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Abstract

Heterochromatin spreading, the propagation of repressive chromatin along the chromosome, is a 

reaction critical to genome stability and defense, as well as maintenance of unique cell fates. Here, 

we discuss the intrinsic properties of the spreading reaction and circumstances under which its 

products, formed distal to DNA-encoded nucleation sites, can be epigenetically maintained. 

Finally, we speculate that the epigenetic properties of heterochromatin evolved together with the 

need to stabilize cellular identity.
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Introduction

Heterochromatin is a nuclear ultrastructure composed of nucleic acids and effector structural 

and silencing proteins targeted to chromatin by histone marks. Histone marks signaling 

heterochromatin assembly, such as Histone 3 (H3) Lysine 9 (K9), Lysine 27 (K27) 

methylation (me) and Histone 4 (H4) Lysine 16 (K16) deacetylation, have been implicated 

as among the few documented histone modifications capable of imparting epigenetic 

behaviors [1]. Heterochromatin occupies central roles in the maintenance of genome 

stability, such as the repression of recombination at repetitive elements, correct assembly of 

kinetochore components at centromeres, and genome defense, including silencing of 

invasive DNA elements, such as ancient retroviruses. Separately and crucially, 

heterochromatin takes on a key function in the establishment and maintenance of cell 

identity. It contributes to this process by partitioning the genome such that regions irrelevant 

to the cell fate remain heritably repressed. This function is particularly central in 
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multicellular organisms with lineage specialization such as metazoans. Thus 

heterochromatin has evolved to regulate the genome in a large variety of ways.

a. Heterochromatin nucleation and spreading, and the question of memory at distal sites

The initial formation of heterochromatin requires at least two steps: 1. A DNA-sequence 

driven component, called nucleation, where DNA signals encoded at the nucleation site 

recruit heterochromatin effectors either by direct mechanisms (transcription factor based 

recruitment) or indirect mechanisms, often involving small RNAs. The available literature 

favors the notion that heterochromatin at nucleation sites can be faithfully maintained 

intergenerationally, requiring repressive histone modifications [1–3]. 2. A DNA sequence 

indifferent process, called spreading, during which heterochromatin propagates along the 

chromosome. This reaction is essential to establishing large heterochromatic regions, 

particularly those involved in genome partitioning. It is less clear whether once formed, 

heterochromatin located distal to nucleation sites is intrinsically capable of epigenetic 

maintenance and if so, by what mechanisms. If not re-formed with high fidelity each cycle, 

the distal heterochromatic repression would be variegated and therefore not compatible with 

maintenance of a genome partition pattern. In turn, epigenetic behaviors such as in the 

definition of cellular lineages necessitate high fidelity (Figure 1). However, low fidelity of 

inheritance, or variegation, has been observed in multiple systems. This was first observed in 

flies at genomically disrupted regions and termed Position Effect Variegation (PEV). 

Evidence for variegation also exists for intact loci. Observation of the Telomere Position 

Effect (TPE) in budding yeast, like PEV, also argues in favor of unstable inheritance, 

although in most studies the separate nucleation process that precedes spreading is not 

controlled for. In our work, we focused on the intrinsic properties of H3K9 me-marked 

heterochromatin in fission yeast, which is shared with most metazoans, and find most 

spreading to be stochastic, multimodal and intergenerationally unstable [4]. However, at a 

locus essential to cell identity, we find heterochromatin to be remarkably stable. This 

stability requires the collaboration of a stochastically spreading, but robustly nucleating 

noncoding RNA (ncRNA) element and a specialized element called REIII that nucleates 

poorly but spreads in a predicable manner.

b. Mechanisms of distal heterochromatin epigenetic inheritance

Our work demonstrates that distal heterochromatin propagated by spreading, at least in 

fission yeast, is epigenetically unstable. Thus, auxiliary functions have to be built into 

heterochromatin domains to promote high fidelity at nucleation distal loci. In fission yeast, 

such auxiliary control is imparted by REIII and is absent at ncRNA-only nucleated loci. 

REIII, unlike ncRNA-nucleators, strongly reduces histone turnover [4], which is one 

pathway that has been implicated in epigenetic inheritance [5, 6] (Figure 2). The suppression 

of histone turnover in general likely favors retention of H3K9me or H3K27me histones, 

facilitating re-establishment after S-phase through the read-write capacity of repressive 

histone modifiers [7, 8]. Another potential mechanism of achieving inheritance is chromatin 

structure (Figure 2). Chromatin structure formation often depends on the chromosomal 

context as it may involve interactions with distal elements [9, 10]. Long range looped 

chromatin structures called “chromatin hubs” have been speculated to reinforce memory of 

the repressed state in the case of the H3K27me/polycomb pathway [11]. Intriguingly, 
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looping at the very local level has been modeled to promote memory formation in fission 

yeast [12]. For the case of the fission yeast REIII auxiliary element, we favor the notion that 

its memory characteristics are due in part to a structural constraint. While the common 

ncRNA-nucleators appear to be independent of location, as they can be inserted at multiple 

genomic loci and still induce spreading [4], the REIII element does not retain its function 

when transposed to another location [3, 4]. It is possible that this restriction of function to 

the endogenous site points to REIII requiring a specific local chromatin context or structure, 

such as looping, to operate. Formally, however, it cannot be excluded that additional local 

elements are required for normal REIII function at any given locus. A broad remaining 

question is how the dynamic rearrangements in architecture observed in the cell cycle [13] 

affect the ability of chromatin structure to enforce epigenetic memory.

