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Abstract

Advanced techniques including the chromosome conformation capture (3C) methodology and its 

derivatives are complementing microscopy approaches to study genome organization, and are 

revealing new details of three-dimensional (3D) genome architecture at increasing resolution. The 

fission yeast Schizosaccharomyces pombe (S. pombe) comprises a small genome featuring 

organizational elements of more complex eukaryotic systems, including conserved 

heterochromatin assembly machinery. Here we review key insights into genome organization 

revealed in this model system through a variety of techniques. We discuss the predominant role of 

Rabl-like configuration for interphase chromosome organization and the dynamic changes that 

occur during mitosis and meiosis. High resolution Hi-C studies have also revealed the presence of 

locally crumpled chromatin regions called “globules” along chromosome arms, and implicated a 

critical role for pericentromeric heterochromatin in imposing fundamental constraints on the 

genome to maintain chromosome territoriality and stability. These findings have shed new light on 

the connections between genome organization and function. It is likely that insights gained from 

the S. pombe system will also broadly apply to higher eukaryotes.
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1. Introduction

Determining how chromosomes, which contain the genetic information specifying proper 

developmental and gene expression programs, are organized within the nuclear space has 

remained a major driving force in the nuclear architecture field [1–3]. The physical 

compaction of chromosomes and the spatial organization of the genome are critical for 

maintaining genome stability and for the proper regulation of many nuclear functions, 

including transcription, replication, recombination, and repair [4–7]. Several layers of 
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organization are imposed on the chromatin fiber, ranging from nucleosomal packaging to 

intricate levels of higher-order folding. Factors involved in chromatin assembly, including 

heterochromatin machinery that targets specific genomic sites and architectural proteins 

such as condensin and cohesin, play important roles in genome organization. Exactly how 

these factors contribute to the organization of genome function and how they facilitate 

dynamic changes in chromosome architecture during the cell cycle are just beginning to be 

revealed.

The advent of several advanced techniques has allowed packaging, folding, and genomic 

interactions to be studied in increasingly fine detail. Molecular based approaches, including 

3C and its derivatives, have been used to study specific loci of interest as well as genome-

wide interactions to gain insight into the physical organization and spatial configuration of 

chromosomes [8–13]. Short and long-range interactions both within and between 

chromosomes have been determined from global interaction contact maps obtained by these 

methods. These studies have yielded important conceptual advances, including the 

compartmentalization of the human genome into open and closed states, chromosome 

territoriality, and the fractal globule nature of the chromatin fiber [13]. Evidence of 

megabase-sized topologically associating domains (TADs) has been discovered in various 

systems [14–16]. In parallel, advanced microscopy studies at increasing resolution are 

complementing molecular studies, providing visual clues to genome organization at single 

cell resolution [17,18].

Among the various model organisms, the fission yeast S. pombe has emerged as a useful 

system to study 3D genome organization. S. pombe comprises a small genome with 

hallmarks of more complex eukaryotes. The 13.8 Mb S. pombe genome is comprised of 

three relatively large chromosomes. Centromeres ranging in size from ~35–110 kb are 

organized into two distinct domains: the unique central core bound by CENP-A and 

kinetochore proteins, and the surrounding pericentromeric repeats [19,20] (Figure 1A). 

Extended heterochromatin domains coat pericentromeric repeats and subtelomeric regions as 

well as the silent mating-type (mat) interval (Figure 1A) [21]. Studies of heterochromatin 

assembly pathways involving conserved proteins, such as Clr4/Suv39h and Swi6/HP1 that 

are present in S. pombe, have provided insights into the critical functions of this specialized 

chromatin [20,22,23]. In particular, work that focused on the mat locus has yielded many 

groundbreaking discoveries over the years, including the epigenetic inheritance of 

differential chromatin states and the mechanisms by which boundary DNA elements prevent 

spreading of heterochromatin into neighboring gene-rich euchromatin regions [24–27].

In this review we summarize the findings from the fission yeast model system that have 

advanced our understanding of 3D genome architecture. Some reflect similar findings in 

higher organisms, indicating universal and fundamental genome organization principles, 

while others have revealed new insights and uncovered important key concepts underlying 

genome architecture that are also likely to universally apply.
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2. Global organization of the S. pombe interphase genome

Eukaryotic chromosomes are specifically organized during interphase. S. pombe 

chromosomes display a polarized arrangement, in which centromeres of all three 

chromosomes are clustered adjacent to the spindle pole body (SPB), which is the 

centrosome equivalent in yeast, while telomeres are also associated with each other at the 

opposing hemisphere near the nuclear periphery [28] (Figure 1B). Ribosomal DNA (rDNA) 

repeats at the ends of chromosome III are compartmentalized within the nucleolus [29]. This 

polarized array is known as the Rabl configuration, which was first described in salamander 

larvae cells in 1885 [30]. When first observed, this configuration was thought to be a passive 

continuation of the chromosome configuration from the prior anaphase, in which 

chromosomes are pulled into the daughter cells with centromeres leading and telomeres 

trailing behind. However, Rabl-like configuration can be established de novo (i.e. without a 

prior anaphase) in both budding and fission yeast [31,32], suggesting that the polarized array 

of yeast chromosomes is likely not just a relic of anaphase.

Indeed, the Rabl configuration may be important for proper functioning of the genome 

during interphase. Sustained by both chromosome-chromosome (clustering of centromeres 

and telomeres) and chromosome-nuclear envelope interactions, the constraints generated by 

these interactions ensure that specific chromosomal regions (and genes) are confined to 

distinct molecular environments within the nuclear space. The positional guidance provided 

by the Rabl configuration may promote genome compartmentalization, which may impact 

the transcription of genes and the establishment of chromosome territoriality (see below). 

