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A role for condensin-mediator interaction in
mitotic chromosome organization

Osamu Iwasaki 1, Sanki Tashiro 1, Claire Yik-Lok Chung 2,
Tomomi Hayashi 1, Hideki Tanizawa 2, Xuebing Wang 2, Shinya Ohta 2,
Yuko Fujioka 2, Joseph Han3, Gabrielle Tabor 1, Mikihiro Kawagoe2,
Ronen Marmorstein 3, Nobuo N. Noda 2 & Ken-ichi Noma 1,2

Condensin organizes eukaryotic genomes into three-dimensional (3D) chro-
mosome architectures that support accurate chromosome segregation during
mitosis. However, the molecular mechanisms underlying this organization
remain unclear. Here, we identify a previously unrecognized interaction
between the condensin subunit Cnd1 and themediator subunit Pmc4 in fission
yeast, Schizosaccharomyces pombe. We characterize a condensin mutation,
cnd1-K658E, which disrupts this interaction and observe that it impairs the
formation of condensin-mediated chromatin domains during mitosis, result-
ing in chromosome segregation defects. This condensin-mediator interaction
facilitates condensin recruitment to highly transcribed genes and mitotically
activated genes, the latter of which demarcate condensin-mediated domains.
Moreover, 1,6-hexanediol treatment and Pmc4 mediator depletion impair
expression of mitotically activated genes, diminish condensin enrichment at
those boundary genes, and disrupt domain boundaries, suggesting that
mediator contributes to mitotic gene expression and chromosome archi-
tecture via phase separation. Together, these results reveal a mechanism by
which mitotic gene expression patterns shape condensin-mediated chromo-
some architecture to ensure faithful chromosome segregation.

The cohesin and condensin complexes consist of Structural Main-
tenance of Chromosomes (SMC) factors, and they are collectively
referred to as SMC complexes1–4. These complexes are evolutionarily
conserved among eukaryotes5,6 and are primarily known for their roles
in sister chromatid cohesion and mitotic chromosome condensation,
respectively7–13. In addition to these canonical functions, cohesin and
condensin have also been shown to participate in 3D genome
organization14–18.

Cohesin forms chromatin contacts and topologically associating
domains (TADs), also referred to as cohesin loops and domains19–21. It is
important to note that genomic contacts and chromatin domains are
related concepts; genomic contacts comprising multiple smaller inter-
actions can collectively define chromatin domains. Cohesin loops are

formed through loop extrusion and phase separation mechanisms22–26.
TADs are associated with replication timing, and genes within the same
TADs on the X chromosome tend to be co-regulated during early dif-
ferentiation of mouse embryonic stem cells, although the precise role
of TADs in gene regulation remains incompletely understood27–29. In this
context, it has been shown that loss of cohesin, which eliminates TADs
and cohesin loops, has only amodest impact on global gene expression
and that transcriptional elongation disrupts cohesin loops, suggesting
that TADs and loops may primarily reflect underlying transcriptional
activity19,30. Nonetheless, some evidence indicates that TADs can func-
tionally constrain enhancer activity within the domains, thereby pre-
venting ectopic expression of developmental genes and oncogenes
under certain conditions31,32. Mechanistically, CTCF has been proposed
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to define TAD boundaries by stalling cohesin-mediated loop
extrusion17,20,21. In fission yeast, however, TAD boundaries are instead
formed at convergently transcribed genes33,34.

In addition to cohesin, condensin also forms chromatin contacts
and domains, also referred to as condensin domains in this study34–39.
Condensin-mediated genomic contacts are thought to arise through
loop extrusion and diffusion capture mechanisms40–42. In addition to
its architectural role, condensin has also been implicated in gene
regulation36,43–48. While CTCF has been established as a key factor in
forming TADs and cohesin loops, the molecular factors that define
condensin-mediated genomic contacts and domains remain largely
unknown.

Our previous study has demonstrated that fission yeast cohesin
and condensin form genomic contacts primarily within and beyond
100kb, respectively34. Furthermore, cohesin and condensin establish
chromatin domains of approximately 30–40kb and 300 kb–1Mb,
respectively, which are inversely regulated during the cell cycle38.
Mechanistically, the Cnd2 subunit of condensin interacts with the TBP
TATA box-binding protein Tbp1 in fission yeast, and disruption of this
interaction between Cnd2 and Tbp1 leads to reduced condensin loca-
lization across the genome49. These findings suggest that the interaction
between condensin and the general transcription factor TBP con-
tributes to condensin loading to gene loci16. Nevertheless, additional
mechanisms are likely to contribute to condensin recruitment and the
formation of condensin-mediated genomic contacts and domains.

This study demonstrates that the Pmc4 subunit of the mediator
complex interacts with the Cnd1 subunit of condensin and that this
interaction is required for accurate mitotic chromosome segregation.
We developed a condensin mutation that disrupts the condensin-
mediator interaction and found that the interaction is necessary for
the formation of condensin domains. Mechanistically, the condensin-
mediator interaction promotes the recruitment of condensin to highly
transcribed genes and mitotically activated genes located at domain
boundaries. Mediator is known as a transcriptional regulator/initiator
complex50,51. This study demonstrates that mitotic chromosome
architecture is shaped by the interplay between the transcriptional
machinery, mediator, and the chromosome compaction machinery,
condensin.

Results
Protein interactionbetween theCnd1 condensin subunit and the
Pmc4 mediator subunit
To elucidate how condensin cooperates with other factors to organize
mitotic chromosome architecture, we searched for proteins that
interactwith condensin infission yeast. For this purpose, we employed
a yeast two-hybrid (Y2H) screening approach to identify interactions
between condensin subunits and proteins encoded by a cDNA library
(Yeast Genetic Resource Center, Osaka City University). The Y2H
screen identified the mediator subunit Pmc4 as a potential interactor
of the condensin subunit Cnd1 (Fig. 1a). Mediator has previously been
shown to interact with cohesin in murine ES cells52, suggesting that
mediator might also interact with condensin to organize mitotic
chromosome structure. To test this possibility, we examined the Cnd1-
Pmc4 interaction in fission yeast by co-immunoprecipitation (co-IP)
analysis and detected an interaction (Fig. 1b). Furthermore, fission
yeast Cnd1 and Pmc4 proteins were expressed in Sf9 insect cells and
purified using GST pull-down. Analysis of size exclusion chromato-
graphy fractions using a Superose 6 column revealed a stable and
stoichiometric complex between Cnd1 and Pmc4 (Fig. 1c). These
complementary assays consistently supported a stable Cnd1-Pmc4
interaction.

Co-localization of condensin and mediator at gene regions
If condensin and mediator interact, they may co-localize across the
fission yeast genome. To test this possibility, we performed ChIP-seq

analyses to map the condensin subunits Cnd1 and Cut14 and the
mediator subunit Pmc4 (Fig. 1d). We found that the condensin sub-
units co-localized with Pmc4 at RNA polymerase II-transcribed (Pol II)
genes, RNApolymerase III-transcribed (Pol III) genes, such as tRNA and
5S rRNA genes, long terminal repeats (LTRs), and non-coding RNA
(ncRNA) genes (Fig. 1e). The condensin subunits were significantly co-
localizedwith Pmc4 at their binding sites (P < 7.63 × 10–334 for Cnd1 and
P < 1.54 × 10–760 for Cut14, hypergeometric distribution test) and at Pol
II genes (P < 8.04 × 10- 313 for Cnd1 and P < 1.90 × 10−690 for Cut14,
hypergeometric distribution test; Fig. 1f). Among the 407 Pol II genes
co-occupied by the condensin subunits and Pmc4, Cnd1 and Cut14
werepreferentially enriched at the 3’ ends,whereasPmc4was enriched
at the 5’ ends of genes (Fig. 1g).Moreover, the condensin subunitswere
clearly co-localized with Pmc4 at Pol II and Pol III genes (Fig. 1h).
Interestingly, strong enrichment of the condensin subunits and Pmc4
was observed at the eng1 gene and other mitotically activated genes
(Fig. 1g–i). The Ace2 transcription factor induces expression of these
mitotically activated genes53,54. The condensin subunits and Pmc4were
also enriched at highly transcribed housekeeping genes, including the
rps23 ribosomal protein gene (Fig. 1j). These results suggest that con-
densin and mediator tend to co-localize at highly transcribed genes
and mitotically activated Ace2 target genes.

Additionally, we analyzed genome-wide distributions of
Tbp1(TATA-box binding protein, TBP) and the Rad21 cohesin subunit
because we previously found that Tbp1 interacts with the Cnd2 con-
densin subunit and that cohesin and condensin both tend to localize at
the 3’ ends of Pol II genes34,49. We observed that Cnd1, Cut14, Pmc4,
Tbp1, and Rad21 were enriched at Pol II genes, Pol III genes, LTRs, and
ncRNA genes (Supplementary Fig. 1a). The condensin subunits were
significantly co-localized with Pmc4 and Tbp1 at their binding sites
(P < 5.58 × 10–299 for Cnd1 and P < 7.48 × 10−304 for Cut14, hypergeo-
metric distribution test) and at Pol II genes (P < 1.32 × 10–265 for Cnd1
and P < 2.76 × 10−230 for Cut14, hypergeometric distribution test), sup-
porting interactions between condensin and both TBP and mediator
(Supplementary Fig. 1b). Consistent with previous studies, the con-
densin subunits and the Rad21 cohesin subunit were localized at the
kinetochore-forming and heterochromatic centromere regions,
respectively (Supplementary Fig. 1c)9,49,55. In contrast, Tbp1 and Pmc4
were enriched at centromeric tRNA genes, implying that the co-
localization between condensin and the transcription-related factors,
TBP andmediator, is largely restricted to gene regions (Supplementary
Fig. 1c). To further support this observation, the condensin subunits,
Pmc4, and Tbp1 were enriched at Ace2 target genes, the top 10%
highest transcribed Pol II genes, and Pol III genes (Supplementary
Fig. 1d–f).

