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Accurate gametogenesis requires the establishment of the telomere bouquet,
an evolutionarily conserved, 3D chromosomal arrangement. In this spatial
configuration, telomeres temporarily aggregate at the nuclear envelope dur-
ing meiotic prophase, which facilitates chromosome pairing and recombina-
tion. The mechanisms governing the assembly of the telomere bouquet
remain largely unexplored, primarily due to the challenges in visualizing and
manipulating the bouquet. Here, using Schizosaccharomyces pombe as a model
system to elucidate telomere bouquet function, we reveal that centromeres,
traditionally perceived as playing a passive role in the chromosomal reorga-
nization necessary for bouquet assembly, play a key role in the initiation of
telomere bouquet formation. We demonstrate that centromeres are capable
to induce telomere mobilization, which is sufficient to trigger the first stages of
bouquet assembly and the meiotic transcription program in mitotic cells. This
discovery highlights the finely tuned control exerted over long-distance het-
erochromatic regions and underscores a pivotal step in the mechanism of
eukaryotic telomere bouquet formation and meiotic transcriptional rewiring.

Recent advances in genome mapping have strongly supported the idea
that chromosome architecture is actively regulated both spatially and
temporally. Chromosomes exhibit distinct spatial organizations, ran-
ging from well-defined chromosome territories at genome-wide scale
to finely resolved interaction loops at the nucleosomal level'.
Chromosome-wide imaging has revealed a crucial yet enigmatic role
for centromeres in chromosome architecture, as they cluster in specific
nuclear regions, frequently near the nuclear envelope (NE). However,
the functional relevance of this clustering is not fully understood.

Notably, certain plant and fungi species limit centromere clustering at a
single chromosomal focus, culminating in the Rabl or Rabl-like chro-
mosome conformation. In other species, such as Drosophila melano-
gaster, centromeres are clustered at multiple foci next to the NE%
The intricate re-arrangement of chromosome architecture takes
center stage during cell differentiation, especially in gametogenesis.
Fundamental to this phenomenon are changes in chromosome posi-
tioning within the nucleus, which is a prerequisite for the initiation and
progression of the meiotic program®’. A key event in the 3D
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chromosomal reorganization during meiosis onset is the formation of
the telomere bouquet, which is characterized by the clustering of the
telomeres at the NE. The bouquet configuration serves as a crucial
facilitator for homologous chromosome pairing and recombination by
effectively transmitting to the chromosomes the nuclear forces that
support the meiotic processes’. Nevertheless, understanding the
transition in chromosome architecture from interphase to meiotic
prophase poses a challenge, given its swift nature and difficulties in
observing and manipulating it. To unravel these processes, researchers
have focused on fission yeast, which has only three chromosomes. This
model system enables dynamic tracking of specific loci in chromo-
somes, centromeres and telomeres throughout mitosis and meiosis,
alongside the manipulation of the Rabl conformation and the telomere
bouquet.

In fission yeast, the interphase Rabl chromosome configuration
largely depends on the kinetochores, which organize the clustering of
all three centromeres at a specific focus behind the spindle pole body
(SPB)°"%. The linkage between kinetochores and the SPB is mediated by
the LINC (LInker of Nucleoskeleton and Cytoskeleton) complex, a
partnership between the SUN- and the KASH-domain proteins’. This
kinetochore-LINC interaction is well established in fission yeast as
relying on Sadl, the SUN-domain protein'®. Additionally, the mitotic
centromere-SPB clustering protein Csil and the inner nuclear mem-
brane (INM) protein Lem2 support the connection between Sadl and
outer kinetochore proteins (Fig. 1a)™ Simultaneously, telomeric
regions are positioned opposite the SPB microenvironment at the NE.
Telomeres are associated with the INM, which is mediated by the
interaction between two telomeric proteins, Tazl and Rapl, and two
INM proteins, Bqt3 and Bqt4'; the telomere-INM interactions are
supported by Lem2 and other INM proteins like Man1*.

Upon meiosis initiation in fission yeast, a chromosomal reorga-
nization occurs, resulting in the formation of the bouquet configura-
tion, where telomeres and centromeres undergo a strategic positional
switch™'¢, This rearrangement is coordinated by the recruitment of the
meiosis-specific proteins Bqtl and Bqt2 to the telomeres”. These two
proteins begin locating at the interphase position of the telomeres,
opposite the SPB, facilitated by the interaction with Rap1”*® during
meiotic entry. Bqtl/2-Rapl interaction occurs in coordination with the
formation of a meiosis-specific microtubule organization in the cyto-
plasm next to the telomeres, referred to as the telocentrosome'. The
telocentrosome, along with nuclear movements driven by dynein and
the meiosis-specific protein Hrs1/Mcp6°°%, brings telomeres closer to
the SPB through the interaction of Bqtl/Bqt2 complex with Sadl, which
is enriched beneath the SPB". This process culminates in a stable
telomere-SPB interaction during meiotic prophase. At the end of
prophase, Bqtl and Bqt2 are eliminated, disrupting the interaction
between Rapl and Sadl”* and, consequently, dismantling the
telomere-SPB association and initiating the first meiotic division.

During telomere bouquet assembly, it is known that centromeres
disengage from the SPB as the outer kinetochore structure dis-
assembles, aided by vigorous nuclear movements that weaken their
interaction***. The detachment of centromeres from the SPB is crucial
to facilitate the reassembly of the outer kinetochore, which is essential
for preparing the kinetochores for the specialized meiotic divisions.
Indeed, defects in the dissociation of centromeres from the SPB during
meiotic prophase can lead to abnormalities in chromosome
segregation’. However, little attention has been given to the role of
centromeres in initiating the formation of the telomere bouquet, as it
is believed that they do not participate in the initial signals that
mobilize the telomeres to form the bouquet.

Here, we show the role played by the Rabl chromosome config-
uration in regulating the initiation of the meiotic program. By manip-
ulating centromere positioning through a combination of sadl-2 allele
and the deletion of csil, which disrupts the centromere cluster at the
SPB®*2%, we have uncovered the presence of a long-distance signal

originating from centromeres to telomeres. We demonstrate that sadI-
2 csilA cells initiate bouquet formation and activate the meiotic pro-
gram in mitotic cells. This can be attributed to the loss of centromere-
SPB interaction, as these phenotypes can be rescued by restoring this
interaction. Consequently, a signal exists between two specialized
chromosome regions, spatially separated in distinct microenviron-
ments inside the nucleus, to coordinate the initiation of bouquet for-
mation. Considering the widespread conservation of centromere
clustering during mitosis and telomere bouquet formation during
meiosis in eukaryotes, our results provide insights into the funda-
mental orchestration of bouquet assembly and, more broadly, the
control of the initiation of meiotic differentiation.

Results

Anti-silencing factors mitigate growth impairment in cells
lacking Rabl chromosome configuration

To identify genes whose absence exacerbates growth impairments
upon the loss of the Rabl chromosome configuration, we conducted a
genome-wide screening using synthetic genetic array (SGA)
technology®, which involved mating haploid Schizosaccharomyces
pombe strains containing single-deletion mutations of non-essential
genes with strains possessing or lacking the Rabl chromosome config-
uration, i.e., wild-type (control, Rabl) and sadI-2 csilA (Rabl-deficient)
(Fig. 1b, c). By leveraging the thermosensitive allele of sadl, known
as sad1-2® (Supplementary Fig. 1a), at a semi-permissive temperature of
32 °C, and depleting Csil"* (Fig. 1a), we were able to induce declustering
of all three centromeres from the SPB during mitotic interphase (Fig. 1b
and Supplementary Fig. 1b), allowing comprehensive exploration of this
scenario without severely compromising cellular growth®. The sub-
sequent examination of mutants derived from SGAs involved the pre-
cise measurement of colony size as a proxy for the organism’s fitness
(Fig. 1c). This allowed us to assess the growth impairment in individual
mutants and the corresponding triple mutants, facilitating a quantita-
tive evaluation of genetic interactions. Our analysis examined 2,988
genetic interactions based on the colony growth assessment. By
applying a specific threshold (abs (log(fold-change))>2) to isolate
robust genetic interactions, we pinpointed 27 deletion mutants with a
clearly discernible synthetic growth defect phenotype when the normal
Rabl chromosome configuration was absent (p-value < 0.001) (Fig. 1d).
Notably, key factors such as the microtubule plus end polymerase Alp14
and the DASH complex proteins Spcl9 and Dad2 were found among
mutants showing strong genetic interactions in the screens (Fig. 1d).
This suggests a critical role in countering the high rate of chromosome
loss due to disrupted centromere clustering to the SPB”, which likely
affects proper chromosome segregation.

