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RNA pol II transcript abundance controls condensin
accumulation at mitotically up-regulated and heat-shock-
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Condensin plays fundamental roles in chromosome dynamics. In this study, we determined
the binding sites of condensin on fission yeast (Schizosaccharomyces pombe) chromosomes at the
level of nucleotide sequences using chromatin immunoprecipitation (ChIP) and ChIP sequenc-
ing (ChIP-seq). We found that condensin binds to RNA polymerase I-, II- and III-transcribed
genes during both mitosis and interphase, and we focused on pol II constitutive and inducible
genes. Accumulation sites for condensin are distinct from those of cohesin and DNA topo-
isomerase II. Using cell cycle stage and heat-shock-inducible genes, we show that pol II-medi-
ated transcripts cause condensin accumulation. First, condensin’s enrichment on mitotically
activated genes was abolished by deleting the sep1” gene that encodes an M-phase-specific
forkhead transcription factor. Second, by raising the temperature, condensin accumulation
was rapidly induced at heat-shock protein genes in interphase and even during mid-mitosis. In
interphase, condensin accumulates preferentially during the postreplicative phase. Pol II-medi-
ated transcription was neither repressed nor activated by condensin, as levels of transcripts per
se did not change when mutant condensin failed to associate with chromosomal DNA. How-
ever, massive chromosome missegregation occurred, suggesting that abundant pol II tran-
scription may require active condensin before proper chromosome segregation.

Introduction smcl-1 caused an increased rate of minichromosome
nondisjunction (Strunnikov ef al. 1993). SMC2/
Cut14 and SMC4/Cut3 were identified as condensin
SMC subunits in fission yeast, Schizosaccharomyces pom-
be, by analyzing temperature-sensitive mutants defec-
tive in mitotic chromosome condensation, as well as
segregation (Saka et al. 1994). Budding yeast SMC2
and SMC4 were also identified as condensin subunits
(Strunnikov et al. 1995), whereas SMC1 and SMC3
are cohesin subunits (Michaelis ef al. 1997). Second
only to DNA topoisomerase II, vertebrate condensin
subunit ScIl/SMC2 was found to be the most abun-
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In eukaryotic cells, condensin, a principal regulator of
chromosomal dynamics, consists of heteropentameric
subunits containing two structural maintenance of
chromosomes (SMC) subunits and three non-SMC
subunits (Koshland & Strunnikov 1996; Hudson et al.
2009; Yanagida 2009; Wood et al. 2010; Cuylen &
Haering 2011; Hirano 2012). SMC was initially iden-
tified in budding yeast as SMCI1, as its mutation
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In budding and fission yeast, condensin II has not yet
been identified, suggesting that only condensin I is
actually present.

In S. pombe, mitotic chromosome condensation in
this eukaryotic microbe is visible with light micros-
copy; hence, mutants defective in condensation can
be screened. Two mutants, cut3-477 and cut14-208,
which show severe defects in mitotic chromosome
arm compaction, were isolated, and gene cloning
indicated that the gene products, Cut3 and Cutl4,
belong to SMC family proteins (Saka et al. 1994).
Three non-SMC condensin subunits (Cnd2/Barren
and HEAT repeat-containing Cndl and Cnd3) are
bound to the ATPase-containing globular domains of
the SMC heterodimer (Sutani ef al. 1999; Yoshimura
et al. 2002). Heteropentameric holocondensin and
SMC2/4 dimers possess DNA reannealing activity
that promotes conversion from complementary sin-
gle-stranded DNA (ssDNA) to double-stranded DNA
(dsDNA), but this activity is not found in cohesin,
suggesting that DNA reannealing is required for con-
densin function (Sutani & Yanagida 1997; Sakai ef al.
2003).

In S. pombe, condensin disperses to both the
nucleus and the cytoplasm during interphase, but
moves to the nucleus upon entry into mitosis. The
N-terminal T19 residue of the SMC4/Cut3 subunit
is phosphorylated by Cdc2 (Sutani et al. 1999). Then,
the condensin holocomplex is transferred into the
nucleus by Cutl5, one of two importin-o proteins
(Matsusaka et al. 1998). Condensin binding at mitotic
chromosomes requires not only its nuclear entry, but
also phosphorylation of non-SMC subunit Cnd2/Bar-
ren by Aurora B-like kinase Arkl (Nakazawa et al.
2011; Tada et al. 2011). Phosphorylation of the Cnd2
subunit promotes physical interaction between con-
densin and histone H2A (Tada et al. 2011). Conden-
sin phosphorylated by Arkl is continuously required
for chromosome segregation throughout mitosis, as is
DNA topoisomerase II (Top2) (Nakazawa et al.
2011).

Genomewide ChIP (Chromatin immunoprecipita-
tion)-chip analyses that employ microarrays for
detecting DNA fragments bound to condensin have
been previously carried out in budding yeast (Wang
et al. 2005; D’Ambrosio et al. 2008). These analyses
showed that condensin associates with pericentromer-
ic DNA, subtelomeres, RNA polymerase I (pol I)-
transcribed ribosomal DNA (rDNA) repeats, RNA
polymerase III (pol III)-transcribed tRINA genes, and
other genes bound by the pol III transcription
machinery TFIIIC. In S. pombe, condensin accumu-
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lates at centromeres and pol I-transcribed rDNAs,
depending upon the presence of several kinetochore-
and rDNA-associating proteins (Nakazawa et al.
2008). S. pombe condensin also associates with pol
[II-transcribed genes and retrotransposons, and medi-
ates their clustering at centromeres (D’Ambrosio ef al.
2008; TIwasaki et al. 2010; Tanaka et al. 2012). In
contrast, condensin association with pol II-transcribed
genes is not well understood in either budding or
fission yeast. Recently, ChIP coupled with high-
throughput DNA sequencing (ChIP-seq) and chro-
matin affinity purification sequencing (ChAP-seq)
showed that chicken condensin I, worm condensins,
and mouse condensin II bind predominantly to pro-
moter or regulatory sequences of actively transcribed
loci (Dowen et al. 2013; Kim et al. 2013; Kranz et al.
2013). Association sites of condensin thus appear to
be closely correlated with transcriptional activation.
However, it has not been clearly shown that tran-
scriptional activation actually promotes condensin
association at loci.