Moreover, we observed a clear difference in condensin and
cohesin localizations. Although Rad21was also localized at the top 10%
highest transcribed Pol II genes and Pol III genes, where the condensin
subunits, Pmc4, and Tbp1 were also enriched (Supplementary Fig. 1e,
f), the heatmap illustrating their distributions across all Pol II genes
indicated that the condensin subunits, Pmc4, andTbp1were tightly co-
localized at Pol II genes (n = 286), whereas Rad21 was more broadly
distributed at the 3’ ends of many additional Pol II genes (Supple-
mentary Fig. 1g, h). The condensin subunits, Pmc4, and Tbp1 were
frequently co-localized at highly transcribed Pol II genes and mitoti-
cally activated Ace2 target genes (Supplementary Fig. 1h). These ChIP-
seq and biochemical results collectively suggest that condensin co-
localizes with mediator and Tbp1 at gene regions through protein-
protein interactions.

Impairment of Cnd1-Pmc4 interaction by cnd1-K658E mutation
To investigate the function of the Cnd1-Pmc4 interaction, we set out to
generate cnd1 mutations that specifically inhibit the interaction with-
out disrupting the condensin complex. We employed a Y2H screening
approach combined with PCR-based random mutagenesis and
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identified the cnd1-m1mutant allele (Fig. 2a and Supplementary Fig. 2a,
b). The cnd1-m1 allele consisted of five pointmutations: T584A, K658E,
R905H, M1057K, and a nonsense mutation at the Y1136 residue. We
dissected these pointmutations and found that the K658E substitution
alone was sufficient to disrupt the Cnd1-Pmc4 interaction (Fig. 2a).
Notably, the Cnd1-Cnd2 interaction is known to be the only interaction
required for Cnd1 to integrate into the condensin complex56. The Y2H

data revealed that the Cnd1-Cnd2 interaction was unaffected by the
cnd1-K658E mutation, implying that this mutation impairs the Cnd1-
Pmc4 interaction without interfering with condensin complex forma-
tion (Fig. 2a). This finding was further supported by co-IP analyses
using the endogenous fission yeast system, again showing that the
cnd1-K658E mutation disrupts the Cnd1-Pmc4 interaction but not the
Cnd1-Cnd2 interaction (Fig. 2b, c).
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Involvement of Cnd1-Pmc4 interaction in chromosome
segregation
To elucidate the role of the Cnd1-Pmc4 interaction in chromosome
segregation, we analyzed mitotic chromosomes in the cnd1-K658E
mutant strain. We found that the frequency of chromosome segrega-
tion defects was significantly increased in cnd1-K658E cells compared
to wild-type cells (Fig. 2d). This result suggests that the cnd1-K658E
mutation causes segregation defects by disrupting the Cnd1-Pmc4
interaction.

Moreover, to investigate the role of condensin and mediator in
chromosome segregation, we employed the auxin-inducible degron
(AID) system to deplete endogenous proteins. For this purpose, we
first optimized the AID system by testing different combinations of
degrons (IAA7 and IAA17) and F-box proteins (atTIR1, atAFB2, and
osTIR1). To this end, the Pmc4mediator subunit was fused to a degron,
and we found that IAA17 in combination with the two F-box proteins
atAFB2 and osTIR1 was most effective (Supplementary Fig. 2c). Spe-
cifically, cells grew well on control plates without auxin, but growth
was impaired on auxin-containing plates, consistent with the essential
role of Pmc4 in cell viability. Moreover, expression of Pmc4 proteins
from plasmids rescued the growth defects of this strain, supporting
the conclusion that the growth defects resulted from Pmc4 depletion
(Supplementary Fig. 2d).

To investigate the function of the Cnd1-Pmc4 interaction, we
depleted endogenous Cnd1 expression by inducing targeted
protein degradation and expressed wild-type and mutant Cnd1
proteins from plasmids. We observed that cells lacking exogen-
ous Cnd1 (vector; Cnd1 depletion) did not grow on the EMM
plates supplemented with Auxin, indicating effective depletion of
Cnd1 (Supplementary Fig. 2e). Supporting this, western blot
analysis showed that endogenous Cnd1 fused to AID tag was
reduced following activation of the AID system (Supplementary
Fig. 2f). In contrast, cells grew on the same plates when wild-type
or mutant Cnd1 proteins were provided from plasmids, suggest-
ing that exogenous Cnd1 can compensate for the loss of endo-
genous Cnd1. Interestingly, the frequency of chromosome
segregation defects was significantly higher in cells expressing
Cnd1-K658E compared to those expressing wild-type Cnd1 (Sup-
plementary Fig. 2g). We also observed that cells depleted of
endogenous Cnd1 and expressing exogenous Cnd1-K658E exhib-
ited similar growth to those expressing wild-type Cnd1 (Supple-
mentary Fig. 2e), implying that the cnd1-K658E mutation is
sufficient to cause chromosome segregation defects without
affecting cell viability at a detectable level. Therefore, the cnd1-
K658E mutation likely serves as a valuable genetic tool for
investigating the function of the condensin-mediator interaction
in chromosome segregation. Moreover, cnd1-K658E mutant cells
did not show increased sensitivity to thiabendazole (TBZ), a
microtubule-destabilizing agent, compared to wild-type cells

(Supplementary Fig. 2h). These results collectively suggest that
the Cnd1-Pmc4 interaction is required for faithful chromosome
segregation. Furthermore, we detected chromosome segregation
defects in cells depleted of Pmc4, reinforcing the idea that
mediator contributes to chromosome segregation during mitosis
through its interaction with condensin (Fig. 2e).

Roles of Cnd1-Pmc4 interaction in the formation of condensin-
mediated genomic contacts and chromatin domains
We examined the effects of the cnd1-K658E mutation on 3D chromo-
some architecture during mitosis. To obtain mitotic cells, we used the
cdc25-22 G2/M block-release method and confirmed proper cell cycle
synchronization in the strains used for our analysis (Supplementary
Fig. 3a). We performed in situ Hi-C experiments using wild-type and
cnd1-K658E mutant mitotic cells (Fig. 3a). The difference map and
distance curves indicated that genomic contacts at distances of
approximately 75 to 800 kb were reduced in the cnd1-K658E mutant
compared to wild-type cells (Fig. 3b, c). Genomic contacts within this
range are known to be mediated by condensin38. The enlarged differ-
ence map consistently revealed that genomic contacts within con-
densin domains were impaired in the cnd1-K658E mutant relative to
wild-type cells (Fig. 3d). In this study, we frequently used a 1.9Mb
region as a model locus to examine chromatin domains and bound-
aries, as we previously found that the eng1 and SPAC343.20 genes are
mitotically activated by the Ace2 transcription factor and serve as
condensin domain boundaries34. Contact scores within condensin
domains were significantly reduced in the cnd1-K658E mutant
(P = 2.10 × 10−10, two-sided paired Student’s t test; Fig. 3e).

We also performed in situ Hi-C experiments with mitotic cells
depleted of endogenous Cnd1 and expressing exogenous wild-type or
mutant Cnd1 (Supplementary Fig. 3b). The difference maps and dis-
tance curves indicated that both Cnd1-K658E expression and Cnd1
depletion reduced genomic contacts at distances of approximately 75
to 800 kb (Supplementary Fig. 3c, d). We also observed that a cross-
shaped pattern was enhanced around centromeres in Cnd1-depleted
cells, suggesting increased contacts between centromere-proximal
regions in the absence of condensin. The enlarged difference maps
revealed that both conditions impaired genomic contacts within
condensin domains (Supplementary Fig. 3e). Contact scores within
condensin domains were significantly reduced by both Cnd1-K658E
expression and Cnd1 depletion (P = 2.46 × 10−14 and 1.85 × 10−26 for
Cnd1-K658E expression and Cnd1 depletion, respectively, two-sided
paired Student’s t-test; Supplementary Fig. 3f). These results collec-
tively indicate that the interaction between Cnd1 and Pmc4 con-
tributes to the formation of condensin-mediated genomic contacts
and chromatin domains.

It has previously been shown that the Cnd2 condensin subunit
interacts with Tbp149. Therefore, we also examined the 3D chromo-
some architecture in cells depleted of endogenous Cnd2 and

Fig. 1 | Interaction between condensin and mediator and their co-localization
across the fission yeast genome. a Yeast two-hybrid (Y2H) analysis of the inter-
action between the condensin subunit Cnd1 and the mediator subunit Pmc4. The
pmc4 cDNA fragment encoding 10-239 amino acid (aa) residues of the full-length
Pmc4 (239aa)was initially isolatedbyY2Hscreening. The interactionbetweenCnd1
and Cnd2 condensin subunits serves as a positive control (bottom). b Co-IP result
showing the interaction between Cnd1-Myc condensin and Pmc4-Pk mediator
subunits in fission yeast cells. Cnd1-Myc and Pmc4-Pk were expressed from their
endogenous loci. Three independent experiments showed similar results. c GST
pull-down analysis on GST-Pmc4 with His-Cnd1. GST-Pmc4 and His-Cnd1 were co-
expressed in sf9 insect cells and subjected to GST pull-down, size exclusion chro-
matography, SDS-PAGE, and Coomassie Brilliant Blue staining. Two biological
replicates showed similar results. d Genome-wide distributions of Cnd1-Pk, Cut14-
Pk, Pmc4-Pk, Tbp1-Pk, andRad21-Myc. The no-tag control distributionwas included
to represent the background signal inChIP-seq analysis. e Summary of binding sites

