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Abstract

A large portion of the eukaryotic genome is packed into heterochromatin, a versatile platform that
is essential to maintain genome stability. Often associated with a compact and transcriptionally
repressed chromatin state, heterochromatin was earlier considered as a static and locked
compartment. However, cumulative findings over the last 17 years have suggested that
heterochromatin displays dynamics at different time and size scales. These dynamics are thought
to be essential for the regulation of heterochromatin. This review illustrates how the key principles
underlying heterochromatin structure and function have evolved along the years, and summarizes
the discoveries that have led to the continuous revision of these principles. Using HP1-mediated
heterochromatin as a context, we discuss a novel paradigm for heterochromatin organization based
on two emerging concepts, phase separation and nucleosome structural plasticity. We also examine
the broader implications of this paradigm for chromatin organization and regulation beyond
heterochromatin.

Heterochromatin organization and function

Heterochromatin is a highly conserved, structurally poorly defined type of chromatin that is
essential for the functional organization of eukaryotic genomes. It was first described by
Emil Heitz in 1928 as a chromatin region that remained visible and condensed throughout
the cell cycle [1]. Since its first observation, extensive research has identified many
molecular features and mechanisms of action of heterochromatin. The two major types of
heterochromatin are constitutive and facultative, defined by specific histone marks and
chromatin-associated factors. Constitutive heterochromatin is a highly conserved type of
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heterochromatin present in many eukaryotes, and it is found in pericentromeric and
telomeric regions of chromosomes where it forms specific chromosomal structures [2]. This
type of heterochromatin is marked by methylation of lysine 9 of histone H3 (H3K9me),
which is deposited by the Su(var)39 and G9a methyl-transferases, and recognized by the
heterochromatin protein 1 (HP1) [2]. Facultative heterochromatin is marked by methylation
of lysine 27 of histone H3 (H3K27me), which is deposited by the multi-subunit Polycomb
complexes. Since this type of heterochromatin is found at genomic regions whose
transcriptional state changes during development, it is often viewed as a less static structure
than constitutive heterochromatin [3]. Constitutive and facultative heterochromatin share
many common features, including their ability to propagate and spread across domains often
causing heritable gene silencing.

Heterochromatin is essential for many aspects of genome function, as it (i) mediates gene
silencing, (ii) protects genome integrity by repressing recombination of selfish elements, (iii)
helps organize specialized structures such as centromeres and telomeres, and (iv) regulates
nuclear morphology and rigidity [4,5]. Many of these functions have been proposed to arise
from the ability of heterochromatin factors to occlude and condense the underlying DNA.
For example, gene repression is thought to be achieved in part by the ability of
heterochromatin to act as a barrier to transcriptional complexes. The concept of chromatin
compaction as a means to make the underlying DNA inaccessible was initially proposed in
1976 by Aaron Klug and has since been supported by experimental observations based on
staining, enzyme accessibility, and biochemical assays [6-8]. Consequently, earlier
descriptions of heterochromatin imagined it as a locked and static structure.

While the many functions of heterochromatin seem to be tightly linked to its structure and
reduced accessibility, the investigation of its three-dimensional organization has been a
major challenge in the field. Models for how chromatin folds in the absence of
heterochromatin proteins are also being constantly revised. Current textbook models
describe DNA as packaged into chromatin via a set of hierarchically related structures [9].
The first level of packing in this model are nucleosomes, which consist of 147 bp of DNA
wrapped around an octamer of histone proteins forming a particle with a ~10 nm diameter.
An open and accessible chain of nucleosomes, often defined as a 10-nm fiber, has been
considered to represent the architecture of the less dense and actively transcribed portions of
chromatin, termed euchromatin. The next level of packing in the hierarchical model consists
of the folding of the 10-nm fiber of nucleosomes into a higher-order structure that is
specifically coiled to generate an ordered fiber of 30 nm diameter. High-resolution structures
of biochemically reconstituted 30-nm fibers showed a structure with a regular periodicity
generated by specific inter-nucleosome interactions [10-13]. Such structures were observed
on chromatin preparations extracted from cells using defined extraction protocols [14].
Based on these observations, 30-nm fibers have, until recently, been argued to represent the
underlying compact architecture of heterochromatin in cells.

The early model of a static and closed heterochromatin formed by repeated higher-order
structures has been challenged at multiple levels over the years. Indeed, we have started to
appreciate that heterochromatin is predominantly formed by less structurally ordered
chromatin and that it is much more dynamic than previously thought. In this review we will

Curr Opin Cell Biol. Author manuscript; available in PMC 2021 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sanulli and Narlikar

Page 3

discuss the findings that have contributed to the evolution and redefinition of models for
heterochromatin.