Unexpectedly, our analysis identified several genes whose func-
tions are mainly linked to anti-silencing processes. For example, Swd2,
Swd3, and Spfl are subunits of the Setl/COMPASS (Setl/C) complex,
which mediates H3K4 methylation in euchromatin®~° and counteracts
heterochromatin spreading in gene-rich areas®*? (Fig. 1d, e). We also
found interaction with the histone acetyltransferase Mst2, which
acetylates histone H3 at K14 and the non-histone substrate Brll, a
component of the histone H2B ubiquitin ligase complex. These mod-
ifications are also associated with active chromatin and contribute to
maintaining euchromatin-heterochromatin boundaries®**’ (Fig. 1d, e).

To further support the idea that the anti-silencing factors Setl/C
complex and Mst2 play a crucial role when the Rabl chromosome
configuration is compromised, we assessed in more detail the impact
resulting from their loss in the sadI-2 csilA background. We carried out
spore dissection analysis (Supplementary Fig. 1c) that included the
single sadI-2 allele and the sole csiI deletion. We examined the roles of
the Setl/C complex subunits, Swd3 and Spfl, and also included Setl,
which is the catalytic member of this complex®®. We observed a robust
growth defect when sadI-2 csilA cells were combined with deletions of
swd3 or setl (Supplementary Fig. 1d and 1e). By contrast, sadI-2 csilA
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Fig. 1| Loss of chromatin anti-silencing factors leads to growth defects upon
alternative centromere positioning. a Schematic representation of the
centromere-SPB interaction in fission yeast. b State of the interphase centromere
(Mis6-GFP)-SPB (Ppc89-CFP) interaction in Rabl and Rabl-deficient (sad1-2 csilA)
cells; the nuclear envelope (NE) was visualized by Ish1-mRFP, scale bars, 2 pm).

c Flow diagram of the synthetic genetic analysis used to screen for genetic inter-
actors of sadl-2 csilA. d Selected gene interaction data after filtering non-
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differential phenotypes, between wt (control) and sadI-2 csilA settings (27 out of
2,988). The colony growth rate was analyzed using hierarchical clustering with
Euclidean distance and the complete linkage method to identify gene clusters (two-
sided p value < 0.001, abs (log,(fold change)) > 2). e Representation of the role of
each analyzed chromatin anti-silencing factor in the regulation of centromeric,
euchromatic, subtelomeric and telomeric silencing.

spfiA spores did not exhibit noticeable growth impairments (Supple-
mentary Fig. 1f). Similarly, and given that the role of Mst2 in main-
taining heterochromatin boundaries at centromeres and euchromatin
regions* synergizes with the putative histone demethylase Epe1****~**
(Fig. 1e), we also incorporated strains in which epel is deleted into our
analysis. We observed that the absence of mst2 or epel resulted in
significant and severe growth impairments in sadl-2 csilA cells (Sup-
plementary Figs. 1g and 1h).

The above analyses suggest that cells without proper Rabl chro-
mosome configuration display chromatin silencing defects which must

be alleviated by anti-silencing factors such as the Setl/C complex, Mst2
or Epel.

The meiotic transcriptional program is initiated in Rabl-defi-
cient mitotic cells

Considering our observations regarding the potential influence of
altered centromere positioning at the SPB on the transcription reg-
ulation, we embarked on a comprehensive exploration of gene
expression levels by comparing cells with and without proper Rabl
chromosome conformation by transcriptome analysis using RNA
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Fig. 2 | Centromere-SPB association regulates meiotic gene expression.

a Volcano plot depicting RNA-seq data from sadi-2 csilA versus control cells. Genes
significantly up- (red) or downregulated (blue) are highlighted (log(fold change)
>0.5 or <-0.5 with two-sided p value < 0.05 by the Wald test, as implemented
within the DESeq2 framework). b M (log ratio) and A (mean average) (MA) plot
depicting RNA-seq data. ¢ Venn diagram depicting the comparison between RNA-
seq data from sadI-2 csilA versus control cells (log(fold change) >0.3 or<-0.3
with two-sided p value < 0.05 by the Wald test, as implemented within the DESeq2
framework) and RNA-seq data from meiotic cells versus vegetative cells (from*).

The p value from one-sided binomial test analysis is shown. d Table of the most
upregulated meiotic-specific genes from previous RNA-seq data. Two-sided p
values by Wald test are shown. e Plot of reads-per-million (RPM)-normalized read
density at the indicated loci. Individual signals for each biological replicate are
shown in a lighter color, and the average of these is shown in a darker color. f RT-
gPCR analysis of relevant meiotic-specific genes showing RNA levels relative to wt
after normalization to actl’. Data are represented as mean + SEM from 3 indepen-
dent experiments; the numbers above the columns represent p values from two-
tailed Student’s t-test analysis. Source data are provided as a Source Data file.

sequencing (RNA-seq). Our results showed that the majority of genes
that exhibited differential transcriptional levels are upregulated in the
sadl-2 csilA mutant (326 upregulated genes versus 12 downregulated
genes, from a total of 6642 transcripts; Fig. 2a and b and Supple-
mentary Figs. 2a and b). Intriguingly, our RNA-seq analysis revealed a
profound increase in transcripts enriched for Gene Ontology (GO)
terms associated with meiotic genes (Fig. 2c-e, and Supplementary
Fig. 2¢)*. Real time-quantitative PCR (RT-qPCR) analysis further vali-
dated the upregulation of genes with crucial roles in the initiation of
the meiotic program and early meiosis. These include genes encoding
the DNA-binding transcription factor Stell, critical regulator of sexual
development**, the RNA-binding protein Mei2*, the meiosis-specific
IncRNA sme2 locus*®, the meiotic recombination protein Rec10**® and
the telomere bouquet protein Bqt2"*° (Fig. 2f).

We speculated that the activation of the meiotic program during
vegetative cell growth might have implications for meiotic entry, as

pre-activation of the meiotic signal could potentially disrupt the
transition into meiosis®. To address this possibility, we assessed
meiotic entry and efficiency by monitoring the number of meiocytes
produced over a period of 48hours after meiosis induction. This
revealed a significant reduction in the efficiency of meiocyte formation
in Rabl-deficient cells (Supplementary Fig. 2d).

All these data revealed that the disconnection of centromeres
from the SPB serves as an unexpected trigger for the activation of the
meiotic transcriptional program.

Centromere positioning influences transcription at the end of
the chromosome

To gain a deeper understanding of the repercussions of disrupting
the Rabl chromosome configuration, we investigated whether the
elimination of centromere-SPB interaction leads to significant chan-
ges in the transcriptional landscape, particularly affecting specific
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regions that lose their connection with the LINC, such as centromeric
and pericentromeric regions. A topological enrichment analysis from
our RNA-seq data considering the genomic context of genes with
altered transcriptional levels and their relationship to the overall
chromosomal transcription activity showed that these dysregulated
genes were randomly distributed across the chromosomes (Supple-
mentary Figs. 3a, b). Indeed, we did not observe a notable enrich-
ment of genes in proximity to the centromeres—the chromosome
regions theoretically most affected in sadI-2 csilA cells (Supple-
mentary Figs. 3a, b). To further assess the status of centromere
silencing, we performed RT-qPCR analysis targeting various loci
within the conserved pericentromeric heterochromatic regions and
the centromere core’. While the centromere core (cnt1/3) exhibited
significantly increased transcription compared with control cells,
several locations in the pericentromeric regions that are highly
regulated by heterochromatin factors™ displayed no major changes
(Supplementary Figs. 3c, d). These findings indicate that centromere
disconnection from the SPB does not drastically affect centromere
transcriptional regulation, which is congruent to previous observa-
tions in lem24 settings™.