ChlIP-seq allows the identification of binding sites
of chromosome-interacting proteins with high resolu-
tion, compared to ChIP-chip followed by microarray
analysis (Schmidt ef al. 2009b). To determine conden-
sin-enriched sites along S. pombe’s three chromosomes,
we carried out ChIP-seq analysis of FLAG-tagged
Cut14/SMC2 protein in both mitotically arrested and
asynchronously cultured cells. We present evidence
that condensin accumulates at transcription  sites
with abundant RNA pol II, during mitosis and inter-
phase, and we show that condensin-binding sites are
distinct from those for cohesin Rad21 and DNA
topoisomerase II (Top2). Furthermore, we examined
condensin association at two types of inducible genes,
Sepl-dependent mitotically up-regulated genes and
heat-shock protein (Hsp) genes. ChIP-quantitative
PCR (qPCR) assays at these inducible genes show
that pol Il-mediated transcripts cause condensin
accumulation in postreplicative G2 phase and even in
mid-mitosis.

Results

ChIP-seq analysis of Cut14/SMC2 showed
condensin accumulation at RNA polymerase II
transcription sites

For chromatin immunoprecipitation (ChIP) of con-
densin  SMC2 subunit Cutl4, we employed an
S. pombe strain designated as Cut14-FLAG, which
contains a chromosomally integrated FLAG-tagged
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ct14" gene under the native promoter (Nakazawa
et al. 2008). Holocondensin was obtained by immu-
noprecipitation of Cutl4-FLAG proteins using
anti-FLAG antibody (Nakazawa et al. 2011). To
determine the relative degree of condensin association
with mitotic and interphase chromosomes, ChIP-seq
analysis that combines ChIP with whole-genome
sequencing was carried out according to published
procedures (Schmidt et al. 2009b) for the S. pombe
genome (consisting of three chromosomes). Cross-
linked and sonicated chromatin was prepared from
two cell extracts: wild-type (WT) asynchronously
grown culture (70-80% of cells are in interphase) and
B-tubulin cold-sensitive (cs) mutant nda3-KM311,
synchronously mitotically arrested at a restrictive tem-
perature (20 °C) (Hiraoka et al. 1984). DNA samples
coprecipitated with anti-FLAG antibody were pre-
pared along with input DNA (whole cell extract
[WCE] DNA). Then, both DNA samples were
sequenced using an Illumina GA IIx (Experimental
procedures).

High enrichment of Cutl4-FLAG was obtained
for a number of chromosomal DNA sites at three
chromosomes in mitosis (nda3, orange) and asynchro-
nous (WT, blue) cells (Fig. 1). Scores of condensin-
enriched peaks were generally higher in nda3 samples
than in WT samples. Enrichment scores for centro-
meres (cenl, cen2, cen3) were also high in mitosis.
Most Cutl4-enriched sites coincided with loci
actively transcribed by pol II and pol I- or pol III-
transcribed RNA genes. Some representative pol II-
transcribed genes (see also Tables 1 and 2, explained
below) and prominent RNA genes were marked (tR,
tRINA; 5S, 58 rRNA; ncR, noncoding RNA; snoR-
NA, small nucleolar RNA; cenl, cen2 and cen3,
centromeric DNA; rDNA, ribosomal DNA). The
S. pombe genome has ~150 repeats of 10.4-kb rDNA
units clustered at both ends of chromosome 3 (Schaak
et al. 1982; Toda et al. 1984). Only 2 and 1 rDNA
repeats were represented on the left and right ends of
chromosome 3, respectively (Fig. 1). These results
suggest that condensin accumulates heavily at pol II-
transcribed genes, in addition to previously reported
condensin association sites (centromeric DNAs, pol I-
transcribed tDNA repeats, pol Ill-transcribed tRINA
and 5S rRINA genes; D’Ambrosio et al. 2008; Nakaz-
awa et al. 2008; Iwasaki et al. 2010). We validated
condensin enrichment at pol II-transcribed genes
using ChIP followed by quantitative, real-time PCR
(ChIP-qPCR) (Fig. S1 in Supporting Information).
FLAG-tagged non-SMC subunit, Cndl, also accu-
mulates at pol Il-transcribed genes to about the same
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extent as Cutl4, suggesting that condensin holocom-
plex binds to these loci. Our ChIP-seq results for pol
II-transcribed genes are in good agreement with those
obtained by Drs. Takashi Sutani and Katsuhiko Shi-
rahige (University of Tokyo, personal communica-
tion).

For comparison, we conducted genomewide
ChIP-seq analyses for cohesin and DNA topoisomer-
ase II (Top2), using FLAG-tagged Rad21 (cohesin
non-SMC subunit; Fig. S2A in Supporting Informa-
tion) and Top2 (Fig. S3A in Supporting Information).
Mitotic enrichment of Rad21- and Top2-FLAG was
commonly found at centromeres and some RNA
genes, but was considerably different from that of
condensin Cutl14-FLAG. Rad21 was significantly
enriched at subtelomeric regions at both ends of
chromosomes 1 and 2. Unlike Cutl4, Rad21 and
Top2 accumulated at some intergenic regions (Figs
S2B and S3B Supporting Information, enlarged
ChIP-seq profiles of Figs S2A and S3A in Supporting
Information, respectively). Accumulation of cohesin
and Top2 at these sites is consistent with ChIP-chip
data previously reported in fission yeast (Schmidt
et al. 2009a; Durand-Dubief ef al. 2010; Norman-
Axelsson et al. 2013).

