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Abstract

Epigenetic memory—the stable inheritance of a cellular state over cell generations—has long been
associated with chromatin modifications. But individual modifications are very dynamic. How can they
carry information across cell generations? Recent theoretical work suggests the answer might lie, in part,
in the three-dimensional organization of the genome. Cooperation between marks brought together by
genome folding can correct epigenetic errors, making stable memory units out of unstable marks. If marks
direct the phase separation of chromatin, the resulting bidirectional coupling between marks and structure
provides a mechanism for many of these units to operate independently along the genome. Models of
bidirectional coupling have helped identify elements, such as formation of a dense compartment, 3D mark
spreading, and limited enzyme, which may be key to stable epigenetic memory. An analogy between
these 3D models and a classic model of associative memory hints at a way chromatin could perform
sophisticated information processing.
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Introduction

Classic experiments demonstrated that epigenetic memory of transcriptional state can be held in
chromatin [1-3]. Two identical DNA sequences in the nucleus can stably maintain different activities—one
copy transcribed, the other silenced—over generations of cell growth and division. However, the
fundamental units and precise molecular “seat” of this chromatin-based memory have remained elusive.
The bits of genetic information are the individual letters of DNA. What are the bits of epigenetic
information?

We have by now a commanding knowledge of chromatin’s primary structure and composition—of the
histones and their variants, and of the chemical modifications of DNA and histones that form patterns
across the genome correlated with transcriptional activity [4—8]. These chemical “marks” decorating
chromatin have long been postulated to be the carriers of chromatin-based epigenetic information.
However, individual marks are very unstable. They are inevitably diluted at replication, and then remade
by noisy molecular processes. This means that a single marked nucleosome, or a single methylated CpG
site, cannot serve as a stable bit of memory for more than a few cell divisions. We must look to a larger
scale to find the units of epigenetic memory.

Genomic regions bearing marks associated with epigenetic memory commonly exhibit distinctive three-
dimensional (3D) organizations which tend to bring marks together—either by the densification or self-
association of the regions. Examples range from the inactive X chromosome [9] to Polycomb bodies [10],
and from the peripheral localization of heterochromatin to the physical clustering of CENP-A variant
nucleosomes within centromeres [11]. Traditionally, these 3D structures have been interpreted as
mediating the downstream effects of the marks—for example, dense chromatin might physically exclude
transcriptional machinery, effecting repression. But recent theoretical work, which we review here,
suggests that these structures may be active participants in the memory mechanism itself, serving to
correct errors and furnishing the stable bits of epigenetic memory.

Mark spreading as a memory mechanism

The fundamental problem of chromatin-based epigenetic memory is that of inheritance—how can
information stored in chromatin be stable even as chromatin undergoes the ructions of the cell cycle? In
particular, during replication, marks are inevitably diluted as new histones and nucleotides are
incorporated. Maintaining marks requires some form of post-replicative restoration [12,13]. If marks
themselves are to serve as a seat of memory, the restoration mechanism must be targeted by existing
marks.

At first, the most promising substrate for epigenetic memory seems to be DNA methylation, because the
semiconservative replication of DNA provides an exact template for its restoration. Replication of a fully
methylated CpG site produces a hemimethylated site, which methyltransferase enzymes can recognize
and convert back to the fully methylated state. If the enzymes were very fast and absolutely specific for
hemimethylation, this might be a perfect memory system. But real enzymes inevitably also have some
nonspecific activity—creating errors. Even if the nonspecific activity is 80 times less than the specific one,
as reported for a typical maintenance methyltransferase [14], a simple calculation shows that errors are
expected at individual sites within 15 cell divisions. [Endnote]

For histone marks, the inheritance mechanism is even less precise. When DNA is replicated, specialized
components of the passing replication fork distribute existing histones locally and symmetrically to both



-
D 0o~NoOg~wN

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

A BNl 7508 B Marked chromatin domain
PDB: 8TAS |
PDB: 1KX5
: 20202 2 & 2 2 2 2000
c
2 Mark loss
E v Replicative dilution / mark removal
2
TN OO0 208 20 L0000
(o))
© .
[} Mark spreading
% 2
H3K27me3-marked
nucleosome
Critical
C Self-templated value
; Subcritical Supercritical
maintenance of) marks | _ Spreading rate
pEtOmS: | Loss rate
o - 2 - ® - -
c c
8 2 I S
o o
o o ©
[0 [] [0
5 5 5
(o)) o ()} ‘
3 3 3
(&) (&) (5]
L
boundaries