Moreover, recent evidence suggests that the interphase clustering of centromeres could 

provide an organizational framework to allow efficient kinetochore capture during mitosis 

[33]. Indeed, centromere de-clustering has been shown to correlate with defects in 

chromosome segregation [33]. In mammals, chromosomes surround the spindle in a ring in 

mitosis and meiosis, which might efficiently expose all of the kinetochores to the spindle 

and facilitate their capture [34,35]. Thus, leveraging the 3D organization to facilitate the 

intricate process of accurate and timely chromosome segregation may be a common theme 

among different organisms and cell types. In this regard, Rabl may reflect a purposeful and 

functional arrangement of the genome.

2.1 Telomere positioning requires conserved telomere-binding proteins

The polarized configuration of chromosomes in interphase S. pombe cells remains relatively 

fixed over time. The nuclear envelope (NE) likely provides a solid platform for anchoring 

centromeres and telomeres, which can limit chromosome movement and allow the Rabl 

arrangement to be maintained (Figure 1B). Telomeres are anchored to the NE via 

interactions between telomere binding proteins, such as Rap1, and the inner nuclear 

membrane proteins Bqt3 and Bqt4 [36]. The telomere associated protein Rap1 is recruited 

by the DNA binding protein Taz1, which is the human TRF ortholog. Rap1 interacts with 

Bqt4, and loss of Bqt4 causes the release of telomeres from the nuclear membrane in mitotic 

interphase, although they still reside near the nuclear periphery [36]. Since S. pombe 

undergoes a “closed mitosis”, in which the NE does not disintegrate, telomeres must be 

transiently dissociated from the NE during mitosis to facilitate proper segregation of 
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chromosomes. This process involves phosphorylation of Rap1 by Cdc2 (the fission yeast 

Cyclin-dependent kinase 1), which disrupts the interaction between Rap1 and Bqt4 to induce 

the release of telomeres from the NE [37].

Anchoring telomeres to the nuclear periphery also requires other factors including LEM 

(LAP2, emerin, MAN1) domain-containing proteins, Lem2 and Man1, although the 

molecular mechanism remains unknown [38]. These proteins are evolutionarily related to 

lamina-associated polypeptide (LAP). S. pombe lacks the nuclear lamina that provides the 

structural framework to the NE. The inner nuclear membrane proteins Bqt3, Bqt4, Lem2 and 

Man1 might cooperate to maintain nuclear organization. Interestingly, the telomere bound 

Ku70/80 complex also participates in telomere tethering to the nuclear periphery [39]. It is 

therefore possible that redundant pathways maintain telomere positioning at the NE.

2.2 Centromere clustering by SUN and KASH domain proteins

Centromeres are also anchored to the periphery where they form a cluster near the SPB 

during interphase (Figure 1B). Two functionally distinct domains of the centromere region, 

the central core (cnt) and pericentromeric repeats, are spatially separated in the interphase 

nucleus. Whereas pericentromeric heterochromatin is located at the periphery of the 

clustered centromeres, the central domain protrudes toward the SPB [40]. This protrusion 

provides the physical docking site for the SPB. Clustering of centromeres requires factors 

involved in kinetochore assembly, but is independent of pericentromeric heterochromatin or 

microtubules [41].

Interestingly, fission and budding yeast employ distinct strategies for clustering 

centromeres. In S. pombe, intra-nuclear microtubules connecting the SPB and kinetochores 

are not apparent in interphase, and electron microscopy studies have shown that the SPB 

resides in the cytoplasm during interphase and only moves into the NE at the beginning of 

mitosis [42,43]. Studies have shown that two proteins, Sad1 (a SUN-domain protein) and 

Kms1 (a KASH domain containing protein), form a complex that spans the NE. Together 

with Csi1, a Sad1-interacting protein, this complex appears to provide the physical 

connection between the SPB and kinetochores [31,33,44,45]. On the other hand, in the 

budding yeast S. cerevisiae the SPB remains inserted within the NE throughout the cell 

cycle, and microtubules emanating from the SPB connect to the kinetochores to maintain 

centromere clustering [32,46,47].

While our understanding of Rab1 will surely continue to evolve, it is abundantly clear that 

key genetic elements such as centromeres and telomeres and their associating proteins not 

only provide nuclear landmarks, but are key determinants of configuration that also regulate 

chromosome dynamics (see below).

3. DNA elements involved in functional genome organization

In addition to the Rabl configuration, specific DNA elements dispersed across chromosomes 

are believed to contribute to the proper organization of the genome. Similar to higher 

eukaryotes, the S. pombe genome contains a variety of repetitive DNA elements that are 

organized into specialized structures. These include retrotransposons and their remnants as 
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well as middle repetitive sequences such as tRNA genes that are dispersed across the 

genome. Distinct trans-acting factors associate with these loci to direct their spatial 

organization. Studies addressing the assembly of these DNA elements into discrete 

structures have broad implications for understanding the mechanisms that contribute to the 

functional organization of eukaryotic genomes.

3.1 Boundary elements partition the genome into distinct domains

A comprehensive analysis of the S. pombe genome identified “boundary elements” that 

partition heterochromatin domains at centromeres and the mat locus from the surrounding 

euchromatin domains [21]. Boundary elements block the spread of heterochromatin into 

neighboring regions [48–50]. The borders of the heterochromatin domain at the mat locus 

are marked by inverted repeats (IR-L and IR-R) [26,51] (Figure 1A). An abrupt transition of 

H3K9me and other heterochromatin factors coincides with the locations of the IR elements 

[52]. Heterochromatin factors also decrease at the borders of pericentromeric 

heterochromatin domains. Although these borders are often demarcated by clusters of tRNA 

genes [21,53,54], tRNA genes are absent on the right side of centromere 1 (cen1) and only a 

single tRNA gene is present on the left side. Instead, inverted repeat elements have been 

found to flank the left and the right sides of cen1 (IRC1-L/R) and cen3 (IRC3-L/R), which 

serve as heterochromatin barriers [53] (Figure 1A).