Next, we aimed to investigate the transcriptional state of
another crucial specialized chromosome region, in addition to cen-
tromeres, which is also finely regulated by silencing factors and
tightly connected to the NE—the telomeres. To study possible telo-
meric regulation defects in Rabl-deficient cells, we analyzed by RT-
gPCR the transcription of the telomere-associated sequences (TAS)
and the endogenous subtelomeric non-coding RNAs (TERRA, telo-
meric repeat-containing non-coding RNA)*. These experiments
revealed no significant changes in the transcription levels of TASI,
TAS2, and TERRA loci, with only a slight increase in TAS3 transcription
levels observed in Rabl-deficient cells compared to wt settings
(Supplementary 3e and 3f). This suggests that the telomeric regions,
where silencing is preserved by shelterin complex and hetero-
chromatin mechanisms®***, remain relatively unaffected when
centromeres are disconnected from the SPB.

Conversely, we uncovered substantial defects in transcriptional
levels within subtelomeric regions, at both homologous (SH) and
unique (S7) chromatin domains®. Specifically, we identified note-
worthy differences in the transcriptional levels of the proximal sub-
telomeric regions of chromosomes | and II, which were silenced by
heterochromatic pathways®** (Fig. 3a, b). Particularly notable was the
higher disparity in expression levels between cells with and without
proper Rabl configuration at the distal subtelomeric regions of both
chromosomes I and Il compared with those in the absence of the sole
histone lysine H3K36 methyltransferase Set2, which regulates distal
subtelomeric transcription”, with the most significant changes
observed in chromosome Il subtelomeric regions (Figs. 3a, c). These
observations align with our RNA-seq data, where these genes exhibited
clear upregulation (Fig. 3d). Also, we found that sadI-2 or csilA single
mutants display only partial subtelomeric silencing defects at both
proximal and distal regions (Supplementary Fig. 3g). This unexpected
finding highlights that the absence of proper centromere positioning
has a pronounced effect on the silencing of subtelomeric regions,
especially at the knob regions (Fig. 3a, c), as occurs during meiosis”,
which are characterized by highly condensed chromatin regulated by
Set2 and the centromeric adapter, shugoshin (Sgo2)*’*%. Accordingly,
Sgo2 tagged with GFP exhibits a slight tendency to lose its connection
with some telomeres from chromosomes I and Il in Rabl-deficient
cells”” (Supplementary Fig. 4a and b). By contrast, chromosome lII,
which lacks specific heterochromatin and knob features, exhibited no
significant transcriptional differences in telomeric and subtelomeric
regions when centromere positioning at the SPB was altered (Supple-
mentary Fig. 4c and d). These results indicate an unexpected reg-
ulatory role for the centromere-SPB connection in subtelomeric
transcription and highlight transcriptional similarities with the meiotic

program, during which centromeres are naturally disengaged from the
SPB upon meiotic entry.

Telomeres are declustered but still associated with the nuclear
envelope upon alteration of centromere positioning

The prominent silencing defect at chromosomal ends in Rabl-deficient
cells prompted us to explore the telomeric dynamics by pointing to a
potential link between centromere repositioning and changes in telo-
mere location within the nucleus, akin to what occurs upon meiosis
induction. We used endogenous GFP-tagging of the telomeric protein
Tazl, along with the nuclear membrane marker Ish1-mRFP. In wt cells,
telomeres typically appeared as 1-3 foci, with 2 foci being the most
common phenotype, as previously described”" (Fig. 4a, b). Remark-
ably, sadl-2 csilA cells exhibited a higher number of telomere foci,
ranging from 1 to more than 4 (Fig. 4a, b). This increase in the number
of foci was attributed to a significant declustering of telomeres, ruling
out any changes in Tazl protein levels as a cause (Supplementary
Fig. 5a-c). To confirm that telomere declustering is a direct con-
sequence of the loss of centromere-SPB interaction, we examined the
positions of centromeres (using Mis6-GFP) and telomeres (Tazl-
mCherry) within the same cell. We observed a tight correlation
between the extent of centromere declustering and the number of
telomere foci, confirming that only cells with complete centromere
declustering from the SPB (in sadI-2 csilA conditions) displayed 3- >4
telomere foci (Supplementary Figs. 5d and e). These findings support a
robust repositioning of telomeres that arises from the manipulation of
centromere-SPB interactions.

We also examined other mutants where an increase in the number
of Tazl foci was previously described, including mutants of hetero-
chromatin factors such as Dcrl and Ago1*, and the INM protein Lem2".
Notably, at a comparable stage in the cell cycle, telomere declustering
was more pronounced in sadI-2 csilA cells than in the other mutants
analyzed (Fig. 4c, d; Supplementary Figs. 5f and 5g).

The telomere declustering shown by Rabl-deficient cells could
indicate a detachment of telomeres from the NE, analogous to what
happens in mutants like lem24". To investigate this hypothesis, we
analyzed the positioning of telomeres in the nucleus with respect to
the NE by measuring the distance between the Tazl-GFP signal and the
Ish1-mRFP envelope marker (Fig. 4e). Unlike in lem24 mutant, we dis-
covered that the increase in the number of telomere foci did not
consistently correlate with telomere detachment from the NE in
sadl-2 csilA cells (Fig. 4f and g). Consequently, the crucial dis-
tinction in telomere mobilization along the NE observed when
manipulating centromere positioning unveiled a qualitatively
different phenotype from previous observations that is char-
acterized by the highest penetrance of telomere declustering yet
steadfast telomere-NE associations, as demonstrated during the
first stages of the meiotic cycle.

Forcing centromere clustering at the nuclear envelope can
reinstate proper telomere clustering and silence subtelomeric
and meiotic genes

A potential explanation for the results described above might be
topological constraints. Both, Sadl and Csil are present in wt cells at
the NE®'%*2, Thus, their mutation or loss might directly affect telomere
clustering. To test this possibility, we investigated the consequences of
artificially tethering centromeres to the SPB employing fusion proteins
with GFP and the GFP-binding protein (GBP) to recruit GFP-tagged
proteins® for centromere clustering at the NE (Fig. 5a). Previously, this
approach was used successfully to tether the outer kinetochore com-
ponent Ndc80 to NE-bound Sadl-2*. We verified the functionality of
this construct by assessing cellular growth under microtubule depo-
lymerizing drug conditions, where sadl-2 csilA cells exhibited a
hypersensitive response”(Supplementary Fig. 1b). The sadI-2-GBP
csilA cells harboring ndc80-GFP subsequently demonstrated the
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regions of chromosomes I and I1, as in (b). For all quantitative experiments, data are
represented as mean + SEM from three independent experiments in all cases,
except for SPAC869.04, pfl9, ght7, subtel2R-51.8 kb, and gall, which were conducted
with four independent experiments. The numbers above the brackets represent p
values from two-tailed Student’s t-test analysis. d Plot of reads-per-million (RPM)-
normalized read density at the indicated loci. Individual signals for each biological
replicate are shown in a lighter color, and the average of these is shown in a darker
color. Source data are provided as a Source Data file.

restoration of cellular viability (Fig. 5b), consistent with the use of this
strategy in previous genetic backgrounds®. Using this strategy, we
observed that the number of clustered telomeres was comparable asin
wt cells, with the majority of cells displaying 2-3 telomere foci (Fig. 5¢
and 5d; Supplementary Fig. 6a). In line with these results, RT-qPCR
experiments comparing Rabl-deficient cells with and without forced
centromere clustering at the SPB revealed that the transcriptional
levels of proximal and distal subtelomeric regions in chromosomes |

and Il restored to wt settings in most of analyzed loci (Fig. Se, f and g).
More importantly, the intervention of this GBP-GFP system also
restored the expression of meiotic genes such as stell, mei2, sme2,
recl0, and bqt2 to control levels in sadl-2 csilA settings (Fig. 5h). In
summary, our findings provide strong evidence that the relocation of
telomeres along the NE, the subtelomeric silencing defects, and the
initiation of the meiotic transcriptional program are indeed linked to
the loss of normal centromere-SPB associations.
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Telomeres acquire the capability to host the bouquet proteins
Bqtl and Bqt2 and induce the telocentrosome formation when
centromere positioning is modified

Dissociation of centromeres from the SPB, as we observed, particularly
affects the chromosome ends, leading to transcriptional changes and
the mobilization of telomeres along the NE while maintaining their
strong envelope association (Figs. 2, 3 and 4). Typically, telomeres are
intricately tethered to the NE through the interaction between the INM
Bqt3-Bqt4 complex and the telomeric Rapl-Tazl complex'**'. The best-
studied event involving telomere mobilization is the formation of the
telomere bouquet, a phenomenon driven by the meiotic prophase-
specific proteins Bqtl and Bqt2".