Figure 1. Mark spreading. Many marks “spread” on chromatin due to the action of reader-writer enzymes. (A) This mechanism is
beautifully illustrated by the structure [15] of the PRC2 complex—the H3K27me3 reader-writer—engaging a dinucleosome [Created
in ChimeraX by fitting PDB:8TAS and PDB:1KX5 into the volume of EMD-7306]. Recognition of H3K27me3 allosterically stimulates
the methylation activity of PRC2. (B) Marks (blue) are diluted when DNA is replicated, eroding mark patterns. Activity of reader-
writer enzymes (red) stimulated by retained marks could help restore mark patterns, but some errors at the edges of domains
(cyan), as well as elsewhere due to unstimulated writer activity (orange), are inevitable. (C) Models of linear mark spreading exhibit
a kind of all-or-none behavior that challenges self-templated maintenance of mark patterns—when spreading is fast enough to
sustain existing mark domains, marks tend to also spread uncontrollably.

daughter strands, roughly preserving the genomic position of histone marks [16—18]. But unlike DNA
methylation, there is no evidence for a precisely semiconservative process (such as splitting of the
histone octamer) providing an exact template for restoration [12,19].

Many marks [20—22] are made by enzymes that are allosterically stimulated by the presence of that same
mark at a nearby site—a mechanism elegantly described as “spreading” marks along chromatin (Figure
1A). Intuitively, mark spreading would seem to solve the inheritance problem by restoring the density of
marks in a region i.e., providing inheritance at the level of mark patterns, rather than individual marks.
Reader-writer enzymes could fill in the gaps in mark patterns left by replicational dilution, recognizing
existing marks on the retained parental histones and writing on the adjacent new histones (Figure 1B).

However, mark spreading faces two key challenges. First, there is the problem of uncontrolled spreading,
best illustrated by the elegant model of Hodges and Crabtree [23,24] for linear mark spreading. In their
model, chromatin is idealized as a linear sequence of sites that can be marked. Marks spread between
adjacent sites at a rate k+ and marks are lost at a rate k-, equally at all sites. The fate of epigenetic
domains is governed by the ratio of the spreading rate to the loss rate, k+/k-. The model exhibits a sharp
phase transition at a critical value of this ratio. When the ratio is above the critical value, marks spread
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uncontrollably across the genome. Below the critical value, marks are lost globally. There is no sweet spot
in between these behaviors, and there is never faithful, “self-templated” maintenance of mark patterns
(Figure 1C).

Second, even if boundaries (such as nucleosome-depleted regions or insulator elements) constrain
spreading, linear mark spreading remains highly sensitive to noise [25]. A single mark in the wrong place
has a chance to nucleate a new domain, which would then spread until it hits the next boundary. The
basal, unstimulated "writer” activity of reader-writer enzymes, which biochemical studies [21,26] have
shown can be significant, provides a constant source of such noise.

Cooperativity and genomic partitioning

A key insight is that the noise problem can be solved by restoration mechanisms that enlist the
cooperation of many marks [25,27—-29]. This leads naturally to a role for 3D genome organization, which
can help enable this cooperation via spatial interactions between marks.

In seminal work, Dodd et al. [27] developed a model of histone modification dynamics in a (presumed
isolated) chromatin region consisting of 60 nucleosomes. They found that alternative modification states
of the region (e.g. largely methylated vs. largely acetylated) can be stably inherited, if the rate of histone
modification exhibits cooperativity—that is, if the effective marking rate depends more than linearly on the
current number of marks. This can be achieved directly, if at least two nucleosomes are involved in the
conversion of a third one, but also indirectly if there are multiple, successive mark states (e.g. acetylation,
unmodified, methylation; or mono- di- and trimethylation at a single site).