Multiple mechanisms are believed to contribute to boundary function. Factors recruited to 

boundary elements might preclude nucleosome assembly and create a chromatin 

environment less favorable to the spread of heterochromatin [50]. Indeed, IRC elements 

show a preferential enrichment for the anti-silencing factor Epe1, which promotes 

nucleosome turnover [55–57]. Nucleosomes are also depleted at the IR boundaries of the 

mat locus and tRNA loci [58,59]. The core sequence responsible for conferring boundary 

activity to IRs consists of multiple B-boxes, which are the binding sites for the TFIIIC 

transcription factor that normally initiates assembly of the RNA polymerase III (Pol III) 

transcription complex at tRNA and 5S RNA loci [60,61]. Interestingly, high concentrations 

of TFIIIC, but not Pol III, bind to the IRs in a B-box-dependent manner. Moreover, it has 

been shown that B-boxes are critical for boundary activity [53]. Epe1 and TFIIIC binding 

sites act in parallel pathways to prevent the inappropriate spread of heterochromatin that can 

cause deleterious gene suppression [62]. In addition to local chromatin features, it has been 

proposed that TFIIIC-associated sites tethered to the nuclear periphery might organize the 

genome and serve to partition heterochromatin from euchromatin [53].

3.2 Chromosome organizing clamps and genome organization

In addition to boundary elements, TFIIIC also localizes to a number of sites scattered across 

the genome without recruiting Pol III [53]. These loci, referred to as chromosome organizing 

clamps (COCs), are tethered to the nuclear periphery, in a manner dependent upon the B-

boxes [53]. Another intriguing observation is that despite TFIIIC enrichment at all tRNA, 5S 

rRNA and COC sites throughout the genome, only five to ten TFIIIC foci are observed at the 

nuclear periphery and perinucleolar space, suggesting specific clustered interactions 

between TFIIIC bound loci [53]. Although the biological significance remains unknown, it 

is notable that a component similar to IR boundary elements may have a role in nuclear 
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organization at COC sites. The interactions amongst COC and other TFIIIC bound loci may 

facilitate higher-order organization of the genome into distinct structures, perhaps loops, 

which are likely to impact diverse chromosomal processes. In addition to creating 

heterochromatin barriers, the tethering of COC sites to the nuclear periphery might also have 

consequences for other chromosomal processes. For example, the passage of the replication 

fork may be affected by the tethering of boundaries or COC sites to the nuclear periphery. 

Thus, tethered COC sites could serve to divide chromosomal regions into independently 

replicating domains. Indeed, tRNAs act as DNA replication fork pause sites [63–65]. TFIIIC 

and its associated factors may represent a general mechanism for partitioning the genome 

into distinct domains. COC-like loci, which show TFIIIC binding independent of Pol III, 

have been described in other species [66–69], and pioneering work by Kamakaka and 

colleagues has uncovered conserved functions of tRNAs in boundary function [70,71].

3.3 Transposable elements are organized into Tf bodies

Transposable elements (TE) constitute a substantial fraction of eukaryotic genomes and pose 

a major threat to genome stability. As a result, host genomes have evolved defense 

mechanisms that are critical for silencing and immobilization of transposable elements [72–

74]. S. pombe contains 13 copies of the full length Tf2 retrotransposon, approximately 300 

solo long terminal repeats (LTRs) and WTF repeats (often associated with TF LTRs) 

dispersed across the genome [75]. In addition to mechanisms such as RNA interference and 

other RNA processing factors that play an important role in silencing of retrotransposons 

[76], cells also utilize a genome surveillance mechanism that relies on conserved CENP-B 

proteins (Abp1, Cbh1, and Cbh2) [72]. CENP-Bs are derived from the transposases of 

POGO family transposons [77]. Through recruitment of chromatin-modifying activities such 

as histone deacetylases to assemble “closed” chromatin, CENP-Bs repress transcription of 

repetitive elements and render them recombinationally inert [72]. CENP-Bs also gather 

retrotransposons into clusters, called Tf bodies [72] (Figure 1C). The formation of clusters 

containing retrotransposons and their remnants may facilitate their surveillance and 

silencing, but clusters likely also facilitate genome organization. For example, in 

Drosophila, gypsy retrotransposons are clustered into specialized bodies, which are an 

important element of genome organization [78,79]. Moreover, in mammalian systems 

transposon-derived nuclear scaffold/matrix attachment region (MAR/SAR) sequences [80] 

are concentrated at the bases of chromatin loops through their association with SATB1 [81]. 

Similarly, the dimerization of CENP-B proteins bound to LTRs may connect Tf elements 

located nearby or at a greater map distance away. Alternatively, CENP-Bs might recruit 

additional factors that promote Tf clustering. Histone-modifying enzymes such as Set1 and 

HDACs are recruited to Tf2s and are implicated in Tf2 clustering [39,72,82–84]. However, 

these histone-modifying activities also target other parts of the genome. Global changes in 

interphase chromatin fibers may also influence clustering [84]. Collectively, these studies 

highlight an emerging theme in which mechanisms involved in silencing of transposons 

have been co-opted to control other chromosomal functions, including higher-order 

organization of the genome.
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4. Higher order chromatin organization of the S. pombe genome

In addition to microscopy techniques that have provided critical information about the 

spatial organization and dynamics of specific loci, the 3C methodology and its derivatives 

are providing new insights into global genome organization. In general, 3C-based methods 

determine molecular, rather than cytological, proximity of genomic sequences and yield 

contact probability maps from which aspects of chromosome architecture are inferred [85]. 