co-occupied by Cnd1-Pk and Pmc4-Pk (left) and by Cut14-Pk and Pmc4-Pk (right).
The genetic features are explained in Supplementary Fig. 1a. f Venn diagrams
showing the overlaps between Cnd1-Pk and Pmc4-Pk binding sites (upper left) and
their associated genes (upper right), as well as between Cut14-Pk and Pmc4-Pk
binding sites (bottom left) and their associated genes (bottom right). Results are
summarized as in Supplementary Fig. 1b. g Heatmaps showing the distributions of
Cnd1-Pk (left), Cut14-Pk (middle), and Pmc4-Pk (right) at their common target
genes (n = 407). Pol II genes commonly bound by Cnd1-Pk, Cut14-Pk, and Pmc4-Pk
were ordered from top to bottom based on Cnd1-Pk ChIP-seq enrichment. Results
are represented as described in Supplementary Fig. 1g, h.hCo-localization of Cnd1-
Pk, Cut14-Pk, and Pmc4-Pk at a 130 kbgenomic region containing Pol III genes, such
as tRNA and 5S rRNA, and the mitotically activated eng1 gene. Binding patterns of
Cnd1-Pk, Cut14-Pk, and Pmc4-Pk at the eng1 (i) and rps23 (j) gene loci. The rps23
gene is highly transcribed and encodes a ribosomal protein. Source data for (b, c)
are provided as a Source Data file.
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expressing either wild-type or mutant Cnd2 (Supplementary Fig. 4a).
The cnd2-C703R mutation has been shown to impair the Cnd2-Tbp1
interaction without affecting condensin complex formation.We found
that Cnd2-C703R expression and Cnd2 depletion significantly dimin-
ished condensin domains (Supplementary Fig. 4a–d). Notably, the
effects of Cnd2-C703R expression and Cnd2 depletion on domain

formationwere relativelyweaker than thoseof Cnd1-K658E expression
and Cnd1 depletion, likely because asynchronous cell populations
were subjected to Hi-C analysis. Nevertheless, these results indicate
that condensin interactions with mediator and TBP contribute to the
formation of condensin-mediated genomic contacts and chromatin
domains.
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Mediator contributes to the formation of condensin-mediated
genomic contacts and chromatin domains
To investigate the involvement of mediator in shaping 3D chromo-
some architecture during mitosis, we performed in situ Hi-C using
mitotic cells in which Pmc4 proteins were degraded through the AID
system (Fig. 3f). The difference map between Pmc4 WT and Pmc4-
depleted cells, along with the distance curves, revealed that genomic

contacts between 75 and 800 kb were impaired by Pmc4 depletion,
although the effect was relatively milder than Cnd1 depletion or Cnd1-
K658E expression (Fig. 3g, h). The enlarged difference map and sta-
tistical analysis also indicated that condensin-mediated domains and
genomic contacts were significantly disrupted by Pmc4 depletion
(Fig. 3i, j; P = 3.73 × 10−4, two-sided paired Student’s t-test). In addition
to the defects in condensin domain formation, we observed that Pmc4
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depletion enhanced genomic contacts between two adjacent con-
densin domains and that border strength scores at domain boundaries
were reduced by Pmc4 depletion (Fig. 3i). These results suggest that
mediator contributes not only to the formation of condensin-
mediated genomic contacts but also to the assembly of domain
boundaries.

Mediator is a large protein complex composed of approximately
23 subunits in fission yeast57. These subunits are organized into two
modules: the core complex and the CDK8 regulatory subcomplex,
which have distinct roles in specific biological pathways51,58. We
therefore extended our analysis to additional mediator subunits and
subjected nine non-essential mediator deletion mutants to Hi-C ana-
lysis. We found that condensin-mediated genomic contacts and
chromatin domains were impaired in med10Δ, med20Δ, and pmc3Δ
(also known asmed27Δ) mutants (Supplementary Fig. 5). However, the
effects of these deletions were weaker than those observed with Pmc4
depletion, likely because asynchronous cell populations were used for
the Hi-C analysis of mediator mutants. We also observed that border
strength scores were decreased around the eng1 gene locus in the
mediator mutants (med10Δ and med20Δ), suggesting that the chro-
matin boundary at the eng1 locus was compromised. These results
suggest that mediator as a whole, and not Pmc4 alone, contributes to
the formation of condensin-mediated genomic contacts and chroma-
tin domains.

Effects of condensin-mediator double depletion on 3D genome
organization during mitosis
Previous studies have shown that growth defects caused by condensin
mutations can be partially suppressed by mutations in mediator
components59,60, suggesting that mediator may play an inhibitory role
in condensin-mediated chromosome organization. To investigate the
underlying mechanisms, we combined Cnd1 condensin and Pmc4
mediator depletion and performed in situ Hi-C analysis using mitotic
cells (Supplementary Fig. 6a). The differencemaps anddistance curves
indicated that, compared to wild-type cells, Cnd1-Pmc4 double
depletion reduced genomic contacts within condensin domains
(Supplementary Fig. 6b–d). Additionally,wecalculated the log2 ratioof
contact scores between wild-type and Cnd1-Pmc4 double-depleted
cells and found that condensin domains were significantly impaired in
Cnd1-Pmc4 double-depleted cells compared with wild-type cells
(Supplementary Fig. 6e).

Furthermore, when Cnd1-Pmc4 double depletion was compared
to Cnd1 single depletion, we observed that genomic contacts within
approximately 800 kb were increased, suggesting that mediator can
inhibit genomic contacts within this range (Supplementary Fig. 6b–e).
Notably, these genomic contacts were enhanced in the absence of
condensin. In contrast, when Cnd1-Pmc4 double depletion was com-
pared to Pmc4 single depletion, genomic contacts within

approximately 800 kb were decreased, suggesting that condensin
promotes genomic contacts within this range (Supplementary
Fig. 6b–e). Taken together, these observations support the idea that
mediator plays an inhibitory role in genomic contacts up to ~800 kb
during mitosis, which may explain why mediator mutations can par-
tially suppress condensin mutations that impair contacts within a
similar range. Our results suggest that condensin and mediator
cooperate to establish the functional chromosome architecture
required for faithful chromosome segregation (see “Discussion”).

Detection of condensin domain disruption caused by cnd1-
K658E mutation using FISH microscopy
Since Hi-C analysis indicated that condensin domains were impaired
in the cnd1-K658E mutant, we sought to examine domain
organization in the mutant using a FISH-based microscopic approach.
For this analysis, we designed FISH probes to visualize the two
paired genomic loci either within the same domain or across
different domains (Fig. 4a). Interphase and mitotic cells were dis-
tinguished by spindle staining. The visualized loci are consistently
110 kb apart for both intra- and inter-domain FISH probes. In wild-
type cells, the intra-domain probes were positioned significantly
closer during mitosis than during interphase, whereas the inter-
domain probes were also located closer during mitosis than during
interphase, albeit to a lesser extent than the intra-domain probes
(Fig. 4b). This observed difference between intra- and inter-domain
probes reflects domain-based chromosome compaction during
mitosis. We next visualized the same paired loci in the cnd1-K658E
mutant and found that the shortening of the intra-domain probe dis-
tances observed in wild-type cells during mitosis was significantly
compromised in the mutant, indicating that domain-based chromo-
some compaction during mitosis is impaired in the cnd1-K658E
mutant (Fig. 4b).

Moreover, we designed other sets of FISH probes to visualize the
two paired genomic loci located either within the same domain or
across different domains (Supplementary Fig. 7a). The visualized loci
are consistently 410 kb apart for both intra- and inter-domain FISH
probes. We analyzed these loci in cells depleted of endogenous Cnd1
and expressing exogenous wild-type or mutant Cnd1, and found that
when wild-type Cnd1 was expressed, the intra-domain probes were
positioned significantly closer during mitosis than during interphase,
whereas the inter-domain probes were also closer during mitosis than
during interphase, although to a lesser extent than the intra-domain
probes (Supplementary Fig. 7b). In contrast, the shortening of the
intra-domain probe distances observed in mitotic cells expressing
wild-type Cnd1 was significantly compromised in cells expressing
Cnd1-K658E (Supplementary Fig. 7b). These results consistently
demonstrate that the Cnd1-Pmc4 interaction promotes domain-based
chromosome compaction during mitosis.

Fig. 3 | Effects of cnd1-K658E condensinmutationandPmc4mediator depletion
on 3D chromosome organization during mitosis. a Genome-wide contact maps
of mitotic cells from the wild-type strain (cnd1-WT; left) and the cnd1-K658Emutant
strain (cnd1-K658E; right). ICE-normalized matrices at 20 kb resolution were used
for data representation. Mitotic cells were prepared as described in Supplementary
Fig. 3a. b Difference map showing changes in contact scores between cnd1-K658E
and cnd1-WT cells. The Hi-C data shown in (a) were used to calculate the difference
scores. c Relationships between contact scores and genomic distances in cnd1-WT
and cnd1-K658E cells. Contact matrices at 10-kb resolution were used for this ana-
lysis. d Enlarged differencemap of a 1.9Mb region of chromosome I (dotted box in
(b)). Data representation is explained in Supplementary Fig. 3e. eAverages and log2
ratios of contact scores between cnd1-K658E and the cnd1-WT cells, and between
biological replicates from mitotic cell cultures (inset). Analysis was performed as
described in Supplementary Fig. 3f. fContactmaps ofmitotic cells expressing wild-
type Pmc4 from a plasmid (Pmc4 WT; left) and cells lacking exogenous Pmc4

expression (Pmc4 depletion; right). Endogenous Pmc4 proteins were degraded
using the AID system. Mitotic cells were prepared as in Supplementary Fig. 3a. g
Genome-wide difference map showing changes in contact scores between Pmc4-
depleted and Pmc4 WT cells. h Relations between contact scores and genomic
distances in Pmc4 WT and Pmc4-depleted cells. i Enlarged difference map of the
1.9Mb region on chromosome I (dotted box in (g)) comparing Pmc4-depleted and
Pmc4 WT cells. Border strength in each sample was calculated as described38. The
difference in the border strength scores between the two samples is shown on the
right. Arrowsmark domain boundaries impaired by Pmc4depletion. jAverages and
log2 ratios of contact scores between Pmc4-depleted and Pmc4 WT cells. The
analysis was performed as described in Supplementary Fig. 3f. Insets show biolo-
gical replicates from mitotic cell cultures. Across the entire study, the same con-
ditions were used for representing Hi-C matrices, generating difference maps,
plotting distance curves, and performing statistical analyses of condensin domains.
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Furthermore, we visualized condensin domains using multiple
FISH probes (Supplementary Fig. 7c). We observed that the areas
occupied by FISH signals varied depending on fluorescent dyes and
imaging conditions. Therefore, we measured the distance between the
centers of FISH signals as a reproducible parameter to assess the
organization of the two condensin domains. We examined condensin
domains in cells depleted of endogenous Cnd1 and expressing exo-
genous Cnd1 from plasmids. We found that when wild-type Cnd1 was
expressed, the centers of the two condensin domains were positioned
significantly closer during mitosis than during interphase, reflecting
domain-based chromosomal compaction during mitosis