Critically, they show it is not sufficient for marks to spread only between linearly-adjacent nucleosomes.
Spread between nonadjacent nucleosomes, as could be mediated by higher-order chromatin folding
bringing genomically separated nucleosomes into physical proximity, is required. Intuitively, in the
absence of this “3D” spread of marks, the marks on one side of the region cannot “know” about marks on
the other side, preventing cooperation involving the entire region. 3D spread of marks by reader-writer
enzymes has since been demonstrated in vitro [21], and is also suggested by in vivo observations [30,31],
providing support for the plausibility of this mechanism.

Although there is always some rate at which a real bistable system can spontaneously flip between states
due to noise, Dodd et al. found that, in the presence of cooperativity, this rate can decrease very fast—
exponentially—as the number of nucleosomes N in the region increases. This exponential relationship
between memory stability and system size is characteristic of bistable chemical systems [32], and is seen
in models of a very different sort of epigenetic memory—the genetic toggle switch—where it emerges
from cooperative TF binding [33,34]. It seems hard in principle to do any better, because there is always a
possibility—about once every 2" cell cycles—that all marks in a cluster of N nucleosomes are lost
simultaneously upon replication [35].

Concurrently, Sedighi and Sengupta (2007) [36] developed a coarse-grained model of silencing in which
the genome consists of a linear sequence of units (each effectively imagined to consist of many
nucleosomes) that are individually bistable due to cooperativity in histone modification. Typically, one
state (either silenced or active) spreads from unit to unit at the expense of the other. However, under
certain conditions—for example if adjacent elements are sufficiently isolated from one another—
propagation from element to element stops, and alternative mark patterns can be stable. Notably, Sedighi
and Sengupta also considered titration effects arising from the limitation of enzymes responsible for
silencing, an important matter we return to below.
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Together, these theoretical works suggest a vision of chromatin-based memory in which the genome is
somehow partitioned into discrete memory units, each of which must be internally cooperative through 3D
interactions and large enough to suppress noise, while being sufficiently isolated from one another to
enable the units to operate independently. The question then turns to understanding how such genome
organization could arise.

Self-organized partitioning

Spatial organization of interphase chromosomes can create partitioning of the genome in many different
forms [37]. The polymeric nature of chromatin induces a power-law decay of contact probability with
genomic distance—this already provides a kind of passive mechanism that could isolate domains without
positioned boundaries. Chromatin is also weakly partitioned, by loop extrusion, into the so-called
topologically associating domains (TADs), which are defined by explicit boundaries [38]. However, on top
of this “mark-independent” structure, the genome also exhibits rich 3D structure correlated with chromatin
marks—the “compartmentalization” of like-marked regions. The most classic, coarsest example of this
phenomenon is the spatial segregation of silenced, heterochromatic regions from active, euchromatic
ones. But more detailed, Hi-C-based classification has revealed up to six different types of genomic
regions, each with characteristic marks and a tendency for homotypic interaction [39].

Marks probably drive compartmentalization by creating an attraction between regions carrying the same
marks [40-43]. Whether direct or mediated by cofactors, affinities between marked regions can induce
intramolecular phase separation of the chromatin polymer into spatially segregated, dense and diffuse
phases [44,45]. Combined with the possible 3D spread of marks, this suggests a bidirectional coupling:
marks direct structure, and structure directs marks (Figure 2). Could this coupling play a role in epigenetic
memory?

Models of bidirectional coupling [46-52] share a number of key elements. They idealize chromatin as a
dynamic polymer whose monomers represent nucleosomes or short stretches of chromatin, with
interactions that depend on their marking status—typically homotypic attraction between similarly marked
regions. On top of this, the marks themselves are dynamic, being made or removed by a mechanism that
responds to the 3D conformation of the polymer, creating a feedback loop. The details of the mark
dynamics vary significantly from model to model, but the resulting behavior is quite universal.

In so-called “magnetic polymer” models [46,50,53-55], a single energy function governs the polymer
conformation and the mark dynamics (intuitively, this is like a scenario where the “marks” are particles at
some concentration that reversibly stick to the polymer and—when on the polymer—to each other). As
the strength of homotypic mark-mark interactions is increased, these physics-inspired models usually
exhibit a sudden transition in which the entire polymer collapses and everything gets marked (Figure 2B).