To investigate whether centromere declustering alone is suffi-
cient to prepare telomeres for bouquet formation in haploid cells, we
ectopically expressed bgtl-GFP and bqt2 under the control of the nmt1
promoter in cells with and without normal centromere positioning. In
Rabl settings, ectopic expression of bgtl and bqt2 causes co-
localization of Bqtl-GFP with the SPB in most of the cases and only
around 20% of cells display additional Bqtl-GFP foci at the telomeric
regions (Fig. 6a—c). This is because in mitotic cells the affinity of Bqtl is
higher by the SPB (via the direct interaction with the population of
Sadl1 associated to the SPB) than with the telomeres (via interaction
with Rap1)>"'8, By contrast, we observed a notable increase in the
presence of Bqtl-GFP at telomeres in Rabl-deficient cells, with roughly
85% of cells exhibiting the recruitment of Bqtl-GFP protein (Fig. 6b, c).
This event suggests that telomeres display an enhanced affinity for
recruiting Bqt proteins in the absence of centromere-SPB association.

The foregoing results suggest that centromere declustering
facilitates the recruitment of telomere bouquet proteins to the telo-
meres. However, a key question is whether these cells can form the
telocentrosome, the protein complex required for telomere migration
to the SPB upon meiosis induction'’. The telocentrosome comprises an
enrichment of the LINC complex at the telomere environment and the
recruitment of several protein complexes involved in microtubule
formation and organization, including the microtubule-organizing
center formed by Mtol, the gamma-tubulin complex, and dynein®. To
explore the telocentrosome formation in the absence of normal
centromere-SPB interaction, we examined the behavior of key telo-
centrosome components: the LINC complex (Sadl and Kmsl), the
gamma-tubulin component Alp4, the dynein heavy chain Dhcl, and the
gamma-tubulin complex linker Mtol”. We found that both the LINC
complex, Alp4 and Mtol were recruited to the telomere environment
specifically in Rabl-deficient cells—a phenotype not observed in con-
trol strains (Fig. 6a—c). This indicates that manipulating centromere
positioning alone can enable telomeres to recruit bouquet proteins
and initiate at least partial telocentrosome formation, even during
mitosis in haploid cells.

Additionally, a more detailed analysis revealed that some telo-
meres harboring Bqtl were even able to reach the SPB and remain
stably associated there (Fig. 6d, e; Supplementary movie 1). None-
theless, we did not observe complete formation of the telomere bou-
quet, where all three telomeres associate with the SPB in mitosis. The
most likely explanation is the absence of the characteristic nuclear
movements driven by dynein that occur during meiotic prophase and
are essential for bouquet formation in meiosis. Indeed, we did not
detect Dhcl in mutant conditions, suggesting the absence of these
motor proteins under our experimental conditions.

Our previous observations indicate that upon the absence of
centromere-SPB interaction, mitotic haploid cells can induce the tel-
omere bouquet formation with even some telomeres reaching the SPB.
These observations together with the fact that telomeres present a
higher declustering but still being associated to the NE might indicate
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that the telomere environment displays a greater propensity to
migrate along the NE (Fig. 4). Therefore, we investigated whether
changes occur in the telomeric protein composition when cen-
tromeres dissociate from the SPB, focusing on Rapl. Rapl plays a
crucial role in the transition from telomere-NE attachment, facilitated
by Bqt3 and Bqt4 proteins, to the orchestrated recruitment of Bqtl and
Bqt2 during meiotic entry™®'®!, In comparison to wt settings, we
observed that although Rapl is normally positioned at the telomeres
displaying similar numbers of foci, intensity, and localization to the NE,
there was a slight reduction in total Rapl protein levels in Rabl-defi-
cient cells (Supplementary Figs. 6b—f). This reduction may affect NE
proteins, leading to a more relaxed interaction between telomeres and
the NE when centromeres are not interacting with the SPB. Ongoing
studies in the lab are aimed at exploring this hypothesis. Consistent
with this result, subtelomeric regions approximately 50-100 kb from
chromosome ends exhibited significant changes in proximity to the NE
during interphase, subtly increasing their distance (Supplementary
Fig. 6g and h).

Collectively, these findings suggest that alterations in centromere
positioning act as a prelude, preparing chromosome ends for the
moving from their mitotic location to the SPB along the NE and thereby
facilitating the formation of the telomere bouquet.

The loss of kms1 improves mitotic cell growth in Rabl-deficient
mutants

Our previous results show that total declustering of the centromeres
from the SPB triggers chromosomal mobilization to form the telomere
bouquet and activates a crucial group of meiotic genes. Presumably,
cells in which the telomere bouquet is induced experience growth
arrest, which may be one of the primary reasons for the growth defects
observed in sadi-2 csilA cells. If this hypothesis is correct, some growth
defects could be alleviated by preventing the telomeres from reaching
the SPB. To investigate this, we conducted a second SGA screening
using a similar strategy to that in Fig. 1 but focusing on identifying
suppressors of growth defects. The goal was to find mutants that
improve growth of sad1-2 csilA cells. To enhance the penetrance of the
growth defects in Rabl-deficient cells and facilitate identification of
relevant mutants, we performed the SGA on rich media containing TBZ
(20 uM)(see Supplementary Fig. 1b). We identified only six mutants
that allowed the sadl-2 csilA cells to improve growth (Fig. 6f and g).
Four of these six genes showed particularly interesting suppression
effects. Ash2, a regulatory subunit of the Setl/C complex®?, confirmed
the link between gene expression regulation mediated by the Setl/C
complex and the growth defects observed in Rabl-deficient cells. KIp6,
a member of the Kinesin-8 family, whose deletion hyperstabilizes
microtubules®®, may improve SPB-centromere interactions. Interest-
ingly, two of the six identified genes encode nuclear membrane pro-
teins: the nucleoporin Nup40 and the KASH-domain protein Kmsl.
Given these findings, we decided to further explore the effect of
deleting kmsl, as it is a crucial component of the LINC complex in
meiosis and telocentrosome'”**, We confirmed that the sadI-2 csilA
kmsIA mutant restored control-like behavior in terms of telomere
migration to the SPB (Fig. 6e), suggesting that the growth defects in
sadl-2 csilA cells are, at least partially, due to telomere bouquet
induction. Taken together, these findings support the hypothesis that
loss of the centromere-SPB interaction triggers the initiation of
differentiation.

The removal of the outer kinetochore occurs prior to telomere
mobilization and is necessary for bouquet formation during
meiotic entry

Our previous findings imply that the initial signal for bouquet formation
and the onset of the meiotic program may result from changes in
centromere positioning even during mitotic cell division. While it
is understood that centromere declustering is necessary for

proper bouquet formation, centromere reassembly, and meiotic
progression®®>%¢, the intricate choreography of these events and the
precise timing of bouquet assembly remain unexplored. Previously, it
has been observed that the convergence of centromeres and telomeres
into the same microenvironment is essential for transmitting hetero-
chromatin factors between them?. In this context, using inner cen-
tromere markers such as Mis6, we confirmed the convergence between
centromeres and telomeres near the SPB. However, we observed that
the arrival of telomeres at the SPB is preceded by the declustering of
some centromeres in meiotic cells (Supplementary Fig. 7a—-c), which
require the loss of the outer kinetochore’. To gain further insight into
the natural process of bouquet formation, we monitored this process in
diploid strains expressing Tazl-mCherry and Ndc80-GFP, a highly con-
served component of the outer kinetochore. Removal of Ndc80 and
Nuf2 from the kinetochores is essential for disengaging centromeres
from their association with the SPB during mitosis and meiosis**. We
observed that a decrease in the Ndc80-GFP signal preceded the mobi-
lization of telomeres toward centromere clustering (Fig. 7a, b, Supple-
mentary movie 2). Crucially, the complete disappearance of the Ndc80-
GFP signal was a prerequisite for all telomeres to complete the bouquet
formation, marking the inception of the vigorous nuclear movements,
characteristic of meiotic prophase (Fig. 7a, ¢, Supplementary movie 2).
To confirm the necessity of outer kinetochore loss for inducing bouquet
formation, we artificially maintained the Ndc80 protein at the SPB upon
meiosis induction in diploid strains using the GBP system, as shown in
Fig. 5. We observed that these cells were unable to form the bouquet ata
similar time as seen in Fig. 7a, b. We compared the behavior of a
population of diploid cells with and without Sad1-GBP and found that
forcing the interaction of Ndc80 with the SPB prevented diploid cells
from progressing in meiosis, even after 12 hours of induction (Fig. 7d
and f). In summary, our findings suggest that during the natural
induction of the meiotic program, the initial signal to form the telomere
bouquet originates from the centromeres, consistent with our obser-
vations that the disconnection of centromeres from the SPB may serve
as a necessary and sufficient trigger for bouquet formation, even during
vegetative growth.