Condensin is enriched at mitotically up-regulated
genes

In S. pombe, groups of genes, so-called clusters 1-4
(designated C1-C4, hereafter), which oscillate trans-
criptionally during the cell division cycle, peaked
even in mitosis (Rustici ef al. 2004). C1 and C2
genes, respectively, were periodically expressed in M
and M-G1 phases. ChIP-seq of Cutl4-FLAG
showed that condensin was enriched at many Cl1
and C2 genes during mitosis. Tables 1 and 2 present
the 50 most condensin-enriched protein-coding
genes in nda3-arrested mitotic and asynchronous
(mostly interphase) wild-type cells, respectively.
Among the top 15 genes in mitotic cells, eight
belonged to clusters C1 and C2 or their neighbors
(Table 1, orange colored). Considering that only
~3% of all protein-coding genes are assigned to Cl1
or C2 in the S. pombe genome (165 of ~5000 genes),
Cutl4 enrichment at these genes is quite significant.
Figure 2A shows the enlarged ChIP-seq profiles from
Fig. 1 around ~10-kb regions containing C1 genes,
ecm33" and gas1*, encoding cell wall materials. Con-
densin Cutl4 was more abundant at these C1 genes
in mitosis than in asynchronous cells. Cutl4 appeared
to bind preferentially to the 3’-ends of these genes.
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Figure 1 ChIP-seq analysis of condensin Cut14/SMC2 throughout the whole Schizosaccharomyces pombe genome in mitotic and
asynchronous cells. FLAG-tagged S. pombe condensin subunit SMC2 (Cut14-FLAG) enrichment profiles along S. pombe chromo-
somes 1, 2, and 3 were determined using ChIP-seq. Specimens were obtained from mitotically arrested, cold-sensitive (cs) beta-
tubulin mutant nda3-KM311 at the restrictive temperature 20 °C for 8 h (Mitosis, shown in orange) and asynchronously grown
wild type (WT) at 20 °C (shown in blue). Ratios of precipitated DNA (IP) to input DNA are shown as the enrichment score of
Cutl14-FLAG-bound DNA. Representative genes are marked: cen, centromere; tR, tRNA gene; 5S, 55 rRNA gene; ncR, non-
coding RNA gene; snoRNA, small nucleolar RNA; rDNA, ribosomal DNA repeats. Only 2 and 1 rDNA repeats are shown on
the left and right ends of chromosome 3, respectively, because of its repetitive sequences (see text). Condensin binds to various
pol II-transcribed protein-coding genes, as well as to pol I- or ITI-transcribed RNA genes and centromeric regions.
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Table 1 The top 50 protein-coding genes associated with condensin (Cut14) in mitotically arrested cells

Cutl4

Rank* ORF name Gene name Chr. Feature enrichment (log)t
1 SPACA4F10.22 cmce4 1 3'-Neighbor of gasl 4.24
2 SPAC343.12 rds1 1 Cluster 4 3.78
3 SPBC1105.05 exgl 2 Cluster 2 3.57
4 SPBC839.15¢ efla-c 2 3.47
5 SPAC27E2.13 1 Overlapped with prl53§ 3.31
6 SPCC1322.10 pwpl 3 cluster 2 3.31
7 SPCC794.09¢ efla-a 3 3.29
8 SPAC343.21 1 5'-neighbor of rdsl 3.29
9 SPAC23A1.10 efla-b/tef102 1 3.25
10 SPAC1F7.05 cdc22 1 Cluster 2 3.24
11 SPAC821.08¢ slpl 1 Cluster 1 3.22
12 SPAC19B12.02¢ gasl 1 Cluster 1 3.08
13 SPCC736.15 pill 3 2.96
14 SPAC1705.03¢ ecm33 1 Cluster 1 2.94
15 SPAC1705.02 1 3'-Neighbor of ecm33 2.93
16 SPBC19C7.04c¢ 2 Cluster 3 2.91
17 SPAC27E2.11c 1 Overlapped with prl53} 291
18 SPAC227.13¢ isul 1 2.80
19 SPACS821.10c sod1 1 2.71
20 SPBC354.12 gpd3 2 2.67
21 SPBC1ES8.05 2 2.67
22 SPBC19C2.07 fbal 2 2.66
23 SPBC530.10¢ ancl 2 2.63
24 SPAC1002.13¢ psul 1 Cluster 4 2.50
25 SPBC32F12.11 tdh1 2 2.45
26 SPCC576.03¢ tpx1 3 2.42
27 SPBC14F5.04¢ pgkl 2 2.42
28 SPCC16C4.13¢ rpl1201 3 2.40
29 SPBC31A8.02 2 Pseudogene 2.37
30 SPCC622.09 htb1 3 Cluster 3 2.36
31 SPCC622.08¢ htal 3 Cluster 3 2.36
32 SPAC1071.10¢ pmal 1 2.36
33 SPCC1795.11 sum3 3 2.32
34 SPCC31H12.04¢ pl1202 3 2.31
35 SPBC12D12.01 sad1 2 Cluster 1 2.31
36 SPBPB7ES.01 2 Cluster 4 2.27
37 SPCC1739.13 ssa2 3 2.26
38 SPCC24B10.21 tpil 3 2.25
39 SPAC9.09 met26 1 2.24
40 SPCC1672.02¢ sapl 3 Cluster 3 2.24
41 SPBC1815.01 enol101 2 2.23
42 SPBC215.05 gpdl 2 2.23
43 SPAC4A8.04 isp6 1 2.23
44 SPBC14F5.05¢ sam1 2 2.17
45 SPAC19G12.16¢ adg2 1 cluster 2 2.16
46 SPAC4H3.10c pykl 1 2.14
47 SPCC1281.06¢ 3 Acyl-coA desaturase 2.12
48 SPBC800.09 sum?2 2 2.12
49 SPAC4F10.14c btf3 1 2.12

© 2015 The Authors.
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Table 1 (continued)

Cutl4

Rank* ORF name Gene name Chr. Feature enrichment (log)t
50 SPAC9E9.09¢ atd1 2.12
Average of total genes in S. pombe —0.59

Chr., chromosome at which each gene locates.