Either by regulating histone turnover or chromatin structure, accessory or specialized 

elements appear to feature bistability [14, 15], with low transition rates between stable states 

that are either de-repressed and active (ON) or repressed (OFF). That these elements can 

exist in a stable ON state is a phenomenon that has been observed in plants and yeast [16, 

17]. This inability of a fraction of cells to stably adopt the repressed OFF state counteracts 

the need for maintaining a population-wide uniform epigenetic state in the development of 

cellular lineages from less differentiated progenitor pools. Thus, additional features are then 

required to shift the balance towards uniform maintenance of the OFF state across the 

population. We believe in the case of fission yeast, this function is fulfilled by nearby 

placement of one or more ncRNA-nucleator(s). While these elements cannot produce distal 

heterochromatin structures with strong memory characteristics, they robustly generate local 

heterochromatin. The coupling of such highly efficient nucleators to a bistable auxiliary 

element then yields stable epigenetic repression. It still remains unclear why fission yeast 

ncRNA-nucleators are themselves not capable of producing significant memory, though this 

type of coupling between two elements or two regions (say nucleation proximal and distal) 

of heterochromatin for memory formation has been observed in other systems, such as 

budding yeast and plants [18, 19],

One key mechanism to enhance the robustness of distal heterochromatin inheritance is tying 

it to DNA replication, a central and high-fidelity cellular process. This can occur via either 

direct or indirect means, and may be required in complex systems such as mammals and 

plants that widely use heterochromatin to silence pervasive foreign genetic elements or to 

partition the genome in differentiation. Examination of post-mitotic replication patterns in 

mammalian cells reveals generally accurate re-establishment of active and repressive 

chromatin marks [20, 21]. This may require coordination with histone chaperones [22, 23] 

and, in the case of heterochromatic marks specifically, proceed via an indirect mechanism, 

such as DNA methylation (Figure 2). In metazoans, there is a direct connection between the 

DNA replication process and DNA methylation [24]. Replication-coupled DNA methylation 

in turn enhances H3K9 methylation [25, 26] and at least in plants, is required for the 

stability of the H3K9 methylation pattern [27]. However, while DNA methylation can 

promote the correct “copying” of heterochromatin, its landscape in the genome can be 

dynamically altered by antagonizing activities and chromatin remodeling among others. 

Hence, even in systems such as mammals where DNA methylation is thought to support 

H3K9 methylation, the stability of distal heterochromatin requires the non-enzymatic 
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subunits of the spreading enzyme complex, including methyl histone reader proteins [28], to 

be present continuously. Antagonizing activities [29–31] have been shown to be able to 

encroach on heterochromatin [32], pointing to the involvement of dynamic forces in shaping 

and mainiting the epigneome beyond replication. Hence, “copying” of heterochromatin is 

not sufficient to maintain the epigenetic pattern. We posit that the collaboration of elements 

outlined above may be critically important for safeguarding heterochromatin inheritance 

both by supporting correct establishment but also by defending the locus in G1 and G2 or in 

non-replicative settings.

c. Distinct heterochromatin types for different biological needs.

Examination of the major heterochromatin loci in fission yeasts leads to a model for 

functional specialization of heterochromatin, with only the minority of heterochromatin 

capable of epigenetic behavior. Most heterochromatin in fission yeast is ncRNA-nucleated 

[33] and is involved in the maintenance of chromosome integrity and genome defense. Like 

in metazoans, pericentromeric heterochromatin is critical for safeguarding proper 

chromosome segregation and suppressing deleterious repetitive elements [34, 35] (Figure 3). 

At the pericentromere, multiple ncRNA-nucleators are placed in close proximity. Hence, 

engineering memory at these loci is likely not necessary, since the distances between 

nucleators are short. The high efficiency of these ncRNA-nucleators, coupled with their high 

repeat frequency, likely makes the pericentromere tolerant of the stochastic spreading 

characteristic of these nucleators [4]. Subtelomeres are also redundantly nucleated [36, 37], 

but here, spreading appears to propagate towards the centromere for some distance [36] and 

intrinsically exhibits variegation [38]. Telomeric heterochromatin is generally thought to 

prevent genomic instability by repressing recombination between the highly homologous 

subtelomeric sequences [39, 40]. As long as the majority of the time enough spreading 

occurs to coat repetitive sequences with recombination-protective heterochromatin factors, 

some manner of stochastic behavior there is likely tolerated.