Sandholtz et al. [48] suppose attraction between marks is mediated by a particle (representing HP1), and
marks are laid down at a rate dependent on the local HP1 concentration. Fine-tuning of the parameters of
this model enables memory of mark patterns over about 5 cell divisions. This was later improved by
Mukherjee et al. [56], who posited an exponential dependence between the methylation rate and the HP1
concentration. Other models, such as that of Katava et al. [57], suppose that marks spread at some rate
per unit time, between spatially-proximate nucleosomes. This directly models the activity of reader-writer
enzymes, and is mathematically very different from a “magnetic polymer”. Despite the detailed differences
in these models, they all exhibit an “all-or-none” tendency for spreading of marks to the whole polymer, or
global loss of marks—reminiscent of the behavior of linear mark spreading [23].
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Figure 2. Bidirectional coupling. (A) Chromatin marks (blue) may influence 3D folding of the genome due to direct or mediated
self-attraction of marked regions. Conversely, if reader-writer enzymes can “spread” marks in 3D, then 3D structure will influence
mark patterns. This bidirectional coupling between marks and structure might help restore mark patterns after replicative dilution, or
other perturbations. (B) Many models of bidirectional coupling exhibit an all-or-none tendency where, as a parameter is varied, an
expanded state suddenly transitions to a collapsed state where everything is marked the same way. (C) Enzyme limitation
eliminates this tendency, yielding a richer “phase diagram” that includes a regime (orange) in which the initial mark pattern can be
“remembered” for a long time.

Our own recent model of bidirectional coupling [58] builds on these works by adding a very physiologically
plausible element: reader-writer enzymes being limited in abundance relative to their histone substrates.
Intuitively, enzyme limitation limits the total rate at which marks can be created in the nucleus. Together
with the length of the cell cycle (which controls the rate of loss of marks by replicative dilution), this sets a
limit on the total number of marks, which prevents uncontrolled spreading of marks across the whole
genome. We find that this then dramatically stabilizes alternative patterns of marks, enabling epigenetic
memory to remain stable over hundreds of cell divisions (Figure 2C).

Notably, our model exhibits fair resistance to noise, even though there is no direct cooperativity in the
mark dynamics. Additionally, there is just one type of mark, so there is no indirect cooperativity of the sort
Dodd et al. considered, arising from successive modifications. However, we believe that self-attraction of
marks can itself give rise to cooperativity. To see this, note that if marks spread in 3D, the marking rate at
a site is proportional to the number of neighbors of that site multiplied by the probability that any neighbor
is marked. But if marks self-attract, the number of neighbors (reflecting the local density of chromatin) can
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itself depend on the number of marks, creating a nonlinear dependence of the marking rate on the
number of marks.

Concurrent work by Murphy et al. [49] found similarly that limited enzyme dramatically stabilizes 3D
epigenetic memory. Additionally, they showed that adding successive modification states reduces the
need for strong self-attraction—consistent with the idea that these are two different ways to achieve
cooperativity which can trade off one another.

Of course, no memory lasts forever. In our model, we find a tendency, akin to that found in other phase-
separating systems, for marks to slowly redistribute from small domains to big ones. The physics of this
mark redistribution is still under investigation, but it appears that noncontiguous domains coexist for a
time proportional to their size. It is notable that this scaling is much less favorable than the exponential
scaling of Dodd et al.’s model, suggesting that self-organized partitioning demands larger mark domains
to achieve stable memory.

Experiments and implications

We are increasingly able to precisely manipulate chromatin in vivo—targeting marks to particular genomic
loci [59], or artificially inducing chromatin condensation [60]—and to visualize it at the scale of tens to
hundreds of nucleosomes [61]. These technologies allow us to probe chromatin organization at the scales
that theoretical models suggest may be most relevant for epigenetic memory.

Superresolution microscopy enables chromatin tracing in single cells, providing direct measurements of
cell-to-cell heterogeneity in chromatin compaction at individual loci, which can be directly compared to
model predictions [49]. Fujimori et al. [62] applied these methods to show that transient recruitment of an
epigenetic “writer” to a locus induces chromatin compaction, and that long-term epigenetic memory
formation is associated with this compaction extending over a large region of tens of kilobases—
corresponding to 50 to 100 nucleosomes. Reversible silencing occurred without compaction, suggesting a
causal role for compaction in memory maintenance.