*Mitotically-activated cluster 1 and 2 genes (Rustici et al. 2004), or its neighbor genes were colored in orange. Common genes
detected in mitotic and asynchronous cells were colored in blue (except for cme4, pwpl, and slpl genes).
tNormalized enrichment ratio (log2) of Cutl4. Precipitated DNA to input DNA (WCE, Whole Cell Extract) was calculated by

total read number in each ORF.
iprl53 is non-coding RNA gene.

These results suggest that condensin preferentially
binds to mitotically activated genes. Rad21 and
Top2 were much less abundant at these genes,
regardless of cell cycle stage.

Condensin associates with genes that are actively
being transcribed

Twenty-six ~ condensin-enriched,  protein-coding
genes are shared between mitotic and asynchronous
cells (Tables 1 and 2, blue colored). These common
genes include a large number of constitutively acti-
vated housekeeping genes, encoding translation elon-
gation factors (efla-a, efla-b”, and efla-c"), enzymes
for glycolysis or glycerol biosynthesis (gpd1", gpd3",
jba1+, tdh 1", pgk1+, and en0101+), and histones
(htat™ and htb1"). To determine pol II occupancy at
condensin-enriched,  protein-coding  genes, we
retrieved previously published ChIP-seq data for pol
II association in asynchronous cultured cells (Carlsten
et al. 2012). The pol II enrichment ratio of precipi-
tated DNA to input DNA is given in Table 2, along
with Cutl4 enrichment. Among the top 50 Cutl4-
enriched genes in asynchronous cells, 44 show 2x
and 28 genes show 4x pol Il enrichment compared
to the average for all pol II-transcribed genes. Hence,
condensin-enriched genes in asynchronous cells were
highly occupied by pol II. As more than half of the
top 50 condensin-enriched genes are common to
both mitotic and asynchronous cells (Tables 1 and 2),
condensin appears to associate with genes constitu-
tively expressing abundant transcripts. Figure 2B
shows an example of Cutl4 enrichment at constitu-
tively activated genes, effa-a” and efla-b" that encode
translation elongation factors. Rad21 association was
not prominent, but Top2 was relatively abundant at
the constitutive efla-a" and efla-b" loci.

Genes to Cells (2015) 20, 481-499

Sepl-dependent accumulation of condensin at
mitotically up-regulated genes

A forkhead transcription factor, Sepl, is essential for
M-phase-specific transcription in fission yeast (Buck
et al. 2004; Rustici ef al. 2004). Using reverse tran-
scription-PCR. (RT-PCR), we confirmed that the
deletion of sep1 gene abolishes mitotic transcription
of C1 (eem33", gas1”, and slp1™) and C2 (exgl™)
genes in mitotically arrested nda3 mutant cells
(Fig. 3A). Mitotic expression of these four genes was
not significantly affected in a deletion mutant of the
atfl gene encoding the other transcription factor
(Takeda et al. 1995). To examine whether condensin
enrichment at mitotically activated genes depends on
their transcripts, ChIP-qPCR assay was carried out
using DNA probes corresponding to four C1 and C2
genes (Fig. 3B). Cutl4-FLAG proteins were immu-
noprecipitated with anti-FLAG antibodies in nda3
mitotic cells. Then, coprecipitated and WCE DNAs
were amplified with real-time qPCR. The levels of
precipitated DNAs were drastically diminished in
Asepl mutant extracts, but not in Aatfl, showing
their dependency on Sepl. In contrast, condensin
enrichment at centromere DNA (Cen) did not
decrease in Asepl, suggesting that centromeric accu-
mulation of condensin does not depend upon Sep1.

Condensin accumulates at inducible heat-shock
protein (Hsp) genes following a temperature-shift

We then examined whether condensin was mobilized
to transcriptionally inducible genes. To this end, we
carried out ChIP-seq of Cutl4-FLAG in asynchro-
nously cultured wild-type cells at 20 °C and cells that
were heat-shocked for 9 min with a temperature-shift

(T-shift) to 36 °C. ChlIP-seq of Rad21 and Top2

© 2015 The Authors.
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Table 2 The top 50 protein-coding genes associated with condensin (Cut14) in asynchronously dividing cells