The application of this methodology has revealed evolutionarily conserved as well as 

species-specific features of genome organization [13–16,86–96]. The evidence suggests that 

complex eukaryotic genomes are confined within chromosome territories as previously 

shown by cytological methods [97], and are characterized by a hierarchical organization of 

chromatin loops that connect genes and enhancers as well as open and closed compartments 

[98]. At the sub-compartment level in mammalian systems, chromatin is organized into self-

interacting TAD domains, which range in size from hundreds of kilobases to several 

megabases, with boundaries marked by specific proteins such as the insulator binding 

protein CTCF and the cohesin complex as well as genomic features including tRNAs and 

retrotransposons [14,15,99]. Enrichment of CTCF and cohesin at the borders could imply a 

role in establishing and defining a TAD, but this has not yet been thoroughly addressed 

[100–102]. TAD-like chromosomal domains are likely a conserved principle of genome 

organization, although not universal [86–90,92,96]. Interestingly, TADs are further sub-

divided into smaller self-interacting domains (sub-TAD). In the murine model system, 

specific interactions within these domains define lineage specific landscapes and are 

reorganized during differentiation [99].

3C-based methods have been used to probe the organization of both budding and fission 

yeast genomes. Evidence suggests that in the budding yeast S. cerevisiae, the Rab1 

configuration serves as a dominant factor in genome organization without any detectable 

TAD-like domains [86,103,104]. In contrast, recent analyses of wild type and mutant S. 

pombe cells suggest that both the Rabl configuration and chromatin compartmentalization 

are fundamental elements of genome organization in fission yeast [89]. These features are 

discussed below.

4.1 Territorial organization of chromosomes

Chromosomal DNA is tightly condensed during mitosis in order to facilitate segregation and 

faithful transfer of chromosomes to daughter nuclei. However, chromatin is de-condensed 

during interphase to allow regulation of appropriate gene expression programs and other 

DNA transactions. Considering that the majority of the S. pombe genome is assembled into 

an open euchromatin configuration [21], it can be imagined that a chromosome might lose 

its territoriality after mitotic exit as de-condensation progresses with time. However, despite 

the level of unpacking required, early genetic and microscopy experiments in S. pombe 

indicated that all three chromosomes are confined to individual territories (Figure 1B) 

[105,106]. This feature has been explored using genome-wide chromatin interaction maps 

generated by Hi-C or other techniques such as Enrichment of Ligation Products (ELP) and 

Genome Conformation Capture (GCC) [87,89,107]. These methods all rely on the same 

basic principle (3C-seq method) for capturing chromatin-chromatin interactions: proximity 
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based ligation followed by Next Generation Sequencing (NGS) [108]. Hi-C and ELP 

methods involve additional steps designed to enrich for the ligation junctions [85,87]. 

Importantly, all of these methods have confirmed the territorial feature of genome 

organization.

Interestingly, computational simulations, modeling and microscopy studies in other systems 

indicate that most genome organization features, including chromosome territoriality, 

naturally emerge when just the generic polymer nature of the chromatin fiber, along with a 

few geometric constraints, are considered [103,104,109–113]. Factors considered in the 

studies included the number and size of chromosomes, confinement to the nuclear space, 

centromere/telomere clustering, as well as the excluded volume effect from the presence of 

other chromosomes and the nucleolus. While these studies have provided a basic 

framework, there is undoubtedly more to the structural regulation of the genome. Indeed, 

studies suggest the existence of mechanisms that constrain chromosomes and counteract 

their de-condensation to promote spatial restriction and impose territoriality [89].

4.2 Specific intra- and inter-chromosomal interactions

In addition to the clustering of all three centromeres and telomeres of chromosome I and II, 

several specific interactions are evident in the S. pombe genome. In particular, the high-

resolution Hi-C contact maps revealed a noticeable enrichment of interactions between 

centromere-proximal chromosomal arm regions in both intra- and inter-chromosomal arm 

pairs, evident by prominent cross-like patterns [89] (Figure 2A and 2B). This feature can be 

understood in the context of a Rab1 configuration, in which frequent interactions occur 

between centromere-proximal arm regions extending from centromeres that are clustered 

near the SPB (Figure 1B and Figure 2B). Such a cross-like pattern has been previously 

observed in the contact maps of S. cerevisiae, but it is believed to result from the 

centromeric regions of all 16 chromosomes occupying a small confined nuclear space 

around the SPB [86,104]. Such a model would not predict the cross-like pattern of 

interactions in S. pombe, which contains only three chromosomes. Thus, the unexpected 

observation of prominent cross-like patterns suggests that a specific mechanism promotes 

co-linear extension of chromosomal arms from centromeres and reinforces the Rabl 

conformation to promote proper genome organization.

Interestingly, the Hi-C study also revealed that heterochromatin-coated centromeres and 

telomeres avoid interaction with chromosome arms (Figure 2A). This avoidance of contact 

is consistent with spatial sequestration of these loci. These analyses also revealed a specific 

inter-chromosomal interaction between the right telomere of chromosome I (tel1R) and the 

mat locus on chromosome II. Consistent with tethering of a loop of chromatin to the nuclear 

periphery, the intra-chromosomal interaction pattern is altered at a chromosomal location 

coinciding with the mat locus. Tethering of specific regions to subnuclear structures is 

believed to be important for partitioning the chromatin into higher order loop domains 

[79,114,115]; thus, the mat-tel interaction may facilitate a specific chromosomal 

organization. However, it is important to note that chromosomal looping of the mat locus is 

not as frequent as centromere/telomere clustering. The mat region has also been reported to 

position near the SPB (and thus the centromeres) in a Clr4 dependent manner [116]. Further 
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efforts are needed to explore how these specific interactions are formed and to understand 

their possible connections to biological processes such as mating-type switching, 

heterochromatin boundary formation and genome organization.

4.3 Globules are a prominent feature of chromosome arm architecture

Perhaps most intriguing is that interactions along the diagonal of the S. pombe Hi-C contact 

maps are not homogeneous. The pattern reveals the presence of local self-interacting 

domains ranging from 50–100 kb in size, referred to as globules [89] (Figure 2C). Globules 

are distributed on all three chromosomes and globule boundaries correspond to regions 

containing a high density of convergent genes that are enriched for cohesin [117–119]. 