CDK1 mediates long-distance communication between cen-
tromeres and telomeres to initiate meiotic differentiation

Two major, non-mutually exclusive hypotheses may explain the long-
distance communication between centromere and telomeres: i) a
biophysical mechanism, as the loss of tension from the centromere-
SPB connection might impact the connection of telomeres with the NE;
or ii) a chemical signal traveling from centromeres to telomeres,
potentially triggered by centromere dissociation from the SPB. To
distinguish between these hypotheses, we first investigated whether
the detachment of a specific centromere from the SPB affects the
expression of subtelomeric regions on the same chromosome, or
alternatively, impacts telomeric regions on both chromosomes. To
explore this, we forced the interaction of centromere 2 (cen2) with the
SPB via GFP-tagging and the GBP nanobody system, as shown in Fig. 5.
Using this approach, we found that Cen2-GFP recruitment restored not
only gene expression in the subtelomeric regions of the same chro-
mosome but also in the distal subtelomeric region of chromosome I
and in meiotic genes (Supplementary Fig. 8). These results suggest that
communication between centromeres and telomeres might involve a
chemical signal released from the centromere to the telomeres.

A few molecules are shared between telomeres and centromeres
in fission yeast, two of the most specialized regions of chromosomes.
One of these molecules is Cdc2/Cdk1, which has been observed at the
telomeres during bouquet formation in meiotic prophase as well as the
centromeres during late meiotic prophase®”*®. However, the behavior
of Cdc2 during the transition from mitosis to meiosis, specifically upon
the induction of telomere bouquet formation, has not been analyzed
so far. To investigate this, we tracked the behavior of Cdc2-GFP and
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of Ndc80-GFP intensity throughout the experiment as depicted in panels (a) and
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confirmed its localization at the telomeres during the horsetail stage
(yellow arrows in Fig. 7g) and at the centromeres approximately one
hour after bouquet formation began (Fig. 7g)°®. Interestingly, we
observed a previously uncharacterized phenotype: an increase in the
nucleoplasmic signal of Cdc2 during the initial stages of bouquet for-
mation, as telomeres begin migrating toward the SPB (Fig. 7g, h).
Additionally, some signals appeared to localize with the telomeres just
before bouquet formation (yellow arrow, -3 min in Fig. 7g). These
observations led us to explore Cdc2 in mitotic cells upon the disrup-
tion of the proper Rabl chromosome configuration.

In late G2, Cdc2 displays a nucleoplasmic signal and localizes to
the SPB®®. However, in Rabl-deficient cells, we found that some telo-
meres showed a clear co-localizing signal with Cdc2 (Fig. 8a, b). These
data suggest that the loss of centromere-SPB interaction may promote
the recycling of Cdc2 to the telomeres. To investigate whether this
correlation might be involved in mediating communication between
centromeres and telomeres, we used the Cdc2.RL (cdc2.F84GY15F)
allele, a Cdc2-GBP fusion protein that remains unaffected by Mik1 or
Weel inhibition and is responsive to ATP analogs®’. Activation of
Cdc2.RL is achieved by removing the analog in strains where the chi-
meric kinase was directed to telomeres via Tazl-GFP (Fig. 8c). Using
this approach, we observed that activation of Cdc2 at the telomeres
triggered a substantial declustering of telomeres, which remained
associated with the NE (Fig. 8d-f). These findings indicate that the
accumulation of Cdc2 induces telomere dissociation, recapitulating
the telomere declustering seen in Rabl-deficient cells (Fig. 4).

To further explore the potential role of Cdc2 in mediating
centromere-telomere connections, we attempted to sequester Cdc2 at
the SPB in Rabl-deficient cells using a similar approach. We engineered
an interaction between Cdc2 and the SPB by endogenously GFP-
tagging Sadl-2. Under these conditions, we observed that both cen-
tromere and telomere clustering were restored to control (Rabl) con-
ditions (Fig. 8g, h). This strongly suggests that long-distance
communication from centromeres to telomeres, necessary to initiate
telomere bouquet formation, might be mediated by the trafficking of
Cdc2 molecules from centromeres to telomeres within the nucleo-
plasmic environment.

Altogether, these findings reveal an unexpected communication
between two distinct specialized regions of the chromosomes,
enabling a precise transition of the 3D chromosome conformation.
This communication allows centromeres and telomeres to interchange
positions, initiating the differentiation program.

Discussion

Tethering telomeres to the nuclear envelope is crucial for preserving
genome integrity during vegetative growth. During meiosis, they
undergo a significant change in localization, assembling into the tel-
omere bouquet. The formation of the meiotic bouquet is a prerequisite
for numerous meiotic processes, making it essential for the faithful
progression of gametogenesis*. Centromeres were traditionally per-
ceived as playing a passive role in telomere bouquet formation, and
the modification of telomeres to form a bouquet was thought to be
independent of the centromeric regions. Our study challenges these
traditional views by revealing that centromeres play an active and
pivotal role, likely serving as the initial trigger for bouquet formation
and the initiation of the meiotic program. We have unveiled significant
consequences of centromere dissociation from the NE during inter-
phase in S. pombe. Upon removal of the proper Rabl chromosome
conformation, cells exhibited an attempt to enter meiosis, as evi-
denced by the pre-activation of meiotic program genes such as stell
and mei2, the long non-coding RNA sme2, reclO, and the telomere
bouquet gene bqt2 (Fig. 2), increased transcription of subtelomeric
genes (Fig. 3), and telomere declustering along the NE (Fig. 4). Addi-
tionally, we observed a proper initiation of the meiotic program upon
disconnection of the centromeres from the SPB in interphase, as

indicated by a specific meiotic feature—a heightened affinity of telo-
meres for bouquet proteins (Fig. 6), the formation of part of the tel-
ocentrosome (Fig. 6a-c) and the attachment of some telomeres to the
SPB (Fig. 6d, e).

The recruitment of Bqtl and Bqt2 proteins at the telomeres upon
meiotic entry is crucial for the migration of the telomeres from their
localization in interphase, opposite to the SPB, to beneath this
structure”. Ectopic expression of bqtl/bqt2 in Rabl-deficient mitotic
cells showed that most telomeres displayed a Bqtl-GFP signal. This
suggests that, under these conditions, Bqtl has a higher affinity for
Rapl than when centromeres are normally located at the SPB
(Fig. 6a—c). Rapl appears to be a ‘scaffolding’ protein suffering a hyper-
phosphorylation during meiosis and uses its negatively charged amino
acid residues to bind the Bqtl-2 complex. An altered modification on
the phosphorylation state of Rapl might be behind the slight reduction
of the Rapl levels detected by western blot in the absence of normal
centromere positioning (Supplementary Figs. 6e and f). One possibility
is that this reduction of the Rapl levels weaken its interaction with Bqt4
leading to the telomere declustering along the NE and increasing the
separation between subtelomeric regions and the NE (Supplementary
Figs. 6g and h).

The consequences of these premature activation of several
meiotic genes and the chromosome architecture likely result in Rabl-
deficient cells having severe problems in normal meiotic entry upon
nitrogen starvation (Supplementary Fig. 2d).