Cutl4 Pol 11

Rank* ORF name Gene name Chr. Feature enrichment (log)f enrichment (log)}
1 SPCC417.15 3 Overlapped with prl32§ 3.25 2.75
2 SPAC343.12 rds1 1 Cluster 4 2.86 2.57
3 SPCC1322.10 pwpl 3 Cluster 2 2.74 2.16
4 SPBC19C2.07 fbal 2 2.68 2.68
5 SPAC4F10.22 cmc4 1 3'-neighbor of gasl 2.65 1.07
6 SPBC32F12.11 tdh1 2 2.63 2.81
7 SPBC839.15¢ efla-c 2 2.56 2.06
8 SPAC23A1.10 efla-b/tef102 1 2.50 1.69
9 SPAC27E2.11¢ 1 Overlapped with prl53§ 2.45 2.17
10 SPCC794.09¢ efla-a 3 2.43 1.93
11 SPBC1815.01 enol01 2 2.35 2.71
12 SPAC1F12.03¢ 1 2.28 —0.48
13 SPBC14F5.04¢ pgkl 2 2.26 2.70
14 SPCC736.15 pill 3 2.23 2.53
15 SPCC1739.13 ssa2 3 2.19 2.97
16 SPBPB7ES.01 2 Cluster 4 2.17 2.53
17 SPCC622.09 htb1 3 Cluster 3 2.15 1.83
18 SPCC31H12.04¢ pl1202 3 2.14 2.63
19 SPAC14C4.09 agnl 1 Cluster 2 2.13 0.83
20 SPBC16A3.08¢ ogal 2 2.08 1.25
21 SPACS821.08¢ slpl 1 Cluster 1 2.08 0.10
22 SPBC354.12 gpd3 2 2.05 2.56
23 SPBC1685.13 thn1 2 2.05 2.85
24 SPCC16C4.13¢ rpl1201 3 2.04 0.68
25 SPCC13B11.01 adhl 3 2.03 2.63
26 SPCC622.08c htal 3 Cluster 3 2.03 1.87
27 SPBC16G5.14c ps3 2 2.00 1.51
28 SPBC32H8.15 2 1.98 —0.04
29 SPAC1834.04 hhtl 1 Cluster 3 1.97 1.45
30 SPAC1F8.07¢ 1 Pyruvate decarboxylase 1.97 2.44
31 SPCC1281.06¢ 3 Acyl-coA desaturase 1.93 2.77
32 SPCC330.06¢ pmp20 3 1.93 2.41
33 SPBC3E7.12¢ cth4 2 Cluster 2 1.91 1.53
34 SPAPBSE5.06¢ rpl302 1 1.91 1.20
35 SPAC1002.13¢ psul 1 Cluster 4 1.90 2.07
36 SPAC343.20 2 Cluster 2 1.89 1.94
37 SPBC30B4.09 2 1.88 2.79
38 SPBC215.05 gpdl 2 1.88 2.66
39 SPAC26F1.06 gpm1 1 1.88 2.64
40 SPAC9.09 met26 1 1.88 2.26
41 SPCC576.08¢ rps2 3 1.88 1.83
42 SPAPJ]760.03¢ adgl 1 Cluster 2 1.87 1.45
43 SPBC8D2.04 hht2 2 Cluster 3 1.86 1.61
44 SPBC1ES8.05 2 1.85 2.56
45 SPAC227.13¢ isul 1 1.85 0.20
46 SPAC4H3.10c pykl 1 1.84 2.43
47 SPBC3D6.16 2 1.84 2.26
48 SPAC1834.03¢ hhfl 1 Cluster 3 1.83 3.07
49 SPACS821.10¢ sodl 1 1.81 1.45
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Table 2 (continued)

Cutl4 Pol II

Rank* ORF name Gene name Chr. Feature enrichment (log)t enrichment (log)f
50 SPCC576.03¢ tpx1 3 1.81 1.24
Average of total genes in S. pombe —0.60 —0.27

Chr., chromosome at which each gene locates.

*Mitotically-activated cluster 1 and 2 genes (Rustici et al. 2004), or its neighbor genes were colored in orange. Common genes

detected in mitotic and asynchronous cells were colored in blue (except for cmc4, pwpl, and slp1 genes).
tNormalized enrichment ratio (log2) of Cutl4. Precipitated DNA to input DNA (WCE, Whole Cell Extract) was calculated by

total read number in each ORF.

Normalized enrichment ratio (log2) of RNA polymerase II (Pol II). ChIP-seq data for Pol II association in asynchronous cultured

cells was retrieved from Carlsten et al. 2012.
§prl32 and prl53 are non-coding RNA genes.

was also carried out under the same conditions. Five
heat-shock protein (Hsp) genes, ssal®, hsp90",
hsp16", hsp9", and SPBC16D10.08c/hsp104", and
the SPBC660.16 gene can be readily induced after a
T-shift to 36 °C in asynchronously cultured cells
(Chen et al. 2003). Condensin Cutl4 association
greatly increased at coding and adjacent regions of
the six genes 9 min after the T-shift from 20 °C
(Fig. 4). Except for hsp9", condensin accumulation
appeared to be enhanced in the 3'-region. Association
of Top2, but not Rad21, also increased at coding
regions after the T-shift. Thus, condensin and Top2,
but not Rad21, showed strong affinity for transcrip-
tion-induced Hsp genes.

Hsp genes in postreplicative cells preferentially
associate with condensin

To compare the levels of condensin association with
Hsp genes between pre- and postreplicative DNA
states, ChIP-qPCR assays were carried out in two
moderately synchronous cultivations. First, nitrogen-
starved G1 cells from Cut14-FLAG and no-tag strains
were shifted to complete medium at 20 °C (Fig. 5A).
FACS analysis showed that entry into S phase
occurred 810 h after the shift. At 4 h (G1) and 12 h
(G2) in complete medium, cells were shifted to
36 °C for 9 min to activate Hsp genes. ChIP-qPCR
assay showed that Cut14-FLAG was precipitated with
ssal” and hsp90" genes in G2, whereas precipitated
DNA in G1 phase was two- or threefold less, like
that in nontagged strains (Fig. 5B). Second, by using
the hydroxyurea (HU) block and release technique,
cells were synchronously cultured in S and G2 phase
and then shifted to 36 °C for 9 min (Fig. 5C).

Genes to Cells (2015) 20, 481-499

Hydroxyurea is a DNA replication inhibitor that
allows cells to arrest reversibly at S phase. Cutl14 asso-
ciated with ssa1” and hsp90" genes during G2, but
the association was comparable to the no-tag control
during S phase (Fig. 5D). In both nitrogen starvation
and HU block experiments, accumulations of Cutl4
tended to be enhanced in the 3'-region of Hsp genes.
These results strongly suggested that condensin binds
primarily to postreplicative DNA, at least for heat-
shock ssal™ and hsp90" genes induced during inter-
phase.