Recent advances in methodologies have enabled studies of chromatin in cells with minimal
sample disruption and demonstrate that the stereotypic 30-nm fiber architecture observed
previously is not the predominant form of higher-order folding in cells. Several electron
microscopy (EM)-based studies in yeast and mammalian cells showed that chromatin does
not display any discrete and long-range repeating structures that resemble 30-nm fibers [15-
19]. For example, a recent method that combines EM tomography with chemical labeling
(ChromEMT) enabled visualization of chromatin organization in human cells and showed
that chromatin consists of disordered chains with a diameter of 5-24 nm. Data based on
quantitative super-resolution microscopy and Hi-C experiments that measure chromatin
contacts and three-dimensional chromosome folding are also consistent with the absence of
a predominant higher-order structure and suggest a more disorganized architecture [20,21].
Remarkably, euchromatin and heterochromatin appear to have the same underlying
chromatin structure and differ mainly in the number of nucleosomes measured in a defined
volume (i.e. density of fibers), with heterochromatin being denser [15].

These observations highlight the need for a revised model of heterochromatin that explains
how its incredibly dense, yet apparently disordered architecture is formed, maintained, and
dynamically used to create specific cellular programs. This review mainly focuses on recent
discoveries made in the context of the heterochromatin protein 1 (HP1) that can help
reconcile the lack of ordered 30-nm fibers with the presence of highly regulated cellular
mechanisms.

HP1-heterochromatin as a model system for chromatin compaction

HP1 molecules are structural proteins that are at the core of constitutive heterochromatin
organization and function [22]. Initially identified in Drosophila melanogaster, they are also
highly conserved between yeast and humans. HP1 proteins consist of three conserved
domains: the N-terminal chromodomain (CD), which binds the H3K9me3 tail; the hinge
region (H), which is flexible and binds nucleic acid; and the chromoshadow domain (CSD),
which mediates HP1 dimerization and interacts with other proteins (Fig. 1). Despite the high
sequence conservation, differences in HP1 paralogs have been proposed to explain their
distinct functions and cytological localization [23]. For example, humans possess three HP1
paralogs, HP1a, B and y. HP1 a and  are mainly found at pericentric chromatin and are
involved in gene silencing, while HP1y is also found at transcriptionally active domains and
is involved in transcriptional elongation and RNA processing [23]. Given their ability to self-
oligomerize and bind chromatin marked by H3K9me, HP1 proteins are thought to compact
heterochromatin by bridging across nucleosomes [22,24] (Fig. 2, panel &). More recently,
human HP1a has been shown both /n vitro and in vivoto form phase-separated liquid
droplets that can include chromatin [25,26] (Fig. 2, panel 6). Phase-separated liquid droplets
are formed when a homogeneous solution demixes into separate phases with different
chemical and physical properties. In biology, such physicochemical phenomena result in the
formation of membraneless compartments that specifically partition and concentrate proteins
and nucleic acids and whose function depends on their molecular composition [27]. These
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phase-separated compartments, named biomolecular condensates, are involved in many
cellular processes including DNA damage responses and RNA metabolism [27]. Examples
of biomolecular condensates are nucleoli and Cajal bodies in the nucleus, and stress and
germ granules in the cytoplasm [28-30]. Weak intra- and intermolecular multivalent
interactions have been shown to be a common organizing principle of these condensates
[27,31]. Further, some or all of the component molecules display highly dynamic behavior
within condensates and in some cases can exchange with the surrounding environment
within seconds to minutes [26,27]. Insights from other biological phase separated
condensates have greatly informed the significance of phase separation in the context of
heterochromatin.

A phase separation-based model for heterochromatin organization provides, at first glance, a
simple and intuitive explanation of how heterochromatin can be condensed and organized
without invoking higher-order structures beyond the 10-nm fibers. Within the HP1
condensates, HP1 could bring 10-nm fibers together in close proximity to create a chromatin
domain with higher density than the surrounding phase. In this model, chromatin is
condensed, yet dynamically accessible for regulation (Fig. 2).