Striking recent observations of transcriptionally active Y loops in Drosophila spermatocytes revealed
marks of both activity and repression, forming clusters of about 50 nucleosomes from which the opposing
mark was excluded [63]. These structures are remarkably evocative of the picture suggested by
theoretical works reviewed earlier, in which epigenetic “bits” are formed by cooperative, 3D interactions
between many nucleosomes, providing stability against noise.

At a much broader scale, although the effect of marks on 3D genome organization is well-established, the
converse—the role of 3D compartmentalization in the maintenance of histone mark patterns—remains to
be examined experimentally. This could be tested by perturbing genome organization and then monitoring
changes in marks over cell generations. Global disruption of heterochromatic condensates (e.g. by HP1
depletion [64] or deacetylase inhibition) has not to date been successful in eliminating
compartmentalization, but more localized perturbations may be possible. For example, it may be possible
to tether a heterochromatic region away from the rest of heterochromatin (e.g. by anchoring it on
euchromatic nuclear bodies such as speckles) or by immersing a region without heterochromatic marks
into heterochromatin (e.g. by tethering to the nucleolus).

Another aspect of 3D organization whose role in epigenetic memory has not been explored is the
anchoring of heterochromatin to the nuclear lamina. In progeria, a mutation in a constituent of the nuclear
lamina (lamin A) leads to a dramatic “accelerating aging” phenotype and loss of peripheral
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heterochromatin, through a mechanism that remains poorly understood [65]. A number of computational
works have investigated how attraction to the lamina affects gross nuclear organization [40,66], but never
in the context of a model with labile marks, bidirectionally coupled to structure. While not by itself
essential for phase separation [40,67], attraction to the lamina may contribute to memory by reducing the
mobility of chromatin during interphase [68]. We found that such mobility, happening simultaneously with
mark dynamics, can deteriorate memory [58].

Yet another mystery is the role of loop extrusion in establishing and maintaining epigenetic marks. Loop
extrusion by SMC complexes, such as cohesin, creates regions of enhanced 3D contact which are partly
isolated from each other—the so-called topologically associating domains (TADs). The TADs are
delineated by barriers to extrusion, such as CTCF proteins bound to their DNA sites. If 3D mark spreading
were mediated by extrusion, such barriers could serve as potent insulators of spreading. Several distinct
molecular mechanisms could give rise to extrusion-mediated spreading of marks. First, a reader-writer
enzyme could simply take advantage of local contacts formed by extrusion. Alternatively, the enzyme
could colocalize with CTCF, allowing a more directed spreading of marks. Finally, the enzyme might
“hitchhike” on the loop extruding complex itself [69]. Recent experiments hint that such mechanisms might
be at work for at least some marks, such yH2AX, whose spreading around DNA double-strand breaks is
cohesin-mediated [70] and CTCF-constrained [71].

Beyond memory

A striking aspect of chromatin modification systems that models have not yet really addressed is their
incredible complexity. Every model we have discussed considers one or two chromatin marks, combined
with one or another essentially simple restoration mechanism, to furnish some degree of epigenetic
memory. But real chromatin is vastly more intricate. There are dozens of distinct histone modifications,
which may be present combinatorially at different sites, and which are made and removed by numerous
enzyme complexes, linked together by intricate feedbacks. What is this all for?

This complexity is particularly puzzling when we consider alternative mechanisms for cell memory.
Memory can be held and inherited very stably using simple bistable gene circuits [72,73], with the
memory encoded in transcription factor concentrations. Chromatin-based systems might provide for more
expressive regulation, for example encoding gradations of the transcriptional activity [74] or allowing
tunable epigenetic stability [49]. But the key point is that ultimately, cell type specification requires
surprisingly little epigenetic information. To see this, note that just 50 bits would be enough to uniquely
address each one of the ~10*14 cells in a human body (2250 > 10*14). Why have elaborate chromatin-
based systems evolved when simpler mechanisms would seem to suffice for cell memory?
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Figure 3. Learning by folding. (A) In a Hopfield network [75], multiple patterns of node activations are encoded simultaneously in
the weights of connections, according to a learning rule that strengthens connections between nodes that are correlated across
patterns. The network’s dynamics then perform a kind of associative recall, reconstructing the stored pattern closest to an imposed
initial state. (B) In models of bidirectional coupling, the folding of the chromatin polymer, directed by homotypic attraction of marks,
creates 3D contacts that reflect the mark pattern. The dynamics of marks which spread in 3D can then recover the mark pattern
even when it is partly erased.