Condensin accumulates at Hsp genes even in mid-
mitosis, whereas mutant condensin fails to
accumulate, resulting in a chromosome
segregation defect

To examine whether condensin associates with trans-
criptionally induced Hsp genes even during mid-
mitosis if cells were exposed to high temperature
(36 °C), we carried out ChIP-qPCR analysis of
Cutl4 using nda3 block (at 20 °C) and release (to
36 °C, as nda3 mutant is cs, cold-sensitive) experi-
ments (Hiraoka et al. 1984; Nakazawa et al. 2011) as
follows. We used the c¢s nda3 mutant strain expressing
Cutl4 wild-type protein (Cutl4 WT) or Cut14-208
TS mutant protein (Cutl4 TS) tagged with FLAG
(Fig. 6A). Cut14-208 TS mutant protein, which con-
tains the mutation S861P (Sutani & Yanagida 1997)
in the coiled-coil region, remains functional at per-
missive temperatures (26—30 °C), but is quickly inac-
tivated at the restrictive temperature (36 °C). Both
nda3 Cutl4 WT and nda3 Cutl4 TS strains were first
arrested in prometaphase-like stage at 20 °C for 8 h
and then shifted to 36 °C. This T-shift enables rapid
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Figure 2 Condensin enriched at mitotically up-regulated genes and constitutively expressed genes. (A, B) Condensin enrichment
at mitotically up-regulated ecm33" and gas1” genes (A), and constitutively expressed effa-a” and effa-b” genes (B) in mitosis
(orange) and asynchronous culture (blue). These are obtained as enlarged profiles from Fig. 1 around ~10-kb regions of ecm33”,
gas1', efla-a”, and efla-b" genes. Rad21- and Top2-FLAG profiles are also presented for comparison (enlarged profiles of Figs
S2A and S3A in Supporting Information). Profiles are presented as in Fig. 1.

induction of Hsp gene expression during mitosis, and
simultaneously releases arrested cells to anaphase
(Nakazawa et al. 2011). Importantly, the T-shift also
immediately inactivates Cut14-208 TS mutant pro-
tein. After 15 min (corresponding to late anaphase or
telophase), with DAPI (4,6-diamino-2-phenylindole)
staining, the Cutl4 TS strain displayed highly
streaked or extended chromosomal DINA, whereas
normal segregation was observed for the Cutl4 WT
cells (Fig 6B, C, right) (Nakazawa et al. 2011).

We measured the levels of precipitated DNA at
Hsp genes, ssal” and hsp90", by Cutl4 ChIP-qPCR

© 2015 The Authors.

in nda3 block and release experiments (Fig. 6C). At
0 min (20 °C) in prometaphase-like cells, neither
Cut14-FLAG nor Cut14-208 TS-FLAG coprecipitat-
ed with ssa1™ and hsp90+ DNAs, because of nonin-
duction of Hsp genes. Contrarily, both Cutl4- and
Cutl4 TS-FLAG were abundantly bound to inner
centromere cnt3 DNAs at permissive temperatures
for the cut14-208 ts mutant. Then, by shifting cells to
36 °C for 3 min, mutant nda3” B-tubulin immedi-
ately became functional and rapidly produced the
spindle, and the cells entered the metaphase. At
3 min, both wild-type Cutl4-FLAG and mutant
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Figure 3 Loss of mitotically activated transcription in the Asep! mutant results in diminished association of condensin. (A) Expres-
sion of mitotically activated genes was greatly reduced in the Asep! mutant (Buck et al. 2004), but not in Aatf1. Transcript levels
of four mitotically up-regulated ecn33”, gas1”, slp1”*, and exgl® genes were determined in mitotically arrested nda3 single, nda3
Asepl, and nda3 Aatfl double mutant cells by quantitative reverse transcription (RT)-PCR. Total extracted RINA was reverse-
transcribed to cDNA, and resulting cDNA levels were quantified with error bars showing the standard deviation (n = 3). Relative
RNA levels are shown as the ratio between the target gene and act1’ gene. (B) Enrichment of condensin Cut14-FLAG at ecm33",
gas1”, slp1”, and exg1™ genes. Cells were grown as shown in (A). ChIP-qPCR analysis of Cut14-FLAG was carried out in the
nda3 single, nda3 Asep1, and nda3 Aatf1 (control) double mutant background along with a no-tag strain. PCR primers at 6 regions
(ecm33+, ga51+, slp1+, exg1+, act1”, and centromeric loci) were used. Relative enrichment was calculated as the ratio of IP to
WCE with error bars showing standard deviations (n = 3). Condensin enrichment at these four mitotically transcribed genes
requires the presence of Sepl.

Cut14-208 TS-FLAG could associate with the 3'- We then examined whether the rapid induction of

UTR of Hsp genes. At 9 min (early anaphase) and
15 min (late anaphase or telophase), WT Cutl4-
FLAG association increased and accumulated inten-
sely around the 3'-UTR regions, whereas mutant
Cutl4 TS protein association did not increase. The
timing of Cutl4-FLAG accumulation measured by
ChIP-qPCR correlates well with that of Hsp gene
activation (see below). Association of both WT
Cutl4 and Cutl4-208 TS proteins was diminished
after 30 min in G1/S phase. Taken together, these
results indicate that only functional condensin rapidly
accumulated at Hsp genes upon a T-shift.