(Supplementary Fig. 7d). In contrast, the distances between the two
domains were not shortened during mitosis relative to interphase in
cells depleted of Cnd1 or expressing Cnd1-K658E (Supplementary
Fig. 7d). These results suggest that the mitosis-specific shortening in
distance between the two condensin domains depends on condensin
and the Cnd1-Pmc4 interaction. The distances between the two con-
densin domains inmitotic cells expressing the Cnd1-K658Ewere similar
to those of Cnd1-depletedmitotic cells, suggesting that the Cnd1-Pmc4
interaction plays a major role in condensin domain organization,
although it also remains possible that the cnd1-K658Emutation impairs
condensin function independently of the Cnd1-Pmc4 interaction.
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Fig. 4 | FISH visualization of condensin domains in the cnd1-K658Emutant and
Pmc4-depleted cells. a Positions of FISH probes. Probes #1 and #2 span adjacent
condensin domains (dotted lines), while probes #2 and #3 are positioned within a
single domain. The genomic regions targeted by these probes are consistently
separated by 110 kb for both inter-domain and intra-domain FISH probes. An
enlarged difference map of the 1.9Mb region on chromosome I, comparing Cnd1-
depleted and Cnd1-WT cells, is shown to represent condensin domains; experi-
mental details are provided in Supplementary Fig. 3. b Quantification of distances
between inter-domain or intra-domain FISH probes in interphase and mitotic cells
of the wild-type (cnd1-WT) and cnd1-K658E mutant (cnd1-K658E) strains. Repre-
sentative FISH-IF imageswere shownbelow, displaying two loci (red and green) and
spindle microtubules (blue; mitotic marker). cQuantification of distances between
inter-domain or intra-domain FISH probes in interphase and mitotic cells

expressing Pmc4 from a plasmid (Pmc4 WT) or lacking plasmid-derived Pmc4
(Pmc4 depletion). Endogenous Pmc4was removed by the AID system.d Schematic
representations of mitotic condensin domains under the indicated conditions.
Green and red dots indicate the schematic positions of genomic regions visualized
by FISHprobes (#1, #2, and #3). In wild-type cells, two adjacent condensin domains
are formedduringmitosis. Inmitotic cells of the cnd1-K658Emutant, these domains
are impaired and occupy larger areas, leading to increased intra-domain distances
compared to wild-type cells. In mitotic cells depleted of Pmc4, the distances
between the two domains are shortened, suggesting a disruption of domain
boundary formation. The central bar represents the median, with the boxes indi-
cating the upper and lower quartiles. Thewhiskers extend to data points within 1.5×
the interquartile range from the box. P-values were calculated by two-sided
Mann–Whitney U test. Source data for (b, c) are provided as a Source Data file.
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Detection of condensin domain disruption caused by Pmc4
depletion using FISH microscopy
We visualized two paired genomic loci located either within the same
domain or across different domains in cells depleted of endogenous
Pmc4, with or without exogenous Pmc4 expression (Fig. 4a, c). We
found that the distances between the intra-domain probes were sig-
nificantly shorter during mitosis than during interphase in cells
expressing Pmc4, whereas the inter-domain probes were also posi-
tioned closer during mitosis than during interphase, albeit to a lesser
extent than the intra-domain probes (Fig. 4c). Interestingly, we
observed that the shortening of the intra-domain probe distances
observed in mitotic cells expressing Pmc4 was modestly impaired in
Pmc4-depleted cells, suggesting weakened intra-domain compaction.
In addition, the distances between the inter-domain probes were
slightly but significantly shorter during mitosis in Pmc4-depleted cells
compared with Pmc4-expressing cells, implying a compromised
domain boundary. Together, these results indicate that Pmc4 deple-
tion slightly impairs domain-based chromosome compaction and
diminishes boundary formation.

We next visualized the two condensin domains using two groups
of multiple probes and found that, when the wild-type Pmc4 was
expressed, the centers of the two condensin domains were positioned
significantly closer during mitosis than during interphase (Supple-
mentary Fig. 7e). This mitosis-specific shortening of distance between
the condensin domains was partly compromised in Pmc4-depleted
cells, presumably reflecting impaired condensin domain formation
and weakened boundaries. Based on overall FISH and Hi-C results, our
model is that domain-based chromosomal compaction is diminished
in the cnd1-K658E mutant, whereas domain compaction is partially
compromised in Pmc4-depleted cells, coinciding with impaired
boundary formation (Fig. 4d).

Cnd1-Pmc4 interaction is involved in condensin recruitment
Our results suggested that the Pmc4 mediator and Cnd1 condensin
subunits interact and co-localize at highly transcribed genes and
mitotically activated genes (Fig. 1). Disruption of the Cnd1-Pmc4
interaction impaired condensin-mediated genomic contacts and
domain organization (Figs. 3 and 4). These results led us to hypothe-
size that the mediator recruits condensin to gene loci. To test this
hypothesis, we performed ChIP-seq experiments tomapwild-type and
mutant Cnd1 expressed from the endogenous locus (Fig. 5a).We found
that Cnd1-K658E enrichment was impaired across the genome,
including atmitotically activatedAce2-target genes, highly transcribed
genes, and Pol III genes (Fig. 5b–g). In addition, we analyzed mitotic
cells depleted of endogenous Cnd1 and expressing wild-type or
mutant Cnd1 from plasmids and observed that Cnd1-K658E showed
reduced enrichment compared to wild-type Cnd1 (Supplementary
Fig. 8a–g). Furthermore, we investigated condensin enrichment in
mitotic cells depleted of Pmc4 and found that Cnd1 enrichment at
gene regions was impaired by Pmc4 depletion (Fig. 5a–f, h). These
results suggest that mediator localizes to gene regions to recruit
condensin via the Cnd1-Pmc4 interaction.

We also examined condensin distribution in cells depleted of
endogenous Cnd2 and expressing wild-type or mutant Cnd2 from
plasmids (Supplementary Fig. 8a). We observed that Cnd2-C703R
enrichment was impaired at mitotically activated Ace2-target genes,
highly transcribed Pol II genes, and Pol III genes (Supplementary
Fig. 8b–f, h). This result suggests that TBP is also involved in condensin
loading onto gene regions across the genome.

Pmc4 depletion impairs expression of mitotically
activated genes
To explore the potential role of the condensin-mediator interaction in
transcription, we examined global expression profiles in cells expres-
sing Cnd1-K658E. For this purpose, we employed the nascent RNA

labeling as described previously61, followed by deep sequencing (nas-
cent RNA-seq) to quantify nascent transcripts across the genome. We
found that Cnd1-K658E expression and Cnd1 depletion had only
modest effects on transcription (Supplementary Fig. 9a–e). We also
performed nascent RNA-seq experiments using Pmc4-depleted cells
(Supplementary Fig. 9a–d) and found that eng1 transcription was
almost completely abolished by Pmc4 depletion (Supplementary
Fig. 9c). Among 87 significantly down-regulated genes, 8 were Ace2
target genes (Supplementary Fig. 9f). We confirmed that condensin
genes were not significantly affected by Pmc4 depletion.

Next, we compared the nascent RNA-seq expression profiles with
ChIP-seq enrichment of Cnd1-Pk and Cut14-Pk (condensin), Pmc4-Pk
(mediator), and Tbp1-Pk (TBP). We observed that gene expression
levels were tightly correlated with ChIP enrichment of these factors, as
strong nascent RNA-seq signals coincided with high ChIP enrichment
(Supplementary Fig. 9g). Intriguingly, genes with the highest enrich-
ment of these factors were typically mitotically activated Ace2-
targeted genes, which were down-regulated by Pmc4 depletion (Sup-
plementary Fig. 9h, i). Moreover, approximately 300 genes with high
enrichment of condensin, mediator, and TBP were generally highly
transcribed (Supplementary Fig. 9h). Expression of 341 highly tran-
scribed genes was slightly enhanced in Pmc4-depleted cells (Supple-
mentary Fig. 9h, j). These observations predict that the mediator
promotes the expression of mitotically activated Ace2-target genes
located at domain boundaries.

Mediator localization disrupted by 1,6-hexanediol treatment
Human Med1, a component of the mediator complex, contains
intrinsically disordered regions (IDRs) and is known to form droplets
through liquid-liquid phase separation62,63. Such droplet formation by
Med1 has been linked to transcriptional initiation64. In fission yeast, the
mediator subunit Pmc4 is predicted to possess a disordered region at
its C-terminal portion (Supplementary Fig. 10a). Based on this obser-
vation, we hypothesized that Pmc4might form liquid droplets. To test
this hypothesis, we first purified Pmc4 proteins expressed in Escher-
ichia coli and observed that Pmc4 formed droplets when exposed to
PEG concentrations exceeding 5%, implying that Pmc4 may undergo
droplet formation (Supplementary Fig. 10b, c).

