colored in magenta, gold, and cyan represent
heterochromatic, boundary, and euchromatic domains, respectively. In the neighbor count profiles, positions marked in red indicate where H3K9 trimethy-
lation marks were artificially removed during generation zero. Variable-length artificial demethylation reveals a critical perturbation threshold in the hun-
dreds-of-nucleosomes scale required to introduce long-term changes to the H3K9me3 profile. Demethylation of nucleosome segments below this

threshold produce transient domains of euchromatin, which revert back to heterochromatin following reestablishment of H3K9me3.

100 and 200 nucleosomes, mark spreading appears insuffi-
cient to restore the original epigenetic state within four
chromatin generations. Fig. 4 plots methylation state and
near-neighbor count profiles for artificially demethylated
nucleosome segments around the threshold length, with al-
terations made to an originally continuous heterochromatic
domain. This figure juxtaposes a transient 120-nucleosome
epigenetic alteration with a more robust 180-nucleosome
alteration. Near the threshold alteration length, as the num-
ber of artificially demethylated nucleosomes increases,
there is a concomitant increase in the number of chromatin
replication cycles required to restore the lost marks and re-
establish the heterochromatin domain. When comparing
simulations with artificially methylated and demethylated
nucleosomes, we observe that fewer methylated nucleo-
somes are required to establish a persistent epigenetic
domain than demethylated nucleosomes (for demonstration,
see Fig. S1). As such, heterochromatin appears more robust
to perturbations in the epigenome than euchromatin.

We represent the evolution of heterochromatic and
euchromatic domains using empirical cumulative distribu-
tion functions (eCDFs), which we separately plot for the
artificial and surrounding regions. For example, Fig. 5 plots
eCDFs of near-neighbor counts at four chromatin genera-
tions following artificial methylation and demethylation of
100 nucleosomes from euchromatin and heterochromatin,
respectively. Following both methylation and demethyla-
tion, the distribution of near-neighbor counts in the sur-
rounding regions quickly stabilizes, whereas that in the
artificial region continues to evolve during all chromatin
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generations. Shifts in the near-neighbor count eCDFs of
the artificial region capture the reversion to the epigenetic
state of surrounding nucleosomes. Artificially methylated
nucleosomes lose neighbors as they loosen into a euchro-
matic state, whereas artificially demethylated nucleosomes
gain neighbors and restore a compact heterochromatin
domain.

We quantify changes in methylation state and near-
neighbor count distributions between pairs of chromatin
generations using the Kolmogorov-Smirnov (KS) test statis-
tic, which gives the greatest distance between two eCDFs.
The test statistic is separately calculated for distributions
from artificial and surrounding regions. Fig. 6 plots KS
test statistics comparing methylation state (“MET”) and
near-neighbor count (“NBR”) distributions at chromatin
generations one and three following artificial methylation
and demethylation of various nucleosome segments from
euchromatin and heterochromatin, respectively. In general,
KS test statistics comparing distributions in the artificial re-
gion show an initial increase at low artificial segment
lengths, followed by a decrease and eventual plateau.

When ~20 nucleosomes are artificially methylated or de-
methylated, the alteration drives relatively minor changes in
chromatin structure. Therefore, as the altered nucleosomes
revert to the epigenetic state of their surroundings, minor
changes in neighbor count distribution are observed. This
is reflected by relatively low KS test statistics comparing
neighbor count distributions in the artificial region for short,
altered segment lengths. When the methylation state of
~100 nucleosomes is flipped, the alteration causes a
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FIGURE 5 For each simulation of a modified chromosome, we isolate a
1000-nucleosome “local” region centered around the artificially methylated
or demethylated nucleosome segment. We partition this local region into
“artificial” (“ART”) and “surrounding” (“SUR™) subregions to evaluate
patterns in chromatin structure and H3K9me3 profile during four replica-
tion cycles. By our labeling convention, we manipulate the H3K9me3 pro-
file at generation zero (“Gen0”) and track the effect of this perturbation at
generations one (“Genl”) through four (“Gen4”). Here, we plot the distri-
butions of near-neighbor counts in each subregion following artificial
methylation and demethylation of 100-nucleosome segments in euchro-
matin and heterochromatin, respectively. Near-neighbor counts serve as a
proxy of chromosome compaction state. For both perturbations to the epi-
genome, the distributions depict a prominent drift in the near-neighbor
counts in the artificial region. Artificially methylated nucleosomes lose
neighbors as H3K9me3 modifications become diluted during cell replica-
tion, causing a reversion to a loose euchromatin state. Artificially demethy-
lated nucleosomes gain neighbors as H3K9me3 modifications spread from
surrounding nucleosomes to reestablish a continuous heterochromatin
domain.