Cohesin consists of four core subunits. The Smc1-Smc3 (structural maintenance of 

chromosome) heterodimer associates with the non-SMC subunits Rad21 (Mcd1 or SCC1 in 

other systems) and Psc3 (SA or SCC3) to form a ring-like structure that is thought to ensure 

cohesion by topological embrace of sister chromatids [120–123]. In addition, a role for 

cohesin in interphase genome organization has been described. In higher eukaryotes, cohesin 

cooperates with CTCF and Mediator to form loops that insulate domains and define cis-

regulatory networks [124–131]. These insights are beginning to provide clues to how 

expression patterns unique to an organism, developmental stage or cell type can be achieved 

from chromatin organizational principles, and will impact our understanding of various 

developmental disorders [132].

Interestingly, a mutation in Rad21 disrupts globule formation in S. pombe, suggesting that 

cohesin is essential for their assembly. Remarkably, cohesin-dependent globules can be 

detected in G1 phase cells, defining a function of cohesin that is distinct from its role in 

sister chromatid cohesion. Consistent with this, a substantial fraction of chromatin-bound 

cohesin can be detected in G1 cells [89,133]. Furthermore, only a small fraction of Rad21 is 

cleaved and subsequently degraded during the metaphase-anaphase transition [119,120]. It is 

tempting to speculate that a leftover fraction of cohesin not required for sister chromatid 

cohesion might contribute to globule formation in Gl cells. The dynamic and unstable 

binding of cohesin might explain weaker globule boundaries in Gl cells as compared to 

those in G2 cells [120,133–136].

Exactly how cohesin contributes to globule boundary function remains unknown. The 

genome-wide inverse correlation between the cohesin enrichment and the relative contact 

probability, i.e. the more cohesin binding is observed, the more insulated the regions are on 

either side [89], suggests that both the position and amount of cohesin contribute to globule 

boundary function. This raises several possibilities. First, cohesin itself may have an 

architectural role in interphase chromosome organization. Cohesin-cohesin association or 

the ring-like structures of cohesin may form the base of loops that create highly self-

interacting domains. Second, cohesin could act as cis determinants of globule boundaries 

either by recruiting other factors or by preventing local chromatin compaction factor(s) from 

spreading along the chromatin fiber. Finally, in the region between locally enriched cohesin 

molecules, the chromatin fiber itself may have an inherent nature for crumpling. Further 

work will be needed to clarify the precise role of cohesin in globule architecture and 

function.
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These findings have provided a critical missing dimension to the role of cohesin in genome 

organization. The globule is the smallest chromatin organization unit yet identified, and may 

represent a fundamental repeating unit in chromosome arm architecture. Cohesin confines 

interactions within individual globule domains, and prevents interactions across the globule 

boundaries. Furthermore, globules comprised of crumpled chromatin may also effectively 

constrain chromosomes and promote their spatial organization. Indeed, defects in globules 

are linked to loss of chromosome territoriality [89]. Another exciting finding is that the 

characteristic cohesin enrichment around convergent genes of the S. pombe genome prevents 

inappropriate RNAPII activity [89,118]. This suggests that globules are also critical for 

functional genome annotation.

4.4 Heterochromatin-mediated structural constraint

Hi-C in S. pombe also revealed another fundamental organizing principle - the role of 

heterochromatin in imposing structural constraints on chromosomes. As mentioned above, 

heterochromatin factors coat large chromosomal domains at pericentromeric repeats and 

subtelomeric regions. The cross-like pattern of centromere-proximal interactions that are 

observed in wild type cells are dramatically diminished in a Clr4/Suv39h (the sole enzyme 

involved in methylation of H3K9 in S. pombe) mutant strain defective in heterochromatin 

assembly [89]. Since heterochromatin has been implicated in the preferential loading of 

cohesin across heterochromatin domains, the observed change could be linked to defects in 

cohesin localization [137,138]. However, a cohesin mutant shows no major impact on inter-

arm contacts in the centromere proximal regions. Rather, heterochromatin itself may impose 

structural constraints to promote these interactions. Heterochromatin-mediated constraints 

broadly impact chromosome behavior and affect contact frequencies across chromosomal 

arms, supporting the predominant contribution of Rab1 configuration to genome 

organization. In particular, defective heterochromatin is linked to loss of chromosome 

territoriality and elevated levels of inter-arm and inter-chromosomal interactions. 

Furthermore, in cells lacking heterochromatin, regions such as centromeres, telomeres and 

the mat locus are less refractory to interactions with chromosomal arms [89], and the mat 

locus shows changes in subnuclear localization [116] that could be explained by the 

lessening of constraints and reduced chromosome territoriality [89].

The molecular basis for the constraints imposed by heterochromatin remains to be fully 

explored. However, recent evidence suggests that heterochromatin at pericentromeric 

regions causes compaction of the chromatin fiber that is critical for the cross-like pattern and 

the co-linear extension of chromosome arms from the centromeres [89]. In addition, this 

process may involve heterochromatin proteins such as Swi6/HPl, which has been shown to 

form oligomers and might bridge chromosomal arms, or alternatively, heterochromatin may 

serve as a recruiting platform for factors that promote interactions among heterologous 

chromosome regions [20,139–142]. Regardless of the mechanism, heterochromatin is 

expected to have a widespread and conserved role in the organization of eukaryotic 

genomes. Indeed, in the plant Arabidopsis thaliana, a pericentromeric cross-like interaction 

pattern has been described, which is consistent with the well-known organizational feature 

of heterochromatin-coated Arabidopsis chromocenters [143,144]. Moreover, 

heterochromatin islands dispersed throughout euchromatic arm regions form highly 
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interacting nuclear structures, referred to as interactive heterochromatic islands (IHIs) or 

KNOT ENGAGED ELEMENT (KEE) [88,92]. In Drosophila, heterochromatin mediates 

the paired association that is required for achiasmate homolog disjunction in female meiosis, 

as well as long-range interactions at the brown locus during mitotic interphase 

[142,145,146].