We examined Pmc4 localization infission yeast cells and observed
that treatment with 1,6-hexanediol (HD), a compound known to sup-
press liquid-liquid phase separation, disrupted the nuclear focal loca-
lization of Pmc4, whereas Rbp1 Pol II foci remained nuclear under the
same conditions (Fig. 6a). These results imply thatmediator, including
Pmc4, is prone to forming droplets via phase separation. To gain fur-
ther insight into the subnuclear localization of mediator and con-
densin, we visualized these factors using Zeiss Airyscan super-
resolution microscopy and observed that the Cnd1 and Cnd2 con-
densin subunits formed fiber-like structures along mitotic chromo-
somes (Fig. 6b and Supplementary Fig. 11a, b). In contrast, the
mediator appeared as spherical foci on mitotic chromosomes. Nota-
bly, mediator foci did not strongly overlap with condensin signals but
were instead often localized at the termini of condensin-associated
fibrous structures, potentially reflecting their respective distributions
at promoters and transcribed regions. Moreover, we generated Pmc4
variants carrying amino acid substitutions predicted to disrupt the
disordered region (Supplementary Fig. 10d). Spherical foci were
observed for both wild-type and variant Pmc4, suggesting that the
disordered region of Pmc4 may not be directly responsible for med-
iator droplet formation (Supplementary Fig. 10e). Our current
hypothesis is thatMed1maymediate droplet formation as observed in
human cells62,63.

Effects of HD treatment on mitotic chromosome architecture
We examined how HD treatment affects mitotic chromosome archi-
tecture. To this end, we performed in situ Hi-C experiments using
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Pk in mitotic cells expressing wild-type Pmc4 from a plasmid (Pmc4WT) or lacking
exogenous Pmc4 expression (Pmc4 depletion) are shown (bottom two rows).
Endogenous Pmc4 was depleted by the AID system. Mitotic cells were prepared in
EMM media by the cdc25-22 G2/M block-release procedure and harvested 60min
after release. Condensin enrichment across a 130-kb genomic region on chromo-
some I (b), the Ace2-regulated eng1 gene locus (c), and the highly transcribed rps23
gene locus (d). Average condensin enrichment at Ace2 target and highly

transcribed Pol II genes (e) and at tRNA and 5S rRNAPol III genes (f) in the indicated
samples. Highly transcribed Pol II genes were classified as described in Fig. 1e, and
genes bound by both Cnd1 and Cut14 (defined in Fig. 1f) were designated as
condensin-associated genes. Genes overlapping between these two categories
were annotated as the highly transcribed, condensin-binding genes. g ChIP-qPCR
analysis verifying enrichment of Cnd1-WT-Myc and Cnd1-K658E at the eng1, rps23,
and tRNA-ser loci in mitotic cells. Experiments were performed in triplicate as
described in (a). h ChIP-qPCR analysis verifying the enrichment of Cnd1-Pk at the
eng1, rps23, and tRNA-ser loci in mitotic cells expressing wild-type Pmc4 from a
plasmid (Pmc4 WT) or lacking exogenous Pmc4 expression (Pmc4 depletion).
Experiments were performed in triplicate as described in (a). Data in (g, h) are
represented as mean± SD. Source data are provided as a Source Data file.
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mitotic cells treated with 10% HD (Supplementary Fig. 11c–f). Treat-
ment with 10% HD increased genomic contacts over distances of 75 kb
or greater (Supplementary Fig. 11d, e). We also observed that genomic
contacts within condensin domains were relatively unaffected, whereas
genomic contacts across domain boundaries were enhanced by HD
treatment (Supplementary Fig. 11f). These results indicate that 10% HD

treatment weakens domain boundaries, yet chromosome compaction
proceeds. Consistently, FISH results indicated that the distances
between the inter-domain probes were shorter in mitotic cells treated
with 10% HD, compared to those without HD treatment (Supplemen-
tary Fig. 11g).Moreover, the distances between the intra-domain probes
were comparatively less affected (Supplementary Fig. 11g).
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Because 10% HD treatment can perturb mediator as well as
numerousother proteins andbiological processes,we applied amilder
5% HD treatment to probe its effects on mitotic chromosome archi-
tecture and on the distribution of mediator and condensin. We per-
formed in situ Hi-C analysis using mitotic cells treated with 5% HD and
observed that 5% HD treatment increased genomic contacts between
75 to 800 kb (Fig. 6c–f). Especially, genomic contacts across domain
boundaries were clearly enhanced by HD treatment (Fig. 6f). Con-
sistently, FISH results showed that the distances between the inter-
domain probes were shorter inmitotic cells treatedwith 5%HD than in
untreated control cells (Fig. 6g). ChIP-seq analysis further demon-
strated that enrichment of Cnd2-Pk and Pmc4-Pk was reduced in
mitotic cells treated with 5% HD (Fig. 6h and Supplementary
Fig. 11h–k). Notably, Pol II occupancy declined at mitotically activated
Ace2-target genes and highly transcribed genes, but enrichment near
the 3’ ends of these genes was relatively preserved, suggesting that a
brief 5-minute pulse treatment with 5% HD partially lowers transcrip-
tion frequency and turnover (Fig. 6h and Supplementary Fig. 11h–k).
Taken together, these results suggest that 5%HD treatment diminishes
mediator and condensin localization at their target genes, particularly
mitotically activated Ace2-target genes, and weakens domain bound-
aries (“Discussion”).

Potential conservation of condensin-mediator interaction in
human cells
Since condensin and mediator are conserved in both fission yeast and
humans, the condensin-mediator interaction might also be conserved
in human cells. To test this possibility, we employed the Y2H assay to
examine the potential interaction. Human cells contain two condensin
complexes, condensin I and II, and we tested the interactions of MED4
(human ortholog of Pmc4) with CAP-D2 and CAP-D3, the human
homologs of Cnd1 in condensin I and II, respectively (Supplementary
Fig. 12a). Interestingly, we observed theMED4 interaction with CAP-D3
(condensin II subunit) but not with CAP-D2 (condensin I subunit).
Moreover, the interaction was disrupted by the CAP-D3-V628E muta-
tion, which corresponds to the fission yeast cnd1-K658Emutation, and
by the CAP-D3-Δ613-635 deletion that encompasses the point mutation
(Supplementary Fig. 12b).

In addition, mitotic defects, such as misaligned chromosomes
during metaphase and micronuclei, were detected in human U2OS
cells expressing the CAP-D3-V628E, and the frequency of thesemitotic
defects was significantly higher in mitotic cells expressing CAP-D3-
V628E than those expressing the wild-type CAP-D3 (Supplementary
Fig. 12c, d). Furthermore, misaligned chromosomes and micronuclei
were also detected in human 293FT cells depleted of MED4, and
the frequency of these mitotic defects was significantly increased in
MED4-depleted cells compared to controls (Supplementary
Fig. 12e–g). Based on these results, we speculate that a mitotic
mechanism analogous to chromosome organization in fission yeast,

involving the condensin-mediator interaction, may also function in
human cells.

Discussion
Condensin recruitment through interactions with mediator
and TBP
Our ChIP-seq data indicate that condensin strongly co-localizes with
the Pmc4 mediator subunit and Tbp1 (fission yeast TBP) at highly
transcribed genes and mitotically activated Ace2 target genes (Sup-
plementary Fig. 1). While condensin preferentially accumulates at the
3’ ends of these genes, Pmc4 and Tbp1 enrichment peaks are located at
gene promoters. Mechanistically, the cnd1-K658E and cnd2-C703R
condensin mutations disrupt the condensin interactions with Pmc4
and Tbp1, respectively, and diminish condensin localization at its tar-
get genes (Fig. 5 and Supplementary Fig. 8)49. These results suggest
that mediator and TBP contribute to condensin recruitment at pro-
moters, after which transcription guides its redistribution along gene
bodies toward the 3’ end. In this regard, depletion of Pol II has been
reported to diminish condensin association with Pol II-transcribed
genes, supporting the hypothesis that Pol II can stall condensin at gene
regions65. Moreover, a similar mechanism has been reported for
cohesin, which is relocated by transcription66. Although the precise
coordination between the Cnd1-Pmc4 and Cnd2-Tbp1 interactions
remains unclear, it is notable that TBP within the TFIID complex and
Med4 (Pmc4)within themediator complex arepositioned inproximity
to where Pol II transcription initiates67,68. Therefore, we speculate that
the Cnd1-Pmc4 and Cnd2-Tbp1 interactions may jointly facilitate con-
densin recruitment to gene promoters.

Mitotic chromatin boundaries formed by mediator-driven
transcription
In the cnd1-K658E and cnd2-C703R mutants, condensin-mediated
genomic contacts within mitotic chromatin domains are disrupted
(Fig. 3d and Supplementary Figs. 3e; 4c), likely due to diminished
condensin localization at highly transcribed genes and mitotically
activated genes across the genome (Fig. 5 and Supplementary Fig. 8).
In contrast, Pmc4 mediator depletion leads to increased inter-domain
genomic contacts while imparing condensin-mediated genomic con-
tacts and mitotic chromatin domains (Fig. 3i). The reduction in
condensin-mediated genomic contacts and chromatin domains likely
result from compromised Pmc4-dependent condensin loading; how-
ever, residual condensin at gene regions may still mediate inter-
domain genomic contacts in Pmc4-depleted cells (Fig. 5). Moreover,
Pmc4 depletion, but not the cnd1-K658E mutation, diminishes
expression of Ace2 target genes located at chromatin boundaries and
weakens boundary integrity (Supplementary Fig. 9c, f). These results
support amodel inwhichmediator-driven transcription of Ace2 target
genes contributes to the formation of mitotic chromatin domain
boundaries.