Nucleosome conformational dynamics can regulate chromatin phase
separation

An extra level of complexity has been added by recent work showing that Swi6, the major S.
pombe HP1 protein, induces conformational dynamics within the core of individual
nucleosomes to drive heterochromatin phase separation [32] (Fig. 2, panel ¢). Such
dynamics transiently expose buried regions of the folded core of the histone proteins and
promote phase separation of chromatin. It is proposed that such reshaping of individual
nucleosomes helps drive weak and dynamic inter-nucleosome interactions thereby coupling
phase-separation of chromatin to its condensation. This counterintuitive increase in
accessibility at the level of individual nucleosomes results in the physical transformation of a
chain of nucleosomes into a more compact and likely less accessible chromatin state within
phase-separated droplets. Such a model is consistent with previous observations of lower
histone turnover in S. pombe heterochromatin and lower DNA accessibility in Drosophila
heterochromatin [33,34]. Hence, HP1 proteins regulate heterochromatin formation through
multiple mechanisms: (i) nucleosome binding and bridging across nucleosomes, (ii) self-
oligomerization, (iii) and induction of nucleosome structural dynamics that promote inter-
nucleosome interactions (Fig. 2). Importantly, these molecular mechanisms are thought to be
thermodynamically coupled to enable the formation of chromatin-HP1 phase-separated
condensates. Together with previous data showing that in the context of heterochromatin in
cells, HP1 molecules display “on-off” dynamics on time scales ranging from milliseconds to
seconds, these discoveries indicate that heterochromatin is not a “locked-down” and static
chromatin state [35-37]. Instead, heterochromatin behavior is consistent with a liquid-like
compartment with molecular dynamics occurring at multiple size and time scales — ranging
from atomic-scale conformational dynamics on the microsecond-millisecond timescale
within the nucleosome core to meso-scale motions at the seconds timescale at the level of
whole heterochromatin domains.
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Recent studies have also revealed that chromatin has an intrinsic ability to phase separate
under physiological conditions [32,38]. Further, not only chromatin-binding factors, but also
post-translational modifications (PTMSs) on histone tails and nucleosome conformational
dynamics can fine-tune this process. For example, histone tail PTMs that are known to
prevent chromatin compaction such as acetylation and disulphide bonds that reduce histone
core dynamics inhibit chromatin’s intrinsic ability to phase separate [32,38]. Conversely, the
presence of the linker histone H1, which is known to compact chromatin, promotes the
ability of chromatin to phase separate [38].

A liquid-like model for heterochromatin

Overall, these recent data reinforce the concept of a highly dynamic heterochromatin and
provide the following new conceptualizations. First, chromatin is a fluid polymer whose
compaction is coupled to its phase separation. Second, chromatin phase separation relies on
inter-nucleosomal interactions that can be regulated by chromatin-binding factors such as
HP1, and by chromatin properties, such as histone tail PTMs and nucleosome
conformational dynamics. Third, these inter-nucleosomal interactions are transient and weak
in order to enable the formation of liquid-like condensates, and they do not require the
formation of a higher-ordered and static structure such as a 30-nm fiber (Fig. 3). Importantly,
this new model proposes the critical role of transient exposure of buried nucleosome core
regions to drive inter-nucleosomal interactions, in addition to the previously described
interactions between histone tails, nucleosomal DNA and the acidic patch surface of the
nucleosome [10].

The liquid-like model introduces two novel fundamental principles of chromatin
organization that have been missing from previous models: the role of nucleosome
conformational dynamics as a new layer of chromatin regulation and chromatin phase
separation as a chromatin self-organizing property. Below we will discuss the implications
of these emerging principles.

Implications of nucleosome conformational dynamics

HP1-mediated nucleosome conformational dynamics on the atomic-scale appear to be
tightly coupled with the three-dimensional folding of chromatin and compaction into liquid
droplets [32]. In this framework, we can imagine that changes in nucleosome structural
flexibility will directly impact chromatin organization. Nucleosomes have been shown to
adopt conformations distinct from the one seen in the crystal structure and recent work
suggests that nucleosomes in mitotic chromatin may adopt non-canonical conformations
[16,39-41]. It is therefore possible that nucleosome conformational flexibility might be an
additional layer of chromatin regulation that could broadly tune chromatin compaction and
genome organization. For example, the formation of chromosomal domains or highly
compacted chromatin states such as mitotically condensed chromatin may also rely on the
deformation of the histone core (Fig. 3).

Additionally, nucleosome conformational dynamics can provide solutions to some
longstanding questions in chromatin regulation. For example, several histone modifications
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are being discovered on buried histone regions, but their functions remain unknown [42].
Similarly, while different histone variants have distinct biological effects, their crystal
structures within nucleosomes often appear similar, limiting our understanding of the
structural basis for their different functions. This new model can help address these
questions because some histone modifications and histone variants may function by directly
affecting the conformational plasticity of the histone octamer and their interaction with
proteins like HP1, thereby altering inter-nucleosome interactions. For example, it has been
shown that /n vitro, the interaction of HP1a with nucleosomes is enhanced by the histone
variant H2A.Z as is the ability of HP1a to compact chromatin [43,44]. Therefore, it is
possible that changes in the dynamics of nucleosomes containing H2A.Z might contribute to
the increased compaction by HP1. In another example, the H3 histone variant CENP-A has
been reported to contribute to the increase in elasticity and accessibility of CENP-A-
containing nucleosomes [45]. Part of this effect might arise from the specific nucleosome
dynamics enabled by CENP-A. Alterations in nucleosome dynamics might also be one
mechanism by which onco-histone mutations, especially in the globular domains,
misregulate chromatin function in cancers [46]. The application of solution methods such as
NMR and hydrogen-deuterium exchange experiments will be essential in the future to better
characterize and understand the extent and function of nucleosome conformational plasticity.