Genes to Cells (2015) 20, 481-499

Hsp gene transcription was aftected by inactivation of
condensin. To this end, the levels of ssal™ and
hsp90" transcripts were measured by RT-PCR in
nda3 block and release experiments. At 30 min after
T-shift (20-36 °C), ssal” and hsp90" transcripts
increased approximately 15- and 5-fold (compared to
0 min), respectively, in both WT Cutl4- and mutant
Cut14-208 TS protein-expressing nda3  strains
(Fig. 6D). These results suggest that transcription of
Hsp genes was neither repressed nor activated by
condensin. The failure to accumulate Cut14-208 TS
mutant protein at Hsp loci did not greatly affect
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Figure 4 Condensin association at heat-shock protein (Hsp) genes following a temperature-shift. ChIP-seq profiles of Cutl4-,
Rad21-, and Top2-FLAG are shown at five heat-shock protein (Hsp) genes (ssal”, hsp90", hsp16", hsp9", and SPBC16D10.08¢/
hsp104™) and SPBC660.16 genes. Wild-type strains expressing FLAG-tagged proteins were cultured asynchronously at 20 °C
(blue) and shifted to 36 °C for 9 min (orange, T-shift) in order to activate Hsp gene transcription. Although SPBC660.16 encodes
phosphogluconate dehydrogenase, its transcription is reported to be strikingly up-regulated following a temperature-shift to 36 °C
(Chen et al. 2003). Quantified profiles were obtained as described in the legend of Fig. 1. Condensin and Top2, but not Rad21,

are rapidly mobilized to transcriptionally inducible Hsp genes.

transcriptional activation of the genes after T-shift.
Instead, condensin mutant cells produced a severe
defect in chromosome segregation shortly after the
initiation of mitosis (Fig. 6B,C, right).

Discussion

In this study, using genomewide ChIP-seq analysis,
we identified representative RINNA pol II-transcribed
genes as condensin-binding sites in both mitosis and
interphase. Using ChIP experiments at two types of
regulatable genes, we present evidence that pol II-
mediated transcripts cause condensin accumulation at
genes. Condensin accumulated at induced Hsp genes
in interphase and even in mid-mitosis. In two syn-
chronous cultivations, we showed that condensin
preferentially binds to postreplicative rather than to
prereplicative  DNA. These findings establish that

© 2015 The Authors.

abundant pol II transcripts form condensin-binding
sites on fission yeast chromosomes during mitosis and
postreplicative interphase.

Our ChIP-seq results with the SMC2/Cut14 sub-
unit confirmed the association of S. pombe condensin
at centromeric DNA, pol I-transcribed rDNA repeats,
and pol Ill-transcribed tRNA and 5S rRINA genes
(D’Ambrosio et al. 2008; Nakazawa et al. 2008; ITwa-
saki et al. 2010). We found that condensin also associ-
ates with pol Il-enriched active genes on both
interphase and mitotic chromosomes, suggesting that
all three RINA polymerases facilitate condensin
enrichment. These results raise the possibility that
chromosomal loci with abundant polymerases and/or
transcribed RINA may form condensin-bound sites.
Genomewide analyses showed that condensin I in
chicken DT40 cells and worm condensins I and 1I
bind predominantly to promoter or regulatory
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Figure 5 Condensin preferentially associates with Hsp genes in postreplicative cells. (A) (top) Cells expressing FLAG-tagged or
nontagged Cutl4 were first arrested at the prereplicative GO phase in nitrogen-deficient medium (EMM2-N) at 26 °C for 24 h,
and shifted to a nitrogen-replenished medium (YPD) at 20 °C for 4 h or 12 h (Sajiki et al. 2009). Cells were briefly incubated at
36 °C for 9 min to activate Hsp genes and harvested for ChIP. (bottom) FACS analysis in the Cut14-FLAG strain showed S phase
occurring at 8-10 h. Hence, cells taken at 4 and 12 h, respectively, were derived from prereplicative G1 and postreplicative G2
phases. (B) ChIP-qPCR analysis of Cut14-FLAG was carried out in G1 and G2 cells along with nontagged controls. Positions of
PCR primers (horizontal lines with numbers) in the ssa1” and hsp90" genes are indicated. 5'- and 3'-UTRs are shown as gray
boxes. Relative enrichment was obtained as described above (Fig. 3B). (C) Cut14-FLAG and nontagged control cells were arrested
in S phase at 20 °C for 8 h with 12 mM hydroxyurea (HU) and then released from the arrest upon washout of HU. At 0 h (S
phase) and 3 h after release (G2 phase), cells were incubated at 36 °C for 9 min and harvested for ChIP. (D) ChIP-qPCR analysis

of Cutl14-FLAG was carried out in S and G2 cells as shown in (B).

sequences of pol II-transcribed active genes (Kim ef al.
2013; Kranz et al. 2013). Our study showed that
S. pombe condensin binds to ORF regions and rela-
tively 3’-ends of pol Il-transcribed active genes. This
distribution of S. pombe condensin was distinct from
that of chicken and worm condensins. In metazoans,
the promoter-proximal pausing of pol II near the
transcription start site (TSS) is a major cellular mecha-
nism to regulate gene expression (Adelman & Lis

Genes to Cells (2015) 20, 481-499

2012). In contrast, paused pol II at TSS is not obvious
in budding and fission yeast. S. pombe pol 11 is report-
edly enriched at open reading frames (ORF) and 3'-
ends, rather than in promoter regions (Carlsten et al.
2012; Castel et al. 2014). Thus, differences in the con-
densin association pattern within pol Il-transcribed
genes may be closely related to pol II distribution.
Condensin enrichment at mitotically up-regulated
genes was drastically diminished in a sep? deletion
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mutant, suggesting that Sepl-dependent pol II tran-
scription is a major recruiter of condensin at the loci.
During mitosis, it is generally understood that global
silencing of gene expression occurs, and transcription
is thought to be unsuited for chromosome condensa-
tion and segregation (Taylor 1960; Clemente-Blanco
et al. 2009). In fission yeast, however, a substantial
number of genes are periodically up-regulated even
during mitosis, by specific transcription factors,
including Sepl (Buck et al. 2004; Rustici et al.
2004). Some of these genes encode products neces-
sary for cytokinesis and cell division immediately after
chromosome segregation. The sep? deletion mutant
shows defects in cytokinesis and cell morphology, but
not in chromosome segregation (Ribar ef al. 1999).
Therefore, condensin accumulation at Sepl-depen-
dent genes might not be necessary if transcription of
these genes is silent. In other words, we speculate
that condensin may be required at the loci only when
pol II-mediated transcription is active during mitosis.