Fig. 6 | Involvement of phase separation inmitotic chromosome organization.
a Effects of 1,6-hexanediol (HD) treatment on Pmc4 localization. Fission yeast cells
were treated with 5 or 10%HD for 1 or 5min and subjected to immunofluorescence
analysis to visualize Pmc4-Pk and Rpb1 (RNA Pol II subunit). Two biological repli-
cates showed similar results. b Subnuclear localization of Pmc4-Pk and Cnd2
visualized using Zeiss Airyscan super-resolution microscope. Three independent
experiments showed similar results. c Genome-wide contact maps of mitotic cells,
either untreated (left) or treated (right) with 5% HD. Mitotic cells were prepared in
YEA medium using the cdc25-22 G2/M block-release method and harvested 40min
after release. At 35minpost-release, cellswere treatedwith 5%HD for 5minprior to
collection. d Difference map showing changes in contact scores between 5% HD-
treated and untreated mitotic cells. e Relationships between contact scores and
genomic distances in mitotic cells either untreated or treated with 5% HD.
f Enlarged difference map between 5% HD-treated and untreated mitotic cells for
the 1.9Mb region of chromosome I (dotted box in (d). Border strength scores in the

indicated samples and their difference were estimated as described in Fig. 3i.
g Quantification of distances between inter-domain (left) and intra-domain (right)
probes in mitotic cells either untreated or treated with 5% HD. FISH experiments
and data analysis were carried out as described in Fig. 4. Probes #1 and #2 span
adjacent condensin domains, while probes #2 and #3 are positioned within a single
domain. Mitotic cells were prepared in YEA medium using the cdc25-22 block-
release method. The central bar represents the median, with the boxes indicating
the upper and lower quartiles. The whiskers extend to data points within 1.5× the
interquartile range from the box. P-values were calculated by a two-sided
Mann–Whitney U test. Source data are provided as a Source Data file. h Average
enrichment of the condensin subunit Cnd2-Pk (left), themediator subunit Pmc4-Pk
(middle), and RNA polymerase II Rpb1 (right) at Ace2 target genes (top) and highly
transcribed, condensin-binding genes (bottom) in mitotic cells either untreated or
treated with 5% HD.
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Potential involvement of phase separation in mitotic chromo-
some organization
Mediator was initially identified as a component of the RNApolymerase
II holoenzyme complex and is known to be involved in transcriptional
initiation and repression69,70. Mediator also plays a role in transcrip-
tional regulation in fission yeast58. It has recently been proposed that
the mediator engages in transcription via phase separation62,63,
prompting us to investigate its potential involvement in mitotic chro-
mosome organization via phase separation. In human cells, Med1 is
known to form liquid droplets. In contrast, Pmc4 (fission yeast Med4)
contains an IDR at its C-terminal portion. Furthermore, HD treatment
disrupts mediator localization in the nucleus, implying that the fission
yeast mediator is regulated through phase separation. Because our
in vivo data suggest that the disordered region of Pmc4 is unlikely to be
solely responsible for mediator droplet formation, we predict that
Med1 may mediate droplet formation in fission yeast as observed in
human cells62,63. Consistently, we find that mitotic chromosome archi-
tecture is disrupted in both Pmc4-depleted andHD-treated cells, where
chromosome compaction still occurs but to a lesser degree, and
domain boundaries are disrupted (Figs. 3i and 6f; Supplementary
Fig. 11f). Mechanistically, HD treatment interferes with Pmc4 mediator
binding tomitotically activated Ace2-target genes, and Pmc4 depletion
diminishes transcription of these genes located at domain boundaries
(Fig. 6h and Supplementary Fig. 9i). These results collectively suggest
that mediator-dependent transcription of mitotically activated genes
involves a phase separation process, which may contribute to the
establishment of mitotic chromatin domain boundaries.

Cooperation of condensin and mediator to form mitotic chro-
mosome architecture
By comparing Hi-C data from Cnd1-Pmc4 double depletion with that
from Cnd1 or Pmc4 single depletion, we find that condensin primarily
contributes to genomic contacts within approximately 800 kb,
whereas mediator appears to exert an inhibitory effect on genomic
contacts within roughly 800 kb (Supplementary Fig. 6). Notably,
genomic contacts within this range can still form in the absence of
condensin whenmediator is depleted. In this context, it has previously
been proposed that mitotic chromosomal compaction can occur
through a condensin-independent mechanism, including post-
translational modifications of histones, particularly histone
deacetylation71–73. Our results are consistent with the idea that the
mediator may inhibit this condensin-independent compaction pro-
cess. In support of this notion, prior studies have shown that growth
defects caused by condensinmutations can be partially suppressed by
mutations in mediator components59,60. Our findings further support
that condensinmutationsmay be partly suppressed becausemediator
mutations can enhance condensin-independent chromosome com-
paction. Although the detailed mechanisms remain to be fully eluci-
dated, this study highlights that condensin-mediated contacts are
demarcated by mediator-driven transcription of mitotically activated
genes located at boundaries, while mediator also appears to limit
condensin-independent long-range genomic contacts.

Taking all these results together, ourmechanistic view is as follows:
(1) Mediator and TBP recruit condensin to highly transcribed genes and
mitotically activated Ace2 target genes; (2) Condensin at gene regions
mediates genomic contacts; (3) Mediator activates transcription of
Ace2 target genes during mitosis likely through phase separation; (4)
Transcription of Ace2-target genes defines the boundaries of
condensin-mediated genomic contacts; and (5) Domain-based chro-
mosome compaction promotes faithful chromosome segregation.

Methods
Fission yeast strains and culture conditions
C-terminal tagging of Cnd1, Cnd2, and Pmc4 with Myc, Flag, or Pk was
performedusing a PCR-basedmodulemethod74,75. The taggedproteins

were expressed fromtheir endogenous genomic loci under the control
of their native promoters. DNA constructs for gene deletions, point
mutations, and auxin-inducible degron (AID)-based targeted protein
degradation (Cnd1-IAA17 and Pmc4-IAA17) were generated by PCR and
introduced into fission yeast (Schizosaccharomyces pombe) cells by
standard chemical transformation. Additional strains were obtained
through conventional genetic crosses. Cells were cultured in either
yeast extract with adenine (YEA) or in Edinburgh minimal
medium (EMM).

Auxin-inducible degron (AID) approach for targeted protein
degradation
The AID system was used as described previously76,77. The Cnd2-AID
strain was constructed and used as previously described49. A Skp1-
fused F-box protein (atAFB2, atTIR1, and/or osTIR1) containing a
nuclear localization signal and a 9×Myc epitope tag was expressed
from the ade6 locus under the control of the adh1 promoter. Cnd1
fused to the IAA17 degron was expressed from the endogenous cnd1
locus under the control of the endogenous cnd1 promoter. To induce
post-translational degradation of endogenous Cnd1 proteins, cells
were cultured in YEA or EMM medium supplemented with 0.5mM
auxin [1-naphthaleneacetic acid (Sigma)]. Cnd1 depletion efficiency
was evaluated by western blotting using an anti-mini-AID-tag antibody
(clone IE4, MBL). When wild-type or mutant Cnd1 proteins under the
control of the endogenous cnd1 promoter were expressed from LEU2-
based plasmids, EMM-Leu medium containing 0.5mM auxin was used
to maintain the LEU2 plasmids. For depletion of endogenous Cnd1 in
the absence of plasmid-derived Cnd1, cells were cultured in YEA
medium containing 0.5mM auxin.

Pmc4 fused to the IAA17 degron was expressed from the endo-
genous pmc4 gene locus. For Pmc4 depletion, cells were cultured in
YEA or EMM medium supplemented with 0.5mM auxin. When wild-
type Pmc4 proteins were expressed from a LEU-based plasmid, EMM-
Leu medium containing 0.5mM auxin was used. For depletion of
endogenous Pmc4 in the absence of plasmid-derived Pmc4, cells were
cultured in YEA medium containing 0.5mM auxin.

Generation of cnd1 mutations using yeast two-hybrid (Y2H)
approach
A schematic procedure is shown in Supplementary Fig. 2a. A genetic
screen was performed using the Matchmaker Gold Y2H system
(Clontech) to generate cnd1 mutations that disrupt the Cnd1-Pmc4
interaction without affecting the Cnd1-Cnd2 interaction between the
condensin subunits. To this end, the cnd1+ gene was first amplified by
error-prone PCR78, and the mutated cnd1 gene was cloned into
pGBKT7, which carries the TRP1marker gene, enablingMat α budding
yeast cells to express GAL4-BD fused to the mutant Cnd1 (GAL4-BD-
mutant Cnd1). The pGADT7 derivatives expressing GAL4-AD fused to
either Pmc4 or Cnd2 (GAL4-AD-Pmc4 or GAL4-AD-Cnd2), along with
the LEU2marker gene, were independently transformed into theMat a
Y2HGold budding yeast strain (Clontech). After mating the Mat α and
Mat a strains on YEA plates, diploid cells carrying both pGBKT7 and
pGADT7 derivatives were selected by replica plating onto Synthetic
Defined (SD) -Trp (tryptophan) -Leu (leucine) plates. Protein interac-
tions were assessed by monitoring growth on SD -Trp -Leu -His (his-
tidine) -Ade (adenine) plates containing 125 ng/ml aureobasidin A,
which indicates expression of the HIS3, ADE2, and AUR1-C reporter
genes. More than 3000 diploid colonies that grew on SD-Trp-Leu
plates were screened, and the GAL4-BD-Cnd1-m1 clone was identified.
Notably, diploid cells carryingpGBKT7GAL4-BD-Cnd1-m1andpGADT7
GAL4-AD-Pmc4 failed to grow on SD-Trp-Leu-His-Ade plates contain-
ing aureobasidinA, whereas those carrying pGBKT7GAL4-BD-Cnd1-m1
and pGADT7 GAL4-AD-Cnd2 were able to grow, indicating that the
cnd1-m1 allele selectively disrupts the Cnd1 interaction with Pmc4. The
cnd1-m1 allele, which harbors several point mutations, was identified
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by Sanger sequencing. To dissect the contribution of individual
mutations, a series of pGBKT7 GAL4-BD-mutant Cnd1 constructs car-
rying individual point mutations was generated (Supplemen-
tary Fig. 2b).