Heterochromatin and cohesin dependent globules can be thought of as two organizational 

layers that likely fulfill complementary roles in the hierarchy of genome organization. 

Heterochromatin reinforces the Rab1 configuration by promoting strong interactions and 

aligning chromosomal arms to facilitate proper genome architecture, and heterochromatin 

coating centromeres and telomeres is believed to cause compaction at both ends of 

chromosomal arms to constrain the chromatin fiber. Combined with the organization of the 

intervening arm regions into globules, these mechanisms likely promote chromosome 

restriction within the three dimensional nuclear space. Indeed, either the loss of cohesin 

required for the proper assembly of globules or the loss of heterochromatin assembly causes 

an increase in inter-chromosomal contacts and a reduction in chromosomal territoriality 

[89].

4.5 Functional sub-nuclear environments in interphase cells

The organization of the interphase nucleus can create specific nuclear microenvironments 

for various nuclear processes, such as transcription, replication and DNA repair. The ELP 

method in S. pombe revealed a statistically significant spatial proximity among highly 

expressed genes, suggesting functionally active foci are efficiently transcribed in close 

association [87]. This is indicative of a sub-nuclear environment similar to the described 

mammalian transcription factory [147]. Genes expressed in G2 phase and 23 gene ontology 

groups also showed significant spatial proximity. Interestingly, several shared DNA motifs 

within the promoter regions of these genes suggest that DNA binding proteins may mediate 

recruitment to a functional nuclear environment. For example, the artificial substitution of 

the IR-R boundary with rDNA repeats directs the mat region to the peri-nucleolar space. The 

sequence-specific DNA binding protein Reb1, which binds to replication pausing sites (Ter) 

in the rDNAs [148], mediates this re-positioning. Ter sites present at chromosomal locations 

also make contact through Reb1 dimerization and cooperatively modulate replication 

termination [149].

More recently, the GCC method, polymer modeling and DNA adenine methyltransferase 

identification (DamID) have been used to map the binding sites of nuclear membrane 

proteins and have provided further evidence of functional sub-nuclear environments that 

correlate with gene expression activity [107,150]. The radial re-positioning of chromatin 

relative to the NE correlates with transcriptional change in various systems, although 

whether this is cause or consequence remains to be determined. In S. pombe, these studies 

suggest more internal locations of actively expressed genes, and nuclear peripheral 

localization of poorly expressed genes [107,150]. Intriguingly, chromosome regions 

containing gene clusters that are up-regulated upon nitrogen starvation re-position from the 

nuclear periphery to the interior with accompanying transcriptional up-regulation in 

Mizuguchi et al. Page 11

FEBS Lett. Author manuscript; available in PMC 2016 October 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



response to nitrogen depletion. This nuclear re-organization is regulated by the class II 

histone deacetylase Clr3, which represses these loci [151].

5. Dynamic regulation of the S. pombe genome

It has been shown that particular genes or chromosome regions exhibit a degree of mobility 

in the interphase nucleus, which causes cell-to-cell variability in nuclear positioning 

[112,113,152,153]. In addition to such local chromatin mobility in mitotically dividing cells, 

large-scale movement/repositioning of chromosomes has also been observed following entry 

into meiosis in S. pombe. In this section, we discuss the highly dynamic nature of the 

chromatin fiber and chromosome movements.

5.1 A role for condensin in genome organization in mitotic cells

Chromosomal DNA that is loosely packed in the interphase nucleus is dramatically 

reorganized into a more condensed form of chromatin during mitosis. Condensin functions 

as a major effector for condensation, and various aspects of its activity are regulated during 

the cell cycle [154]. Phosphorylation of the SMC subunit Cut3 (SMC4 in other systems) 

during entry into mitosis induces nuclear accumulation of condensin [155], although small 

amounts of condensin are detected even on interphase chromosomes [119,156,157]. 

Condensin shows preferential enrichment at the centromere central core and the rDNAs, as 

well as at Pol III transcribed genes such as tRNA and 5S rRNA on chromosome arms 

[39,156,158–160]. Exactly how condensin achieves chromosome condensation is still under 

investigation, but it is plausible that condensin-bound loci along the chromosome are 

brought together by topological embrace or multimerization of condensin [161].

Recent evidence indicates that condensin impacts genome organization by controlling the 

spatial positioning of tRNA and 5S rRNA near the centromeres. Pol III transcription 

machinery is believed to recruit condensin to these loci, thereby physically linking them to 

condensin-enriched centromeres [156,162] (Figure 3). Condensin also affects clustering of 

Tf2 retrotransposons near centromeres [39]. CENP-B proteins and the Ku heterodimer 

recruit condensin, and these factors collaborate to cluster Tf2 retrotransposons [39] (Figure 

3). Intriguingly, Tf2 organization exhibits dynamic behavior through the cell cycle. 

Acetylation of histone H3 lysine 56 affects condensin localization at Tf2, and modulates the 

integrity and centromeric proximity of Tf2 bodies during S phase and upon DNA damage 

[39].