One possibility is that these chromatin systems are in fact performing a much more complex function than
memory. Perhaps they are better thought of as processing information, rather than merely storing it. For
example, might they provide an associative memory—a system that can recall a memorized pattern from
a noisy or partial presentation of it?

To see how this could work, it is instructive to compare mark-directed chromatin folding with how
information is stored in Hopfield’s classic model of associative memory [75]. The Hopfield model “learns”
patterns by strengthening certain connections between nodes in a network (Figure 3A). These
connections then determine the attractor states of the network’s dynamics. Analogously, chromatin folding
directed by homotypic attraction between marked regions can be viewed as “learning” a mark pattern by
encoding it in a 3D conformation in the form of contacts (“connections”) between marked elements
(Figure 3B). The 3D contacts formed then influence the dynamics of marks spreading in 3D, allowing
approximate reconstruction of the learned pattern even when it is partly erased. In this analogy, contacts
between marked regions play the role of the strengthened connections in a Hopfield network.

But in a Hopfield network, many alternative patterns can be stored simultaneously in the connections, as
if in superposition. Starting from an initial state, the network’s dynamics can then be viewed as performing
pattern recognition, reconstructing the closest of the stored patterns—a simple yet powerful form of
information processing. Might chromatin do the same? Could differentiating cells “learn” not just a single
epigenetic state, but a whole repertoire of cell type-specific possible states, which individual cells choose
from dynamically, depending on the external stimuli they receive?

With a single mark, the system is perhaps too degenerate to store multiple patterns. In particular, the
polymer’s unceasing motion means that the “learning” never stops, and the folding would tend to readjust
to match whatever mark pattern is currently present. But a system with many distinct mark types could lift
this degeneracy: some marks might direct folding, encoding information in structure, while others mediate
dynamic retrieval, or different combinations of marks could represent distinct stored patterns.
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Exciting recent work by Murugan, Winfree and colleagues has shown that many-component biomolecular
condensates with engineered interactions [76,77] can implement a Hopfield-like associative memory,
proving this kind of biochemical computation is possible in principle. Chromatin strikes us as offering at
least as rich a palette.

Another key distinction between chromatin memory and a Hopfield network is that chromatin refolds at
each cell division, effectively re-training by erasing old and establishing new “connections.” The pattern
learned in each cycle reflects the mark dynamics (“recall”’) of the previous one. This process carries the
risk of gradual memory deterioration—an aspect discussed above—but also enables adaptation: new
stimuli can modify mark patterns, and these changes are immediately memorized. Such capacity to learn
in changing environments could be analogous to continual or online machine learning.

Of course, whether any such computational potential is actually realized in chromatin, or whether
chromatin’s complexity serves entirely different functions (or no function [78]), remains an open question
—one that will require marshaling future experimental and theoretical advances to fully resolve.

[Endnote: A restoration process with specific activity a factor S greater than its nonspecific activity,
operating on individual marks, gives rise to unrecoverable errors within ~ S / (1 + log(S)) cell divisions. To
see this, suppose a methyltransferase effects post-replicative restoration of a hemimethylated CpG site at
rate k, with a corresponding off-target de novo methylation rate of k / S. Then, in a cell cycle of length T,
the probability of “success” — i.e., successful restoration at one site without ectopic methylation at another
site is given by (1 - exp(- k T)) * exp(- k T / S). Maximizing this while holding S constant gives the best
possible success probability, which is S (1+S)*(-(1+S)/S), from which the claimed result follows
approximately when S is large.]
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supported by NSF (MCB2044895 and NSF-ANR 2210558) and is a Simons Investigator (Simons
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