Co-immunoprecipitation (co-IP)
Co-IP experiments were performed as previously described49. Loga-
rithmically growing fission yeast cells cultured in 10ml YEA (1 × 108

cells at OD595 = 0.5) were collected and washed with 1ml ice-cold H2O.
Cell pelletswere resuspended in 500μl of IP buffer 1 [50mMHEPESpH
7.6, 125mM KCl, 0.1% NP-40, 20% glycerol, 1mM EDTA, 1mM PMSF,
andComplete protease inhibitor cocktail (Sigma)] and disrupted using
Mini-Beadbeater-16 (BioSpec Products). The soluble fraction was col-
lected by centrifugation, and MgCl2 (final 5mM) and 5 units of RQ1
RNase-free DNase I (Promega) were added. After incubation at 37 °C
for 30min, the DNase I reaction was terminated by adding EDTA (final
10mM). After DNase I treatment, the soluble fraction was mixed with
Dynabeads Protein G (Life Technologies) coupled with mouse mono-
clonal anti-Pk antibody (BioRad) and incubated at 4 °C for 2 h. The
beadswerewashed five times, each for 5min, with 800μl of IP buffer 2
(50mM HEPES pH 7.6, 125mM KCl, 0.2% NP-40, 20% glycerol, 1mM
EDTA, and 1mM PMSF). Proteins were eluted by boiling in 10μl of 1×
Laemmli sample buffer.

GST pull-down
The GST pull-down experiment was performed as previously
described79. Full-length Pmc4 and Cnd1 were amplified by PCR and
cloned into pFastBacGST (Fisher Scientific) and pFastBacHTB (Fisher
Scientific), respectively. GST-Pmc4 and His-Cnd1 proteins were co-
expressed in baculovirus-infected Sf9 insect cells and purified using
GST pull-down. The resulting sample was subjected to size exclusion
chromatography using a Superose 6 column (Sigma). Fractions were
separated by SDS-PAGE, and proteins were stained with Coomassie
Brilliant Blue G-250 (Sigma).

Immunofluorescence (IF) microscopy
Fission yeast cells (1 × 108 cells at OD595 = 0.5) were fixed with 3% par-
aformaldehyde (pFA) at 26 °C for 10min, andfixationwasquenchedby
incubation with glycine (final 0.25M) for 5min. Fixed cells were
washedwith PEMbuffer (100mMPIPES pH6.9, 1mMMgCl2, and 1mM
EGTA), incubated in PEMS buffer (100mM PIPES pH 6.9, 1mMMgCl2,
1mM EGTA, and 1M sorbitol) at room temperature for 5min, and
permeabilized with 1mg/mL Zymolyase 100T (Seikagaku) in PEMS
buffer at 37 °C for 30min. Cells were treated with PEMS buffer con-
taining 1% Triton X-100 at room temperature for 1min, washed twice
with PEM buffer, and incubated in PEMBAL buffer (100mM PIPES pH
6.9, 1mM MgCl2, 1mM EGTA, 1 % BSA, and 0.1 M L-lysine) at room
temperature for 1 h with gentle rotation.

Primary antibodies, mouse monoclonal antibody [anti-Myc
(TakaraBio), anti-Pk (BioRad), anti-Pol II antibodyCTD4H8 (Abcam), or
anti-tubulin antibody TAT-180], and/or rabbit polyclonal antibody [anti-
Myc (Abcam) or anti-Cnd2 (Cosmo Bio USA)] were added at 1/1000
dilution in PEMBAL buffer, and cells were incubated at room tem-
perature overnight. After threewashes with PEMBAL buffer, secondary
antibodies [Alexa Fluor 488-conjugated anti-rabbit IgG (Life Technol-
ogies) and/or Cy3-conjugated anti-mouse IgG (Jackson ImmunoR-
esearch)] were added at 1/1000 dilution in PEMBAL buffer, and cells
were incubated at room temperature for 3 h. Cells were washed three
times with PEMBAL buffer at room temperature for 15min each with
gentle rotation.

Prior to imaging, DNA was stained with 1μg/mL DAPI (Fisher) in
PBS solution, and stained cells were mounted on coverslips using
antifade solution (1mg/ml p-phenylenediamine, 90% glycerol, and
100mM Tris pH 8.0). Fluorescent signals were detected using a Del-
taVision deconvolution microscope (GE Healthcare).

Immunofluorescence experiments were repeated at least three times,
and more than 30 mitotic cells were analyzed per condition unless
otherwise noted, with a total of more than 100mitotic cells examined.
Super-resolution images were acquired using Zeiss LSM 880 with
Airyscan running ZEN v. 2.3 (Zeiss). Imaging was conducted using the
405 nm diode laser for DAPI excitation, the 488nm argon laser for
AlexaFluor 488, and the 561 nmDPSS laser for Cy3. Three-dimensional
Airyscan processing was performed using ZEN v2.3 using “Auto” filter
strength setting.

Fluorescence in situ hybridization (FISH) microscopy
FISH probes were prepared using PCR-amplified DNA fragments as
described previously81. Probes for specific genomic loci are indicated
in Fig. 4a and Supplementary Fig. 7a. To detect a specific condensin
domain on chromosome 1 of fission yeast, five pairs of primers were
designed to amplify five 5 kb DNA fragments spanning the target
domain (Supplementary Fig. 7c). PCR products were digested with 5
restriction enzymes (AluI, RsaI, DdeI, HaeIII, and BfuCI) and labeled
with Cy3-dCTP (GE HealthCare) or Cy5-dCTP (GE HealthCare) using a
random primer DNA labeling kit (Takara). A total of 100 ng labeled
probes were suspended in hybridization buffer (50% formamide,
2×SSC, 5×Denhardt’s solution, and 10% dextran).

FISH experiments were performed as previously described82.
Exponentially growing cells (approximately 1 × 108 cells at OD595 = 0.5)
were processed for immunofluorescence with anti-tubulin TAT1 anti-
body as described above. Afterwashingwith PEMBALbuffer, cells were
rinsed three times with PEM buffer and fixed with 3% pFA at room
temperature for 20min. Cells were incubated with 0.25M glycine,
washed twice with PEM buffer, treated with 0.1 N HCl at room tem-
perature for 5min, and washed again with PEM buffer. Cellular RNAs
were digested with 50 µg RNase A (Takara Bio) in PEMBAL buffer at
37 °C for 2 h, followed by a single wash with PEM buffer. FISH probes
were denatured at 75 °C for 15min and mixed with cells, whose
genomic DNA was subsequently denatured at 75 °C for 5min. Hybri-
dization was carried out at 40 °C for 12 h with gentle rotation. After
hybridization, cells were washed three times with 2×SSC at room
temperature for 30min with gentle rotation. DNA was stained with
1μg/mLDAPI in PBS buffer, and cells weremounted on coverslips with
antifade solution. Fluorescent signals were detected using a DeltaVi-
sion deconvolution microscope. FISH experiments were repeated at
least three times, and more than 30 cells per condition were analyzed
unless otherwise noted, with a total of more than 100 cells examined.

ChIP-seq
Fission yeast cells (approximately 5 × 108 cells at OD595 = 0.5) were
fixed with 3% pFA at 26 °C for 30min, washed twice with PBS buffer,
and further crosslinked with 10mM dimethyl adipimidate (Sigma
Aldrich) at room temperature for 45min. After two washes with PBS
buffer, cells were lysed using glass beads and Mini-Beadbeater-16
(BioSpec Products) in ChIP lysis buffer [50mMHEPES pH 7.5, 140mM
NaCl, 1mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1mM
PMSF, and EDTA-free Protease Inhibitor Cocktail (Roche)]. Chromatin
DNA was sheared into 100–500bp fragments using Bioruptor UCD-
200 (Diagenode), and the soluble fraction was collected by cen-
trifugation at 13,000 rpm for 15min. A total of 50μl ChIP lysis buffer
containing 5 µl mouse monoclonal antibody [anti-Pk (BioRad), anti-
Myc (Takara Bio), anti-Flag (Sigma), or anti-RNA polymerase II
C-terminal domain (Abcam)] and 15 µl Dynabeads protein G (Fisher
Scientific) was added to the soluble fraction, and the bead suspension
was incubated at 4 °C for 2 h with gentle rotation. Beads were washed
twice with ChIP lysis buffer, once with ChIP lysis buffer containing
0.65M NaCl, once with washing buffer (10mM Tris pH 8.0, 250mM
LiCl, 0.5% NP-40, 0.5% sodium deoxycholate, and 1mM EDTA), and
once with TE (10mMTris pH 8.0, and 1mM EDTA), each for 5min with
gentle rotation. The protein-DNAmixturewas eluted by incubating the
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beads with TES (10mM Tris pH 8.0, 1mM EDTA, and 1% SDS) at 65 °C
for 30min with vigorous agitation at 1000 rpm using ThermoMixer
(Eppendorf) and subjected to reverse crosslinking at 68 °C overnight
in the presence of 0.5M NaCl. DNA was purified using QIAquick PCR
purification kit (Qiagen). Purified DNA was subjected to library con-
struction using NEBNext Ultra II DNA library prep kit (NEB). Sequen-
cing libraries were amplified by PCR using NEBNext Ultra II Q5 Master
Mix (NEB) and NEBNext Multiplex Oligos for Illumina (NEB) and
sequenced on NextSeq 500, NextSeq 2000, or NovaSeq 6000 (Illu-
mina) to obtain paired-end reads.

ChIP-seq data processing
ChIP-seq data were processed as described previously47,83 with the
following modifications. ChIP-seq reads were aligned to the S. pombe
genome (2018 version) using Bowtie2 (version 2.4.4) in paired-end
mode. Read pairs that were correctly oriented and aligned at the
expected distance were extracted using Samtools (version 1.19) with
the -f 0 × 2 option. BigWigfiles were generated using the bamCoverage
function in deepTools (version 3.5.4). Normalizationwas performed to
an average signal of 1, excluding chromosome III to minimize the
influence of rDNA repeats. For this purpose, the specific options used
were “--ignoreForNormalization III --normalizeUsing RPGC --effective-
GenomeSize 10118937”. ChIP-seq peaks were defined by MACS3 (ver-
sion 3.0.1) with the “bdgpeakcall” subcommand. The option -c 5 or 4, -l
220, -g 300. -c was determined based on the mean value of scores of
each sample and a p-value < 0.1. For the ChIP-seq data shown in Sup-
plementary Fig. 8, Cnd2-FLAG enrichment scores were calculated by
subtracting the read density of the no-tag control from that of the
indicated sample.