There is one cell identity locus in fission yeast, which is required for specification of the cell 

(mating) type. The mating type (MAT) locus, is very tightly repressed through the 

collaboration of an ncRNA-nucleator and accessory REIII element as discussed above. The 

simultaneous expression of the silent mating type cassettes in the repressed MAT locus can 

result in haploid meiosis, low spore viability, or death [41]. We hypothesize that this obvious 

cellular fitness defect that can result from low-fidelity maintenance of the MAT locus, or 

similar loci in other simple eukaryotes, was one of the pressures that led to the emergence of 

epigenetic fidelity (Figure 3). We speculate that the mechanisms that enable fidelity later 

enabled the stabilization of cell types in multicellular organisms through intergenerationally 

robust patterning of the epigenome. This requirement for stabilizing cell type is probably 

also connected to the ability to safeguard epigenetic information through environmental 

changes[42]. We show that REIII., which is found only at the MAT locus, confers strong 

resistance to environmental perturbations [4]. This is important, because heterochromatin 

spreading can be highly vulnerable to changes, such as ambient temperature. For example, it 

was shown 70 years ago that the degree of position-effect variegation, which is an 

expression of stochastic spreading, is highly impacted by elevated temperature [43]. In 

fission yeast, both ncRNA nucleation as well as spreading, are also significantly impaired by 
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elevated temperatures [4, 44]. We propose that accessory elements like REIII have evolved 

to protect against environmentally induced variegation, on top of safeguarding epigenetic 

inheritance under ideal conditions.

In summary, our results and those from other point to the notion that evolutionarily 

conserved ncRNA-elements trigger heterochromatin formation that is not intrinsically 

tethered to the ability to impart epigenetic inheritance. We believe the adverse consequences 

of transient loss of heterochromatin at cell type specifier regions was one of a number of 

pressures that pushed the system to evolve memory capacity in heterochromatin. This is 

executed via the collaboration of efficient nucleators and specialized accessory “memory 

elements” and may require linkages to the high fidelity cellular process of DNA replication. 

The specific mechanisms that can confer this memory remain to be investigated.
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Figure 1: Variegation and inheritance of heterochromatin spreading generate mixed or uniform 
cell states respectively.
Heterochromatin is formed by a sequential process whereby first small heterochromatin 

domains (red) are formed proximal to nucleation sites (blue) by short range spreading. 

Nucleation-distal genes remain expressed (purple state). Long-range spreading then 

propagates the repressed state along the chromosome, silencing information orthogonal to 

the cellular state (grey state). The resultant heterochromatin domain can be either inherited 

with high fidelity, leading to a robust recapitulation of the repressed state and a uniform 

population (right) or with low fidelity, leading to variegated expression across a population 

(left).
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Figure 2: Systems of memory retention for nucleation-distal heterochromatin regions.
Since heterochromatin PTMs and factors are at least partially lost during S-phase, epigenetic 

memory requires mechanisms to quickly and reliably regain the repressed state. These may 

include one or more of the following: (1) DNA methylation – methylation of DNA, which is 

mainly found in higher eukaryotes and is concurrent with heterochromatic histone PTMs, is 

linked to the high fidelity process of DNA replication. Following S-phase, hemi-methyl 

DNA is recognized by DNA methyltransferases (DNMT), which restore DNA methylation 

to both strands. This leads to the recruitment of heterochromatin writers and effectors by 

both DNMTs and DNAme reader proteins and restoration of the heterochromatin state (2) 

reduced histone turnover – compared to euchromatin, certain heterochromatin regions may 

experience less turnover of nucleosomes and/or histone proteins. This prevents loss of 

epigenetic information via the incorporation of un-marked nucleosomes and promotes the 

inheritance of the heterochromatic state by the retention of modified nucleosomes. (3) local 

chromatin structure – a higher order structure present at heterochromatin regions could be 

either directly maintained or quickly re-established post-replication. This structure either 

allows for the retention of epigenetic information or enhances the reformation of 
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heterochromatin (shown), perhaps by facilitating a local environment favorable to spreading 

or by recruiting the enzyme complexes required for it.
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Figure 3: Different heterochromatin loci experience stochastic or stable inheritance of 
heterochromatin spreading.
Heterochromatin regions with different functions, and possibly different requirements for 

epigenetic memory, exist within the same genome. Pericentromeric heterochromatin (left) 

has a primarily structural role in centromere function and the suppression of repetitive 

elements. Multiple strong nucleators (blue) are present in these regions, likely facilitating the 

re-establishment of heterochromatic state and minimizing the requirement for long distance 

spreading following the weakening in S-phase. Subtelomeric heterochromatin (right) varies 

in its extent of spreading. At cell identity loci (middle), variability is not tolerated if the 

epigenetic state is to be maintained over many cell divisions. The presence of different 

classes of nucleators collaborating to regain the epigenetic state after S-phase, or the 

prevention of information loss in the first place, may ensure that cell identity information is 

robustly inherited.
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