The model also suggests new mechanisms for how HP1 ligands and chromatin properties
can regulate phase separation of heterochromatin. For example, the presence of histone
marks could promote chromatin phase separation by tuning the extent of octamer
deformation mediated by HP1. This is consistent with data showing that deformation of the
octamer core by Swi6 is energetically coupled to recognition of H3K9me3 [32]. In contrast,
specific ligands of Swi6 could compete or weaken the interaction with chromatin thereby
inhibiting phase separation.

The significant increase in nucleosome breathing mediated by HP1 also challenges the
current paradigm of DNA inaccessibility in heterochromatin. By inducing conformational
changes in nucleosomes, HP1 could in principle increase DNA breathing and accessibility
within the heterochromatin phase. In this framework, the increased nucleosome breathing,
could be an opportunity for fine-tuning molecular interactions in specific contexts within
heterochromatin. For example, this phenomenon could explain how HP1 proteins promote
open chromatin and transcriptional activation at specific genomic sites, such as in the case of
chromosome 4 in Drosophila [47-49].

Implication of phase separation by chromatin

Phase separation has not only been observed in the context of HP1-mediated
heterochromatin. It has also been reported that phase separation of the Polycomb complex
PRC1 is important for Polycomb mediated chromatin compaction and gene regulation [50].
Furthermore, phase separation of many other chromatin-binding factors such as BRD4 has
been linked to their functions on chromatin [51-56]. The discovery of an increasing number
of chromatin factors bearing phase-separation ability, together with the intrinsic ability of
chromatin to phase separate, suggests a more general role for phase separation in genome
compartmentalization and regulation. In this context, the potentially rapid and fine-tunable
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aspects of phase separation processes might enable the high plasticity of genome regulatory
programs.

Viewing heterochromatin organization through the lens of phase separation provides a
starting point to discover novel regulatory mechanisms relevant to health and disease. For
example, given the link between neurodegenerative disease and the formation of defective
glass-like condensates or aggregates in the cytoplasm, we can speculate that similar defects
within heterochromatin condensates might be linked to premature aging and other diseases
[57].

Challenges for the future

Despite having identified some of the key interactions that drive formation of HP1-mediated
heterochromatin condensates, it remains unclear how HP1 and chromatin are structurally
organized within droplets and how heterogeneous and diverse any such organization may be.
For example, HP1 can phase separate upon phosphorylation, in presence of DNA, or upon
interaction with both un-methylated and H3K9me chromatin [32,58]. In these different
contexts, the critical concentration required for phase separation is different and even the
molecular interactions involved are different. At a superficial level these condensates display
similar morphologies but whether and how their material properties and internal structural
organizations differ remains a mystery [59]. It is also unclear whether molecules within
these different condensates are homogeneously distributed and whether or not they display
similar diffusion behaviors and similar conformational states. New tools are thus needed to
allow a more in-depth study of the structure and physicochemical properties of condensates,
and their functions.

How specificity of partitioning into the droplets is achieved and how such specificity
determines which proteins or DNA can be included or excluded from a phase is also an
intriguing aspect to be addressed in the future. By addressing how these emerging principles
contribute to heterochromatin organization, we will be able to better understand the
functional compartmentalization of the genome and how to eventually restore it when
defects arise.
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Figure 1: HP1 protein structure.

HP1 proteins contain three conserved domains: the chromodomain (CD) that binds H3K9me
histone tails, the Hinge (H) that binds nucleic acids, the chromoshadow domain (CSD) that
enables HP1 dimerization and interactions with other factors. The N-terminal domain (NTD)
of HP1 is unstructured and has regulatory functions [23].
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(a) HP1 bridges across nucleosomes (b) HP1 oligomerizes (c) HP1 promotes nucleosome
and phase-separates core dynamics
]
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Figure 2: Model for HP1-heterochromatin.
HP1 compacts chromatin into phase separated liquid droplets. This process relies on HP1

ability to: (a) bind and bridge across nucleosomes, (b) self-oligomerize, (c) and increase
dynamics in the nucleosome core. Distorted nucleosomes expose buried regions of the
histone core and enable inter-nucleosome interactions that drive chromatin phase separation.
HP1 dimers are shown in pink.
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Figure 3: Model for genome packaging.
DNA is wrapped around nucleosomes, the fundamental units of chromatin. The 10-nm fiber

of nucleosomes is a fluid polymer that organizes through weak and multivalent interactions.
Nucleosome conformational dynamics, histone PTMs and chromatin-binding proteins fine-
tune and regulate such interactions. Proteins such as HP1 can promote condensation of
chromatin into phase-separated condensates. Phase separation and nucleosome dynamics
might more generally regulate chromatin compaction, for example, in the context of mitotic
chromosomes.
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