Condensin-mediated organization is believed to contribute to interphase chromosome 

movement. Cytoplasmic microtubules cause SPB oscillation along the longitudinal axis of 

the cell [163]. This movement correlates with directional movement of centromeres, which 

are attached to the SPB by specific connector molecules [153]. However, a surprising 

finding is that the centromeric motion can be transmitted to genetic elements, such as Pol III 

transcribed loci and LTRs, which are clustered near the centromere through condensin [153]

(Figure 3). Thus, these molecular connections between chromosomes and cytoskeleton 

components establish much more than just a static association. In fact, they provide the 

controlling forces behind the interphase configuration. Further work is needed to understand 

the biological significance of these findings.
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5.2 Genome re-organization upon meiotic induction

A dynamic re-organization of the genome occurs in response to environmental or 

developmental stimuli. One striking example occurs upon entry into meiosis. S. pombe 

proliferates as a haploid organism in ideal, nutrient-rich environments. However, upon 

nitrogen starvation, cells of opposite mating-type conjugate to form a zygote containing a 

diploid nucleus, and subsequently enter meiosis to produce four haploid spores. Dramatic 

changes in genome organization are observed as cells undergo meiosis (Figure 4A). The 

Rab1 configuration of interphase cells changes to a bouquet configuration, in which 

telomeres and centromeres undergo positional switching in relation to the SPB. During this 

reorganization, telomeres relocate from their distal tethered positions to cluster together near 

the SPB, displacing clustered centromeres [164]. Studies of bouquet defective mutants (e.g. 

cells lacking the telomere binding Taz1 protein or the KASH domain protein Kms1 that is 

important for meiotic SPB integrity) indicate that the proper structure and/or function of 

both telomeres and the SPB are required for bouquet formation [165–168]. These results 

suggest that the nature of local anchoring devices may drive the striking reorganization of 

the genome during meiosis.

An important question remained - how do telomeres undergo such a dramatic physical 

relocation in the context of 3D nuclear space? Nitrogen starvation and the pheromone 

response cause the up-regulation of the meiosis specific connector proteins Bqt1 and Bqt2, 

which interact with the Rap1-Taz1 telomere complex and bridge telomeres to the Sad1-

Kms1 complex (Figure 4B). Time-lapse microscopy revealed multiple Sadl-Bqt1/2-Rapl 

intermediate foci, suggesting a transient dispersal of Sadl from the SPB to telomeres. These 

Sadl-Bqtl/2-Rapl foci that mark telomeres ultimately gather at the SPB to form the bouquet 

[169]. This step-wise process, which is facilitated by microtubules emanating from both the 

SPB and a meiosis specific microtubule-organizing center (called the “telocentrosome”), 

underlies the dramatic reorganization of the genome during the sexual differentiation 

process [164,170,171].

5.3 Dramatic chromosome reconfiguration for meiotic function

The reorganization of the genome during meiosis is linked to important biological functions. 

The clustering of telomeres at the SPB provides the physical basis for vigorous 

chromosomal movement during meiotic prophase. This process involves microtubule arrays 

emanating from the SPB, aided by motor activity, which drive chromosomal motion and 

create an elongated “horsetail” shaped nucleus [170,172,173] (Figure 4A). Cells defective in 

either bouquet formation or horsetail movement show abnormal pairing along the 

chromosome arms and reduced meiotic recombination [165–167,170,174]. In contrast, 

recombination between ectopic sites increases in mutants defective in horsetail movement 

[167]. These results strongly suggest that telomere-led movement coupled to nuclear 

oscillation eliminates unwanted interactions and promotes homologous pairing. In addition 

to chromosome alignment by horsetail nuclear movement, meiosis-specific non-coding 

RNAs promote local homologous pairing [175].

The formation of the bouquet is not simply a requirement for horsetail nuclear movement. 

Recent studies suggest an additional biological significance for the bouquet. Surprisingly, 
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the bouquet was found to be crucial for regulating the SPB and for proper meiotic spindle 

function in meiotic nuclear division [176–178]. During the step-wise meiotic bouquet 

formation process, the SUN-KASH-cytoskeletal system temporarily places the telomeres 

and centromeres in close proximity to the SPB [164,179]. It has been suggested that 

telomere chromatin contact with the SPB likely confers the ability to promote meiotic 

spindle assembly [176–178]. In another striking finding, it was reported that bouquet-

deficient cells show defects in the localization of kinetochore proteins and the centromeric 

histone H3 variant CENP-A, which in turn causes spindle attachment failure [180]. 

Moreover, the formation of heterochromatin at centromeres is impaired in these cells [180]. 

These results support a model that centromeres have a tendency to disassemble during 

meiosis and the dynamic reorganization of chromosomes might bring centromeres to a 

telomere-proximal microenvironment conducive for the proper reassembly of centromeres 

[180]. During meiotic prophase, dissociation of the kinetochore NMS (Ndc80-Mis12-Spc7) 

complex is triggered by pheromone signaling and is linked to displacement of clustered 

centromeres from the SPB [179,181]. The temporary dissociation of centromeres from the 

SPB might also provide a window of opportunity to reorganize the centromere/kinetochore 

in the context of bouquet configuration. Indeed, it has been suggested that the bouquet may 

be necessary to prepare centromeres for meiotic nuclear division, for example by loading 

meiosis specific factors that ensure kinetochore mono-orientation [179,181].

In sum, chromosome reorganization and nuclear movement are linked to dramatic 

cytoskeleton rearrangements that occur in response to environmental cues. The resultant 

chromosome re-configuration may enable the specialized functional response required for 

various meiotic events. These studies have uncovered important aspects of the molecular 

mechanism and function of the SUN-KASH-cytoskeletal system. These components are 

evolutionarily conserved and are referred to as the LINC (linker of nucleoskeleton and 

cytoskeleton) complex. LINC has been found to play a critical role in many biological 

functions that, when disrupted, can underlie disease [182–184].

6. Conclusions/Discussion

Despite rapid recent progress, our view of interphase chromatin organization is still limited. 

Interphase chromatin is highly dynamic while being confined to a limited subnuclear space 

consistent with nuclear territoriality [185]. In S. pombe, interphase chromatin is subject to 

both random and coordinated motion from centromere oscillation. Although seemingly 

contradictory, dynamic movements are not inconsistent with territorial organization. It is the 

dynamic motion of chromatin confined within various constraints that yields the 

characteristic static snapshot of chromosome architecture provided by microscopy and 3C 

techniques. While genome-wide 3C methods provide important information needed to 

understand genome organization, it is important to interpret the output from these methods 

as probabilistic datasets. Such a viewpoint allows the appreciation that these datasets are 

really ensemble and seemingly static representations of what is actually a very dynamic 3D 

genome organization [186]. Despite these limitations, high resolution Hi-C has uncovered 

important genome organizational principles and has provided surprising insights into the 

roles of cohesin and heterochromatin in imposing constraints on interphase chromosomes. 