transient epigenetic domain opposite to that of the surround-
ing nucleosomes. This domain is unstable, and high KS test
statistics are obtained for both the methylation state and
near-neighbor count distributions as the altered nucleo-
somes equilibrate with their surroundings and restore their
original epigenetic states. For artificially methylated or de-
methylated segments greater than ~200 nucleosomes in
length, the alteration is sufficient to introduce a stable
domain to the epigenome. Even with mark spreading, nucle-
osomes in the artificial region maintain their altered identity.
This is reflected by relatively low KS test statistics
comparing methylation state and neighbor count distribu-
tions in the artificial region between chromatin generations
one and three.

In general, the KS test statistics obtained from nucleo-
somes in the surrounding regions are relatively low and in-
crease only slightly with the artificial segment length. These

Physical modeling of epigenetic drift

low KS test statistics reflect the stability of the large, contin-
uous epigenetic domains into which we made alterations.
The slight increase in KS test statistics at large artificial
segment lengths reflects the blurring of the epigenetic
boundary between the artificial and surrounding regions
caused by methyl spreading.

Epigenetic alterations cause nucleosome
migration

Our structural simulations reflect a single chromosome
territory containing a condensed heterochromatic core
surrounded by a loose euchromatic periphery. Using coordi-
nates of artificially methylated or demethylated nucleo-
somes in structures predicted by MC simulation, we track
nucleosome migration across chromatin generations. We
observe that alterations to the epigenome cause a migration
of affected nucleosomes toward like phases, such that meth-
ylated nucleosomes tend to migrate into the heterochromatic
core whereas demethylated nucleosomes tend to migrate to-
ward the euchromatic periphery. The organization of the
chromosome into distinct territories and migration of nucle-
osomes toward like phases recapitulates findings made by
Cheng et al. using a phenomenological energy landscape
model (61). As mark spreading occurs at boundaries be-
tween epigenetic domains, short segments of altered nucle-
osomes migrate back toward their original phases while
restoring their original methylation states (see Fig. 2). By
correlating epigenetic sequences and chromatin organiza-
tion during generations following artificial modification,
we demonstrate that small alterations to the epigenome
can affect chromatin structure, though their effects tend to
be temporary.

DISCUSSION

By applying models of chromatin structure and mark herita-
bility, we simulate the evolution of H3K9me3 marks at four
chromatin generations following perturbation to the epige-
nome. We predict that although loop-mediated mark
spreading reverses small alterations to the epigenetic
sequence, large changes persist during cell replication. We
infer that patterns in epigenetic mark conferral and domain
stability are implicated in constitutive heterochromatin
repression, embryonic development, and biological aging.