In situ Hi-C
Fission yeast cells (approximately 5 × 108 cells at OD595 = 0.5) were
fixed with 3% pFA at 26 °C for 10min and disrupted using glass beads
and Mini-Beadbeater-16 (BioSpec Products) in lysis buffer [50mM
HEPESpH 7.5, 140mMNaCl, 1mMEDTA, 1% Triton X-100, 0.1% sodium
deoxycholate, 0.1mM PMSF, and EDTA-free Protease Inhibitor Cock-
tail (Roche)]. After washing with 1ml PBS solution, cells were further
crosslinked with 3mM disuccinimidyl glutarate (Fisher Scientific) in
2.5ml PBS solution at 30 °C for 40min. Fixed cells were incubated at
62 °C for 7min with 0.1% SDS and subsequently with 1% Triton-X 100.
Permeabilized cells were incubated with 25 units of MboI, HinfI, and
MluCI at 37 °C overnight. The resulting pellet containing restriction
enzyme-digestedDNA fragments was incubatedwith 150μMbiotin-14-
dATP, dCTP, dGTP, and dTTP, and 20 units of Klenow fragment (NEB)
at 37 °C for 45min, followed by proximity ligation using 2500 units of
T4 DNA ligase (NEB) at room temperature for 4 h with gentle rotation.
After ligation, the pellet was treated with proteinase K at 68 °C over-
night in the presence of 0.5M NaCl. DNA was purified by phenol/
chloroform extraction and ethanol precipitation, and sheared into
100–500 bp fragments using Bioruptor UCD-200 (Diagenode). Biotin-
labeled DNA fragments were purified using Dynabeads MyOne Strep-
tavidin T1 (Fisher Scientific). While bound to the beads, sequencing
adapters were ligated using NEBNext Ultra II DNA Library Prep Kit for
Illumina (NEB). Sequencing libraries were amplified by PCR using the
NEBNext Ultra II Q5 Master Mix (NEB) and NEBNext Multiplex Oligos
for Illumina (NEB). Libraries were sequenced onNextSeq 500, NextSeq
2000, or NovaSeq 6000 (Illumina) to obtain paired-end reads.

In situ Hi-C data processing
Data processing was performed using the rfy_hic2 package (https://
github.com/rafysta/rfy_hic2)38, which is available at Zenodo (https://
doi.org/10.5281/zenodo.18264493). In brief, paired-end sequence
reads were individually aligned to the S. pombe genome (2018 version)
using an iterative alignment strategy with Bowtie2 (version 2.4.4).
Redundant paired reads derived from PCR bias, reads aligned to

repetitive sequences, and reads with lowmapping quality (MapQ < 30)
were removed. Read pairs with inward or outward orientations within
10 kb were excluded, as these are likely to represent undigested pro-
ducts or self-ligation artifacts. Using paired reads aligned in the same
orientation, the number of correctHi-C readswith inward and outward
orientations was estimated. The fission yeast genomewas divided into
non-overlapping bins of 5 kb, 10 kb, and 20 kb, and raw contact
matrices were generated by counting the number of read pairs map-
ping to eachbinpair.Hi-C contactmapbiaseswere corrected using the
ICE method, with normalization repeated 30 times84.

Nascent RNA labeling followed by deep sequencing (nascent
RNA-seq)
The nascent RNA detection protocol used in this study was based
on the previously reported precision run-on sequencing (PRO-
seq) method61 with some modifications. A total of 1 × 108 cells
were permeabilized in 0.5% N-Lauroylsarcosine sodium salt (sar-
kosyl; Sigma) on ice for 20min, and a nuclear run-on reaction was
carried out at 30 °C for 5 min in a reaction buffer [20mM Tris pH
7.7, 200mM KCl, 5 mM MgCl2, 1.25 mM dithiothreitol, 0.4 U/µL
SUPERase-In RNase Inhibitor (Fisher), 0.5% sarkosyl, 12.5 µM
biotin-11-CTP (Enzo Life Sciences), 12.5 µM biotin-11-UTP (Bio-
tium), 62.5 µM ATP (Fisher), and 62.5 µM GTP (Fisher)] to label
newly transcribed RNA with biotin. After pulse labeling, cells were
disrupted using Mini-Beadbeater-16 in the presence of AES buffer
[50mM sodium acetate pH 5.5 (Fisher), 10 mM EDTA, and 1% SDS],
neutral Phenol Chloroform Isoamyl alcohol (PCI), and glass beads.
Nucleic acids were purified by additional neutral PCI extraction
followed by ethanol precipitation. RNA was heat-denatured at
65 °C for 1 min and fragmented by treatment with 0.2 N sodium
hydroxide (NaOH; Fisher) on ice for 10min. After neutralization
with 0.5 M Tris pH 6.8, fragmented RNA was purified with RNeasy
Mini Kit (Qiagen), and residual DNA was removed by treatment
with 0.05 U/µL RQ1 RNase-Free DNase (Promega) at 37 °C for
30min, followed by neutral PCI extraction and ethanol pre-
cipitation. Biotinylated RNA was selectively pulled down using
Dynabeads MyOne Streptavidin T1 magnetic beads (Fisher) at
25 °C for 15min, and first- and second-strand cDNA syntheses, end
repair, and adaptor ligation reactions were performed sequen-
tially using NEBNext Ultra II RNA Library Prep Kit for Illumina
(NEB), according to the manufacturer's instructions. Adaptor-
ligated cDNA was amplified using NEBNext Ultra II Q5 Master Mix
and NEBNext Multiplex Oligos for Illumina. PCR-amplified librar-
ies were purified with 0.9 × volume of AMPure XP before
sequencing runs on NextSeq 500 or NextSeq 2000 to generate
paired-end reads.

Nascent RNA-seq analysis
Sequenced reads were aligned to the Schizosaccharomyces pombe
genome (2018 version) using STAR version 2.7.685. Reads assigned to
exons were quantified using RSEM version 1.3.386. Normalization of
read numbers and identification of differentially expressed genes,
comparing cells expressing WT or mutant proteins, as well as cells
expressing WT proteins versus target protein-depleted cells, were
performed using edgeR version 4.0.1687. The dispersion values for
Cnd1 expression (vector, WT, and K658E mutant) and Pmc4 (WT and
depletion) were 0.017 and 0.037, respectively. FDR<0.05 was used as
the threshold to define significantly up- or down-regulated genes.

Pmc4 purification from E. coli
To induceexpression ofGST-mCherry-Pmc4, Escherichia coliBL21 cells
carrying the pGEX6P-mCherry-Pmc4 plasmid were cultured in LB
medium supplemented with 10 µM IPTG (Wako) at 16 °C for 20 h.
Cellular proteinswere extractedwith extractionbuffer (50mMTris pH
8.0, 500mM NaCl, 10mM β-mercaptoethanol, and 10% glycerol), and
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affinity purification was performed using GST-accept resin (Nakarai).
Bound proteins were eluted with glutathione buffer [10mM reduced
glutathione (Wako), 50mM Tris pH 8.0, 500mM NaCl, 10mM β-mer-
captoethanol, and 10% glycerol]. Purified proteins were treated with
precisionprotease at4 °C for 16 h, followedbydesaltingusing aHiTrap
Q HP column (GE Healthcare) and removal of cleaved GST using GST-
accept resin. The buffer was exchanged to LLPS buffer (50mMTris pH
8.0, 100mM NaCl, and 10mM β-mercaptoethanol) using VivaSpin 6
Centrifugal Concentrators (Sartorius). For droplet formation assays,
the purified protein solution was mixed at a 1:1 ratio with PEG3350
buffer (100 µMBis-Tris pH 6.0 containing the indicated concentrations
of PEG3350). Droplet formationwas observed using a Leica STELLARIS
5 confocal microscope equipped with HC PL APO CS2 63×/1.40 OIL
objective lens (Leica). Images were captured and analyzed using
LAS × 4.4.0.24861 software (Leica).

Human cell lines and culture conditions
Plasmids expressing eGFP-CAP-D3-WT or eGFP-CAP-D3-V628E under
the control of the TRE3GS doxycycline-inducible promoter were
transfected into U2OS cells along with pTORA14_AAVS using Lipo-
fectamine LTXReagent (Fisher Scientific). To establish stable cell lines,
transfected cells were cultured in DMEM supplemented with 10% FBS
and 10μg/mL puromycin for 14 days, with the medium replaced every
3 days. For MED4 depletion, 293FT cells were transfected with TRIPZ
plasmids expressing MED4 shRNAs and cultured in DMEM supple-
mented with 10% FBS and 10μg/mL puromycin for 48 h.

DAPI staining with human cells
To observe mitotic chromosomes and micronuclei, U2OS cells stably
expressing eGFP constructs (eGFP-CAP-D3-WT or eGFP-CAP-D3-
V628E) or 293FT cells with or withoutMED4 knockdownwere cultured
on cover glasses. For eGFP-CAP-D3 expression, doxycycline (2 µg/mL)
was added 24 h before fixation. Cells were fixed with 4% pFA in PBS
buffer at 37 °C for 10min, followed by permeabilization with 0.15%
Triton-X in PBS buffer at room temperature for 2min. After washing
with PBS buffer, cells were mounted on glass slides using an Antifade
mounting medium (Vectashield) containing 1μg/mL DAPI. Images
were acquired using a confocal microscope (Olympus, FV1000) with a
60× lens.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The ChIP-seq, Hi-C and nascent RNA-seq data reported in this paper
have been deposited inNCBI’s Gene ExpressionOmnibuswith theGEO
series accession codesGSE270574, GSE270576 andGSE270577. Source
data are provided with this paper.
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