However, we did not observe a complete formation of the telo-
mere bouquet and the completion of the differentiation to spores. The
full formation of the bouquet requires nuclear movements that bring
the telomeres together at the SPB'. These movements are driven by
cytoskeletal forces, mainly dynein in S. pombe”, and the meiosis-
specific protein Hrsl/Mcp6***. The absence of this vigorous move-
ment in mitosis likely hinders the arrival of the telomeres at the SPB.
Consistently, although we observed partial formation of the telocen-
trosome, dynein was not detected (Fig. 6). Therefore, it could be
interesting to combine the loss of the Rabl chromosome configuration
with the ectopic recreation of strong nuclear movement in mitosis.
Current studies in our lab aim to develop this system.

We think that our results highlight the normal meiotic differ-
entiation in terms of the role of the centromere positioning in the
formation of the telomere bouquet. It is known that, during the for-
mation of the bouquet, telomeres and centromeres share the same
environment (Supplementary Fig. 7 and stage iii in Fig. 9). This is
important to transmit the heterochromatin properties between cen-
tromeres and telomeres; the absence of this event leads to problems in
outer kinetochore reassembly**. However, little is known about the
first stages of the mobilization of the telomeres to the SPB, likely due to
the difficulty in exploring this process in vivo. The formation of the
telocentrosome has been shown to support migration to the SPB,
functioning as a microtubule-organizing center'’, which may be an
evolutionarily equivalent structure to the cilium recently observed in
zebrafish and mouse meiosis’’. In this context, the prior positioning of
centromeres may be essential as we observed in Supplementary Fig. 7.

We think that the loss of the outer kinetochore precedes the
declustering of the telomeres and their clustering to the SPB. Two
pieces of evidence reinforce this hypothesis: first, the compromise of
the Rabl chromosome configuration leads to the loss of Ndc80 and
Nuf2 signals from the centromeres during interphase in sadI-2 csilA
cells®. In this genetic background, telomere declustering is observed
(Fig. 4), along with an increased affinity for bouquet proteins and the
formation of the telocentrosome (Fig. 6a-c). Secondly, a more detailed
in vivo analysis of the meiotic entry in diploid cells shows that the
reduction of the Ndc80-GFP signal precedes the formation of the tel-
omere bouquet (Fig. 7a-c). Preventing this reduction halts bouquet
formation (Fig. 7d-f). We think that upon meiotic signal, the outer
kinetochore is disassembled, leading to centromeres starting to
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Fig. 8 | Cdc2/Cdk1 directed to the telomeres recapitulates the telomere
declustering phenotype observed in Rabl-deficient cells. a Images of haploid
cells during vegetative growth, showing endogenous tagging of Tazl (telomeres),
Cdc2/Cdk1, and Ppc89 (SPB) with mCherry, GFP, and CFP, respectively. The yellow
arrow indicates colocalization between telomeres and Cdc2/Cdkl. b Quantification
of the phenotype shown in (a), based on analysis of 201 control cells and 294
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+/- SEM. p value from two-tailed Student’s ¢-test analysis is shown above the col-
umn. ¢ Verification of efficient recruitment of Cdc2.F84GY15F-GBP to the telo-
meres. Telomeres were visualized via GFP-tagged Tazl. d Vegetative mitotic
haploid cells carrying the cdc2.F84GY15F-GBP allele under the control of the nmt81

sad1-2-GFP csi1A
taz1-mCherry

promoter were grown without thiamine for 15 hours. The ATP analog (40 uM 3MB-
PP1) was either removed (ON) or maintained (OFF) one hour before imaging.

e-f Quantification of telomere foci and their localization relative to the NE, as in
Fig. 4b and g. g-h A similar strategy to that in (d) was used to direct the Cdc2
chimera to the SPB via Sad1-2-GFP in csiIA cells, with endogenous tagging of mis6-
mCherry or tazI-mCherry to visualize and quantify centromere and telomere
behavior, respectively. Controls in (g) and (h) represent wild-type cells carrying
sadl-GFP mis6-mCherry and sadl-GFP tazI-mCherry, respectively. Scale bars: 5 pm
(full images) and 2 um (single-nucleus windows). One-sided p value from X2 test
analysis is indicated above the brackets.

separate from the SPB, and then telomeres become competent to
recruit the bouquet proteins Bqtl and Bqt2 (stage ii in Fig. 9). Then, the
initiation of the vigorous meiotic movement facilitates the arriving of
the telomeres at the SPB and the complete declustering of the

centromeres (stage iii in Fig. 9), forming the telomere bou-
quet throughout meiotic prophase (stage iv in Fig. 9).

It is important to highlight that centromere disconnection from
the SPB appears to act as a trigger for meiotic differentiation, as issues
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Fig. 9 | Long-distance centromere-telomere communication in promoting
meiotic entry. Working model for telomere bouquet formation upon meiotic
entry: i) During mitotic interphase, fission yeast cells display a conserved Rabl
chromosome configuration. In this conformation, centromeres are positioned
beneath the SPB thanks to the interaction between the LINC complex (Kms1/2-Sad1)
and the kinetochore complex (inner and outer kinetochore), with the aid of Csil
and Lem2 proteins. Also, telomeres are located in the NE, at the opposite site of the
nucleus, based on the interaction between the Bqt3-Bqt4 complex and the Rapl-
Tazl complex. i) At the onset of meiotic prophase, centromeres decluster from the
SPB as the outer kinetochore disassembles, a process that may require a decrement
of Cdkl activity in the outer kinetochore region to facilitate centromere

Meiotic prophase

detachment. Following this, Cdc2/Cdkl may be recycled and mobilized to the tel-
omeres to promote their declustering. At this stage, telomere declustering facil-
itates their movement towards the SPB and the recruitment of bouquet proteins.
iii) During prophase progression, centromere dissociation from the SPB is a pre-
requisite for telomere-SPB interaction, thanks to the recruitment of bouquet pro-
teins (Bqtl and Bqt2) to the LINC complex with the aid of the Bqt3-Bqt4 complex.
iv) Bouquet formation occurs when centromeres are completely dissociated from
the SPB. Then, telomeres are positioned beneath the SPB, based on the interaction
between the LINC complex and the Rap1-Tazl complex, which depends on the
bouquet proteins (Bqtl and Bqt2) and is aided by the Bqt3-Bqt4 complex.

such as cell viability problems, telomere dispersion, and transcrip-
tional silencing defects in subtelomeric and meiotic genes are rescued
in Rabl-deficient cells when centromeres are forced to position
beneath the SPB (Fig. 5). However, a crucial question is how this long-
distance communication from centromeres to telomeres could be
mediated. We propose that it is facilitated by the recycling of Cdkl
molecules within the nucleoplasm between these specialized regions
(Figs. 8 and 9). Our hypothesis is that, upon meiotic induction, a
population of Cdkl molecules is released from the nucleoplasmic face
of the SPB and this decrease in Cdk1 activity leads to the disassembly of
the outer kinetochore and centromere declustering (Fig. 8d-h and
stage i and ii in Fig. 9). This population of Cdkl is likely recruited by
telomeric proteins, which may be sufficient to induce telomere
declustering (Fig. 8d-f). The presence of Cdkl at the telomeres during
the horsetail stage might be necessary to maintain proper bouquet
formation (stage iv in Fig. 9).

In summary, our data strongly suggest that centromere posi-
tioning plays a crucial role in initiating the bouquet formation process
and likely serves as the primary factor triggering the onset of the
meiotic program. Due to the high conservation of the telomere bou-
quet in plants, fungi, and animals, the identification of a long-distance
signal from centromeres to telomeres as a controller of meiosis reveals
an additional layer of regulation orchestrated by the centromere
positioning for the meiotic program in eukaryotes.