Mark spreading enables broad H3K9me3
coverage

Tandem repeats (short, repeating units of nucleic acid se-
quences) comprise a sizable portion of mammalian ge-
nomes, including ~50-70% of the human genome (67).
When unregulated, these repeats express high copy-
numbers and destabilize DNA as they randomly rearrange
and spread (68). Tandem repeats are also highly susceptible
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to mutations, showing mutation rates up to ~4-7 times that
of nonrepeating, gene-rich regions of chromosomal DNA
(69). As such, it is advantageous to suppress tandem repeats.
A class of heterochromatin known as “constitutive hetero-
chromatin” forms on tandem repeats to shield the regions
from biological machinery that replicate and transcribe
DNA. Constitutive heterochromatin can be found on key
structural components of the chromosome, including the
telomeres and pericentromeres (70). H3K9me3 enables the
formation of constitutive heterochromatin by promoting
HP1 binding and oligomerization, which compact the
marked regions of the chromosome. However, constitutive
heterochromatin can extend to megabase length scales
(68), and this begs the question: how is H3K9me3 deposited
across such broad domains?

Our simulations, reflecting loop-mediated mark
spreading from H3K9me3-rich regions, complement exist-
ing hypotheses of mark establishment on constitutive het-
erochromatin. One hypothesis of mark establishment
states that transcription factor YY1 binds to a subset of tan-
dem repeats, recruiting RNA polymerase to the region. The
RNA polymerase transcribes the repeating sequences, form-
ing transcripts that are processed into Piwi-interacting
RNAs. Piwi-interacting RNAs are then bound by histone
methyltransferase, which deposits the H3K9me3 marks.
Because the abundance of YY1 in the cell is insufficient
to directly bind all tandem repeats, mark spreading is
required for complete coverage of H3K9me3 on constitutive
heterochromatin (71). Loop-mediated mark conferral pro-
vides one mechanism by which small gaps in methylation
mark coverage are filled (see Fig. S2). However, we recog-
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FIGURE 6 From eCDFs like those plotted in
Fig. 5, we calculate KS test statistics to quantify
changes in the near-neighbor count (“NBR”) and
H3KO trimethylation (“MET”) profiles as a function
of perturbation size (“segment length”). Here, we
: plot the KS test statistics comparing chromosome
S generations one and three. We separately determine

the KS test statistics for the “artificial” and “sur-
> rounding” regions, which contain and linearly
neighbor our perturbed nucleosomes, respectively.
Test statistics for simulations involving artificial de-
methylation are obtained from pooled distributions
over two trials. For both simulations involving arti-
ficial methylation and demethylation, KS test statis-
tics show similar trends with respect to perturbation
size. In the artificial region of the chromosome, KS
test statistics generally show an initial peak at low

HaN

P perturbation sizes, followed by a gradual plateau.

This initial peak corresponds to unstable epigenetic
domains prone to switching methylation state to
match that of surrounding nucleosomes. The gradual
plateau in KS test statistics corresponds to relatively
stable epigenetic domains that form due to large per-
turbations to the epigenome and can persist during
chromosomal replication.

nize that based on our simulations, loop-mediated mark
conferral cannot explain H3K9me3 spreading across
sparsely methylated regions, and for this our results suggest
there must be some more active biological driving force.

Dynamic patterns of epigenetic modifications
support embryonic development

A dynamic profile of H3K9me3 modifications is a hallmark
of cellular differentiation. In addition to its primary role in
condensing constitutive heterochromatin, H3K9me3 is
also thought to regulate gene-rich “facultative heterochro-
matin” during embryonic development. The heterochromat-
in mark is implicated in repression of developmental
regulatory genes in embryonic stem cells, and removal of
the H3K9 methyltransferases that establish the mark has
been linked to aberrant cell differentiation. Once cell differ-
entiation is initiated, H3K9me3 marks become enriched on
pluripotency and lineage-inappropriate genes to drive the
cell toward its final somatic cell state. Over time,
H3K9me3 marks become less prominent in gene-rich re-
gions (72). Our simulations portray loop-mediated epige-
netic mark conferral as a passive mechanism allowing for
the dynamic patterns of H3K9me3 during embryonic devel-
opment. Results from our models capture the dispersion of
short, methylated domains within a few cell cycles, as is ex-
pected on gene promoters extending just a few nucleosomes
in length.