Conserved factors including cohesin and heterochromatin proteins that are involved in 
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genome organization are also implicated in a wide range of other biological functions, such 

as transcriptional regulation, chromosome segregation and DNA repair. Further work will be 

needed to gain a better understanding of the exact nature of the structure-function 

relationships among these factors. The combination of genome-wide 3C analysis with yeast 

genetics in S. pombe promises to provide a powerful system to dissect key mechanistic 

details of genome packaging.
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Abbreviations

3C chromosome conformation capture

mat mating-type locus

SPB spindle pole body

rDNA ribosomal DNA

NE nuclear envelope

LEM LAP2, emerin, MAN1

LAP lamina-associated peptide

cnt centromere central core

IR inverted repeat

cen centromere

Pol III RNA Polymerase III

COC chromosome organizing clamps

TE transposable element

LTR long terminal repeat

WTF with TF LTRs

MAR/SAR matrix/scaffold attachment region

ELP enrichment of ligation products

GCC genome conformation capture

KEE knot engaged element

IHI interactive heterochromatic islands

NMS Ndc80-Mis12-Spc7

LINC linker of nucleoskeleton and cytoskeleton

TAD topologically associating domain
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Figure 1. 
Constitutive heterochromatin domains and the 3D organization of the S. pombe genome. (A) 

The three S. pombe chromosomes contain large blocks of heterochromatin that coats 

centromeres, telomeres and the silent mating-type (mat) interval. At centromeres, outer (otr) 

and innermost (imr) repeats surround the central core (cnt) domain, which is the site of 

kinetochore formation. The otr regions contain dg and dh repeats that are targets of 

heterochromatin formation by RNAi. tRNAs or IRC inverted repeats serve as 

heterochromatin boundary elements. A broad distribution of heterochromatin is also 

observed at the subtelomeric regions containing tlh1 and its paralogs, which contain a dh-

like element within the coding region. The heterochromatin domain at the mat region 

contains silent mat2 and mat3 loci, which serve as donors of genetic information for the 

active mat1 locus. The cenH element with homology to dg and dh repeats nucleates 

heterochromatin, which in turn spreads across the domain surrounded by IR-L and IR-R 

inverted repeat boundary elements. Heterochromatin domains are highlighted in gray. (B). 

During interphase, chromosomes are arranged in a Rabl configuration. Interphase chromatin 

is subjected to various constraints and is confined to a limited sub-nuclear space (a degree of 

chromosome territory). (C) Tf2 retrotransposons dispersed across the genome are organized 
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into discrete nuclear foci, called Tf bodies. CENP-B proteins collaborate with histone 

modifying activities such as HDACs and Set1 to form 2–3 Tf bodies in the nucleus.
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Figure 2. 
General principles of S. pombe 3D genome organization as revealed by Hi-C. (A) The all-

by-all contact map reveals that all three centromeres and telomeres of chromosome I and II 

form clusters. Centromeres avoid interactions with chromosomal arms. The specific inter-

chromosomal interaction between the mat locus and tel1R suggests chromosome looping. 

Greater inter-arm contact compared to inter-chromosomal contact suggests chromosomal 

territoriality in the interphase nucleus. (B and C) Centromere-proximal inter-arm 

interactions and globules represent two key elements of S. pombe genome organization. The 

compaction of large heterochromatic domains around clustered centromeres promotes 

centromere-proximal intra- and inter-chromosomal inter-arm interactions and produces a 

cross-like interaction pattern. On chromosome arms, chromatin is organized into locally 

crumpled 50–100 kb repeating regions, referred to as “globules”. Globules are self-

interacting domains that are observed along the diagonal of the Hi-C heatmap in both G1 

and G2 cells.
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Figure 3. 
Dynamic organization of interphase chromatin. Condensin regulates the spatial proximity of 

dispersed genetic elements such as tRNAs, 5S rRNAs and LTRs to the centromere. Condensin 

is recruited through distinct protein complexes. Condensin-mediated associations may 

facilitate chromosomal movements driven by microtubule dependent oscillation of the SPB. 

A molecular bridge formed by Csil and presumably other factors transmits the directional 

movement of the SPB to centromeres and condensin associated loci (large arrow).
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Figure 4. 
Dynamic reconfiguration of chromosomes occurs during mitosis and meiosis. (A) The Rabl-

like configuration in the interphase nucleus is transiently perturbed during mitosis. 

Centromeres dissociate from the SPB, while telomeres are de-clustered and released from 

the NE, liberating chromosomes for mitotic separation. Centromeres are recaptured by 

spindle microtubules, which are nucleated by the SPB buried in the NE, for proper 

chromosome segregation. Upon meiotic induction, the chromosomes reconfigure to form a 

polarized chromosomal array called the bouquet. This process is driven by dynamic 

cytoskeleton associated activities involving the SPB, telocentrosomes and motor proteins. 

The bouquet arrangement is achieved in two steps: (1) telomere movement to achieve 

bouquet clustering at the SPB and (2) centromere dissociation from the SPB. The functional 

3D microenvironment created by these processes is critical for proper meiotic function (see 

text). Bundled telomeres at the SPB lead the nuclear oscillatory movements between the cell 

poles (horsetail shaped nucleus) for homologous pairing. After movement stops, 

chromosomes condense and cells initiate meiotic nuclear division. (B) Centromeres and 

telomeres are tethered to the NE through specific protein-protein interactions. The formation 
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of the bouquet chromosome configuration is accomplished through changes in the molecular 

connections between chromatin associating proteins and nuclear membrane proteins, and is 

guided by dynamic cytoskeleton rearrangements.

Mizuguchi et al. Page 30

FEBS Lett. Author manuscript; available in PMC 2016 October 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