Methods

Yeast strains, genetic procedures, and growth conditions
Strains used are listed in Supplementary data 1. Growth conditions and
molecular biology approaches were used as described previously”. Gene
deletion and C-terminal tagging were performed as described’>”.
Insertions of mCherry-Atb2 at the aurl locus™ utilized pYCI19-
mCherryAtb2” provided by T. Toda (Hiroshima University). GBP
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C-terminal tagging® was performed as was described previously®. Unless
otherwise stated, experiments were performed with haploid cells, that
were usually grown in rich media (YE4S) at 32 °C or EMM2 media at 32 °C
until exponential mid-log phase. Final concentrations of aureobasidin A
(0.5pg/mL) (ClonTech), nourseothricin (100 pg/mL clonNAT) (Werner
Bioreagents), G418 (100 pg/mL geneticin) (Invitrogen) and hygromycin B
(300 ug/mL) (Invitrogen) were added for selection purpose.

Strain crosses and sporulation were performed in sporulation
agar (SPA) plates at 28 °C, and genetic dissection was performed using
a dissection microscope (MSM 400; Singer Instruments). Meiosis
progression and efficiency assays were carried out in sporulation agar
(SPA) plates at 28 °C during 48 h incubation. In each type of experi-
ment, at least 300 meiotic cells were quantified.

Diploid strain in Fig. 7 were initially grown in liquid YE during at
least 4 generation times. Afterwards, cells were transferred to EMM
with supplements at ODgoo = 0.02 and incubated overnight at 28 °C.
The next day, cells were collected by centrifugation, washed twice with
MM-N low glucose (0.5% Glucose), inoculated in the same medium and
incubated at 28 °C for 4 h before time-lapse acquisition.

SGA analysis

Large-scale crosses by SGA assay were performed as described
previously**’® using as query strains control and sadI-2 csilA mutant.
Using the Singer RoToR HAD (stands for High-density arrayer), control
and sadl-2 csilA cells were crossed with 2,988 gene deletion mutants
(Bioneer haploid deletion mutant library, v. 3.0 (Fig. 1) and v. 5.0
(Fig. 6)) and haploid cells were selected by incubation at 42 °C for
4 days (temperature method”). After haploid selection, additional
steps of triple mutant selection were performed, spotting onto YE4S
supplemented with 300 pg/mL hygromicin B (Invitrogen) and 100 pg/
mL ClonNat (Werner Bioreagents) for selection of sadl-2 csilA mutant,
and YE4S supplemented with 100 pg/mL G418 (Invitrogen) for selec-
tion of deletion mutants. Finally, cells were spotted on YE4S plates and
incubated at 32 °C. The growth of single and triple mutants was
quantified in YE4S medium, and the ratio with the median colony size
inside each plate was compared". Genetic interactions of triple
mutants were analyzed based on colony size (area) as a readout of
cellular fitness.

GO and gene expression enrichment analysis was performed
using the AnGeLi tool”® with a two-tailed Fisher’s Exact test type and a
False-Discovery Rate of 0.01, searching for biological process or gene
expression pattern.

MBC and TBZ sensitivity drop assay
Strains were grown in YE4S to exponential midlog phase
(1x107-1.4 x 107 cells/mL; ODgoo = 0.5-0.7) at 32 °C, were normalized
to 107 cells/mL, and 5-fold serial dilutions were spotted onto YE4S
plates containing DMSO or YE4S plates containing different con-
centrations of MBC (carbendazim, Sigma-Aldrich) or TBZ (tiabenda-
zole, Sigma-Aldrich). The plates were incubated at 32 °C for 48 h.
Pictures were taken as a 48-bit color, reflective document type, at
300 dpi resolution in and Epson scan (Epson scan v. 3.04E) and tiff
images were cropped using Adobe Photoshop CS5 Extended for
representation purpose.

Fluorescence microscopy, live image analysis, and
quantification

Fluorescence microscopy images for telomere foci formation experi-
ments, telomere-NE and subtelomeric loci-NE distance experiments,
and centromere declustering assays were generated from cells in
exponential midlog phase in all cases, using the DeltaVision micro-
scope system (Applied Precision, Seattle, WA). In brief, cells collected
by centrifugation and immobilized to 35 mm glass culture dishes (Ibidi)
using 0.2 mg/mL soybean lectin (Sigma-Aldrich) and immersed in
EMM2 (with required supplements). Live-cell imaging was carried out at

32 °C in an environmental chamber for temperature control under the
microscope, with a DeltaVision Spectris (Applied Precision) comprising
an Olympus IX70 widefield inverted epifluorescence microscope, an
Olympus UPlanSapo 100x NA 1.4 oil immersion objective, and a Pho-
tometrics CCD CoolSnap HQ camera. Images were acquired over 15
focal planes at a 0.4 pm step size. Unless otherwise stated, image
processing for foci quantification, distance quantification and repre-
sentation were performed by deconvolving and combining each color
channel into a 2D image using the maximum intensity projection set-
ting in softWoRx (Applied Precision) from raw microscopy data.
Combined maximum Z-projection images were treated using the open
ImageJ software. Quantification of Tazl-GFP in Figs. 4g, 8f was per-
formed in single-central z sections. Quantification of telomere declus-
tering was conducted in mononucleated cells, identified by the
presence of a single SPB when possible or confirmed by FACS analysis.

Signal quantification of Tazl and Rapl was carried out using Fiji
software on images captured across 15 focal planes, with a step size of
0.4 um. The intensity of each area containing a given signal was mea-
sured, and the intensity of a signal-free region within the same cell was
subtracted. The resulting signal intensities were normalized to the
average intensity per pixel in the background outside the cell.

For experiments to rescue telomere foci formation using the GBP-
GFP system in exponentially growing cells (Fig. 5), a Zeiss Axio
Observer 7 inverted microscope was used, with Zeiss Plan-Apochromat
63x/1,40 Oil DIC and Alpha Plan-Apochromat 100x/1,46 Oil DIC lenses,
coupled to Spinning Disk Confocal Yokogawa CSUWI head with exci-
tation lasers and filters from 3i (Intelligent Imaging Innovations). Sli-
deBook 6 software was used for device control and image capturing. In
brief, cells collected by centrifugation and immobilized to 35 mm glass
culture dishes (Ibidi) using 0.2 mg/mL soybean lectin (1 mg/ml, Sigma-
Aldrich) and immersed in EMM2 (with required supplements). Live-cell
imaging was carried out at 32 °C in an environmental chamber for
temperature control under the microscope. Images were acquired
over 15 focal planes at a 0.4 pm step size. All images were processed
using the open Image ] software. Presented images correspond to
combined maximum Z-projections.

To observe bouquet formation in diploid cells (Fig. 7), cells were
immobilized in 8 multi-well Ibidi slides coated with soybean lectin
(I mg/mL, Sigma-Aldrich) as described in ref. 79 and imaged at
3 minutes interval during 2hours. 13 Z-planes 0.4um apart were
acquired for each fluorescence channel (GFP and Cherry) and time-
point. Maximum projections were used for Fig. 7a, b while sum pro-
jections were made in order to quantify Ndc80-GFP intensity (Fig. 7c)
along the time-lapse.

RNA-seq library preparation and data analysis

An asynchronic culture of 30 mL of exponentially growing cells in
liquid YE4S medium at 32 °C until an ODggo = 0.5 is spined down and
washed twice with equal volume of milliQ water and the pellet is deep-
frozen in liquid nitrogen. The frozen pellet is covered by liquid nitro-
gen in a pestle and gently fragmented and crushed with a mortar down
to dust. The crashed pellet is deep-frozen again and submitted to RNA
extraction protocol from the Rneasy Kit (QIAGEN, Cat. No./ID: 74104),
obtaining a sample of total RNA in 50 pL of Rnase-free water. This total
RNA sample was submitted to ribosomal RNA depletion and the rest of
RNA was used for library preparation and sequencing by the BGI
platform. Generated sequencing reads where quality control-tested
and -trimmed and adapters sequence were removed by the BGI plat-
form. Quality control-filtered sequences reads were mapped to the
Schizosaccharomyces pombe (strain 972 h-) reference genome
(assembly ASM294v2.47 from Pombase) using HISAT2%. Feature reads
counts were obtained with htseq-count® using the genome annotation
file for the corresponding assembly from Pombase. Generated SAM/
BAM files were used to perform the differential gene expression ana-
lysis with DESeq2*.