The transient modification of short heterochromatin do-
mains observed in simulations is also consistent with trans-
poson suppression during embryonic development (73-75).



Transposons, or so-called “jumping genes,” are short
repeating elements of the genome that can move between
loci if unregulated. These sequences affect gene expression
by signaling for transcription factors and chromatin modi-
fiers (73). As with the tandem repeats found in constitutive
heterochromatin, the repeating sequences of transposons
destabilize DNA, making physical regulation of transposons
biologically favorable. During early embryonic develop-
ment, DNA is globally unmethylated, and suppression of
transposons is attributed predominantly to H3K9me3 and
other chromatin modifications until DNA methylation is es-
tablished (73,75,76). The prevalence of H3K9me3 modifi-
cations is observed to decrease during the first few cell
divisions (77,78). Ultimately, DNA methylation takes over
as the predominant repressor of transposons in somatic cells
(75). Our simulations suggest that loop-mediated mark
spreading contributes to a passive switch in the dominant
mechanism of transposon repression during progressive
stages of embryonic development. H3K9me3-rich domains
are unstable at short segment lengths and are therefore un-
suitable for long-term transposon suppression.

Drift at epigenetic boundaries contributes to
biological aging

Epigenetic drift occurs as small changes in the epigenome
accumulate over time following cell replication (79). The
physical mechanisms underlying epigenetic drift remain un-
clear, and effects on patterns of H3K9me3 modifications
vary by organism (80,81). In humans, aging has been asso-
ciated with both enrichment and reduction of H3K9me3
marks. Age-related changes in H3K9me3 coverage result
in aberrant gene expression and can contribute to tumor for-
mation (82). Our models capture the effects of epigenetic
drift at the interface of heterochromatic and euchromatic do-
mains. We observe the spreading of H3K9me3 marks from
methylated heterochromatin to unmethylated euchromatin,
affecting chromatin compression near the domain boundary.
For example, epigenetic drift is prominent in simulations
following artificial demethylation of 600 nucleosomes,
where heterochromatic domains creep into euchromatic re-
gions even after just four cell generations (see Fig. S3). This
epigenetic drift blurs the separation between gene-active
euchromatin and silenced heterochromatin, as reflected by
a smoothing of the neighbor count profiles near epigenetic
boundaries. By capturing characteristic features of epige-
netic drift using physics-based simulation, we conclude
that mark conferral caused by chromatin looping contributes
to the breakdown of epigenetic boundaries over time, poten-
tially leading to phenotypic effects of aging.

CONCLUSIONS

Using a physical model rooted in polymer theory, we cap-
ture observed biological phenomena at resolutions inacces-

Physical modeling of epigenetic drift

sible from the bench-top. In this work, we predict H3K9me3
stability between chromatin generations by iterating be-
tween an MC structural simulation and a kinetic model of
loop-mediated mark conferral. Results from our simulations
suggest that mark spreading reverses small perturbations to
the epigenome, whereas larger changes greater than 100—
200 nucleosomes in length persist through multiple cell
generations.

By relating observations from our simulations to known
biological functions of H3K9me3, we assert that mark
spreading at epigenetic boundaries contributes to broad
coverage of H3K9me3 in constitutive heterochromatin.
The switching of small epigenetic domains observed in
our simulations is also consistent with the dynamic patterns
of H3K9me3 observed during cell differentiation and trans-
poson suppression. Finally, our simulations demonstrate
that boundaries between heterochromatin and euchromatin
domains tend to blur, drifting over time because of chro-
matin looping and associated mark conferral.

Based on these observations, we conclude that epigenetic
drift caused by chromatin looping is connected to biological
aging and cancer growth later in life. Although further
studies are required to elucidate mechanisms of H3K9me3
mark establishment in sparsely methylated regions, this
work poses loop-mediated mark conferral as a potential
mechanism regulating gene expression at various stages of
life.
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