Nature Communications | (2025)16:837

15


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-56049-9

RNA-seq reads density plots

Raw reads were subjected to quality control using ‘fastqc’ (http://www.
bioinformatics.babraham.ac.uk/projects/fastqc/) and trimmed for
removal of near-end low-quality positions and adapter sequences with
‘cutadapt’. Read quality improvement after this processing was
checked again with ‘fastqc’. Index of the reference genome, Schizo-
saccharomyces pombe (assembly ASM294v2.47), was built with
‘STAR®* with the command: ‘STAR --runThreadN 16 --runMode geno-
meGenerate --genomeDir./index --genomeFastaFiles /S_pombe_gen-
ome.fa --sjdbGTFfile /S pombe genome.gtf --sjdbOverhang 100
--genomeSAindexNbases 12, using the genome sequence (.fa file) and
the genome features annotations (.gtf file) for the indicated assembly.
Quality reads were mapped to the reference genome using the built
index with ‘STAR’ aligner with the command: ‘STAR --genomeDir./
index --runThreadN 16  -readFilesin./read 1./read 2  --out-
FileNamePrefix sampleName’. From the output files generated by this
latter command, ‘samtools®* was used to convert SAM files to BAM
format with the command: ‘samtools view -S -b sampleNameAligne-
d.out.sam >sampleNameAligned.out.bam’ and sorted by genome
coordinate with the command: ‘samtools sort -o sampleNameAligne-
d.out.sorted.bam sampleNameAligned.out.bam’. ‘STAR’ was used to
generate the BedGraphs normalized per million of reads from the
sorted BAM files with the command: ‘STAR --runMode inputA-
lignmentsFromBAM --inputBAMfile sampleNameAligne-
d.out.sorted.bam --outWigType bedGraph --outWigStrand Unstranded
--outWigNorm RPM'. Plots of reads density as reads-per-million were
generated from individual and global average BedGraphs of all biolo-
gical replicates for each sample and condition using R software
(https://www.R-project.org/) and Rstudio.

Positional enrichment analysis

We assessed the overrepresentation of differentially expressed fea-
tures at specific genome locations via positional enrichment analysis
with the PGE tool (REF: PMID18346969). This tool tests the enrichment
of a set of query genes at chromosomal regions of any width. The
number of genes found at a specific location is modeled as a hyper-
geometric distribution, which is approximated by sampling. The gene
annotation and coordinates of the S. pombe genome were restricted to
the genes detected by RNA-seq and fed into PGE as the reference
dataset. Then, the list of genes passing the filtering criteria for the RNA-
seq analysis (abs(log2FC) > 0.5 and p-value < 0.05) were fed into PGE.
The threshold for significance in the positional analysis was set to
p-value<0.05, adjusted for multiple testing. Two lists of genome
ranges were obtained, for upregulated and downregulated genes from
the RNA-seq analysis, respectively. shinyCircos 2.0 (REF: 10.1002/
imt2.109) was used to generate the visualizations of RNA-seq and
positional enrichment statistics.

RT-qPCR

Cells were grown in liquid YE4S medium at 32 °C to exponential midlog
phase, and total RNA was isolated from cells lysed by bead beating
(FastPrep 24, MP BioMedical) using TRIzol reagent (Life Technologies)
and zirconia/silica beads (BioSpec), followed by centrifugation at
13,000 r.p.m. for 10 min at 4 °C. Recovered supernatant was extracted
with chloroform and re-precipitated with isopropyl alcohol. After
removing DNA contamination from 20 ug of resuspended RNA with
TURBO DNA-free (Applied Biosystems), 2 ug of RNA samples were
subjected to cDNA synthesis using iScript cDNA Synthesis Kit (Bio-
Rad). RT-qPCR reactions were carried out in 10 pL of volume, with 5 uL
TB Green Premix Ex Taq Il (Tli RNase H Plus) (Takara), 1.7 uL of a
mixture of forward and reverse primers (1.5uM), and 3.3 uL cDNA,
previously diluted (1:25 for each analyzed loci and 1:250 for actl*
locus), and using CFX96 Touch Real-Time PCR Detection System (Bio-
Rad). The primers used for qPCR experiments are listed in Supple-
mentary data 2.

Mean expression values for control and mutants, and standard
error from independent experiments were calculated by normalizing
to actI” and then dividing by the mean of a sample pool of mutants
from each experiment (group normalization)*. The mean of data from
3-4 independent biological replicates are shown as relative to the mean
value of the control (which was set to 1). Multiple two-tailed Student’s ¢-
test analysis was performed using ANOVA followed by a Tukey’s post
hoc test at a 0.05 significance level using GraphPad Prism software
(Dotmatics).

Western blot analysis

Samples of interphase cells were obtained from 10 mL of exponential
growing cultures at ODggo = 0.5 at 32 °C. Cells were collected by cen-
trifugation at 4 °C and cellular pellets were flash frozen in liquid
nitrogen and stored at -80 °C until use.

Protein extracts were prepared from trichloroacetic acid-treated
cells as described®. Briefly, cell pellets corresponding to 1x 108 cells
per condition and strain were removed from storage at -80 °C and
mixed with cold 20% TCA and cold acid washed glass beads (Sigma-
Aldrich). Cell integrity was disrupted by FastPrep-24 (MP Biomedicals)
for 4 cycles of 20 s at 4 m/s. Then, ice-cold 5% TCA was added, and cell
lysate was recovered. Next, samples were centrifuged, and supernatant
was discarded. Protein pellet was washed with ice-cold 100% acetone
and centrifuged. All previous manipulations were performed at 4 °C.
Supernatant was discarded and protein pellet was resuspended at
room temperature in SDS loading buffer and 1 M Tris-HCI pH 8 to raise
to neutral the pH of the sample. Samples were denatured by heating at
100 °C, centrifuged and loaded in a 10% SDS-PAGE gel (Biorad) to
separate proteins. HA-tagged proteins were detected with an anti-HA
antibody (Biolegend, 9011501) (1:1000) and anti-tubulin antibody
(Sigma-Aldrich T6199) (1:20000) were used in Supplementary Fig. 6e;
living Colors a.v. Monoclonal Antibody (JL-8, Clontech 632380)
(1:3000) and anti-tubulin monoclonal antibody, clone DMIA, (Sigma-
Aldrich T9026)(1:5000) were used for Supplementary Sb. The sec-
ondary antibody was horseradish peroxidase (HRP)-coupled anti-
mouse IgG (Sigma-Aldrich). Visualization was performed using the
SuperSignal WestFemto Maximun Sensitivity Substrate (Thermo-
Fisher) in a Chemidoc MP Imaging System (Biorad). Images processing
for representation was performed using Adobe Photoshop CS5
Extended, signal quantifications were performed in ImageJ and a two-
tailed Student’s ¢-test analysis was performed at a 0.05 significance
level using GraphPad Prism software (Dotmatics).

FACS

107 cells from exponentially growing cultures (OD~0.3-0.4) were
centrifuge at 1000 x g for 5 min. The supernatant was discarded, 1 mL
cold 70% EtOH was added per sample, and the tubes were vortexed
(cells could be stored indefinitely at 4 °C). For sample processing,
300 pL (- 2-3 x10° cells) were transferred to 1 mL of 50 mM Na citrate in
an eppendorf tube, mixed, and spinned down at 1000 x g for 5 min.
After discarding the supernatant, the pellet was resuspended in 0.5 mL
50 mM Na citrate containing 0.1 mg/mL RNase A. Samples were then
incubated at 37 °C for at least 2 h (or overnight if needed). For DNA
staining, samples were centrifuged at 1000 xg for 5min, the
supernatant was discarded and, each pellet was resuspended in
1mL 50 mM Na citrate containing 4 ug/mL propidium iodide.
Samples were either processed immediately by sonicating at 50%
amplitude for 10 s to separate cells or stored overnight at 4 °C in
the dark for processing the next day. The settings used in the
FACS Calibur cytometer were as follows: detector FSC EQO Gain:3;
Detector FL2-A Voltage: 890 Gain: 2.

Statistics and reproducibility
Micrographs of representative images, as shown in Figs. 1b, 4e, and
8c, d, were obtained from three independent experiments.
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The RNA-seq data generated in this study have been deposited in
NCBI's Gene Expression Omnibus under GEO Series accession number
GSE252561. Source data are provided with this paper.
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