Condensin localizes to central centromeric DNAs
(cnt and imr) where CENP-A chromatin assembles
for kinetochore formation (Aono ef al. 2002; Nakaza-
wa et al. 2008). In this study, condensin enrichment
at centromeric DNA (cnt) did not decrease in Asep1
mutant cells. This result suggests that Sepl-promoted
pol II transcription is not relevant to condensin asso-
ciation at central centromeres. It has been reported
that the central centromeric region also encodes a
noncoding RNA transcribed by pol II (Choi ef al.
2011). Further study is required to examine whether
condensin association at centromeres depends on pol
Il transcription, and if so, which transcription factor
(s) are involved in that process.

We showed that condensin rapidly associates with
transcriptionally induced Hsp genes 9 min after T-
shift in interphase and even in mid-mitosis. This
result strongly suggests that transcriptional activation
immediately promotes condensin association at Hsp
genes. Considering that the timing of Cutl4 accumu-
lation correlated well with that of increasing transcript
abundance during mitosis, condensin might be
directly or indirectly recruited by the accumulated
RNA. We further showed that Cut14-208 TS
mutant protein failed to accumulate at Hsp genes
after a T-shift in mitosis. In this mutant background,
a severe defect of chromosome segregation was fre-
quently observed in anaphase. As DNA reannealing
activity is lost in cut14-208 ts mutant at restrictive
temperature (Sutani & Yanagida 1997), functional
condensin is assumed to be required for its accumula-
tion at activated genes. Cutl4 association with Hsp

© 2015 The Authors.
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genes diminished after 30 min in G1/S phase, even
when transcripts were abundant. It is possible that
condensin accumulation is promoted only in the
short period (~15 min) after transcriptional activation.
Alternatively, condensin might accumulate at postre-
plicative transcribed DNAs before chromosome seg-
regation. Indeed, Cutl4 ChIP in two kinds of
synchronized cultivations suggested that condensin’s
preferential binding is at postreplicative DNA. It
remains to be seen whether condensin is capable of
distinguishing  postreplicative
DNA.

No association of cohesin Rad21 and Top2 was
evident at Sepl-dependent ecm33" and gas1™ genes,
but they were weakly associated with constitutively
activated genes, effa-a’ and efla-b”. Thus, cohesin
and Top2 may also bind to pol Il-transcribed genes
in interphase and presumably remain associated in
mitosis. After heat-shock treatment in asynchronously
cultured cells, Top2 associates significantly with Hsp
genes, at levels comparable to those of condensin
Cutl4, suggesting that Top2 is more like condensin
than cohesin, regarding its affinity to pol Il-tran-
scribed genes.

In mitosis, Cutl4 enrichment is enhanced even at
efla-a” and efla-b” genes that are not classified as
mitotically up-regulated genes (Tables 1 and 2,
Fig. 2B). S. pombe condensin is highly enriched in
mitotic nuclei, whereas it is located throughout cells
during interphase (Sutani ef al. 1999). Condensin
binding to mitotic chromosomes is also promoted by
mitosis-specific kinases (Nakazawa er al. 2008; St-
Pierre et al. 2009; Tada et al. 2011). Hence, condensin
accumulation at actively transcribed genes in inter-
phase might be further increased in mitosis, even if
pol II-dependent transcription is not further activated
at the gene. Unlike Cutl4, association of Rad21 and
Top2 at efla-a’ and efla-b” genes is not enhanced in
mitosis. This is consistent with the notion that cohesin
and Top2 are enriched in nuclei throughout the cell
cycle (Shiozaki & Yanagida 1992; Birkenbihl & Subr-
amani 1995; Tomonaga et al. 2000).

In S. pombe mitosis, condensin is cytologically
enriched in the nucleus from prophase to telophase,
with two intense signals for kinetochores and rDNAs
clearly seen until metaphase (Nakazawa et al. 2008).
Signal intensity of GFP-tagged condensin protein in
mitotic nuclei (expressed from a chromosomally inte-
grated gene under the native promoter) is approxi-
mately 20-fold compared to that in nuclei of G2
phase cells. However, our ChIP-seq results showed
that enrichment scores

from prereplicative

of condensin on overall
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Figure 6 Condensin accumulates at Hsp genes even in mid-mitosis, whereas the levels of Hsp gene transcripts are not aftected by
condensin inactivation. (A) Experimental scheme. A temperature-shift was carried out using the cs nda3 B-tubulin mutant express-
ing Cutl4 wild-type protein (strain Cut14 WT) or Cut14-208 TS mutant protein (strain Cutl14 TS) tagged with FLAG. At 20 °C
for 8 h, both strains were arrested at the prometaphase-like stage (because of the inactivation of B-tubulin). Cells were then trans-
ferred to 36 °C, inactivating condensin and simultaneously reactivating B-tubulin. This temperature-shift also induces Hsp gene
expression. Culture aliquots were then obtained at 0, 3, 9, 15, and 30 min after the shift. (B) Time-course changes (in %) of dif-
ferent cell types for the two strains (left panel, Cutl4 WT; and right panel, Cut14-208 TS). Blue; condensed, red; partially sepa-
rated, green; two nuclei (without septum), purple; two nuclei (with septum), light blue; streaked or ‘cut’ phenotype, which
appeared in Cutl14-208 TS strain. (C) ChIP-qPCR analysis of Cutl4 WT-FLAG (blue) and Cutl14-208 TS-FLAG (red) for four
regions (ssal”, hsp90", act1” loci and centromere 3 DNA). Cells were prepared and harvested as shown in (A) and (B), along with
nontagged control nda3 mutant cells (green). Positions of PCR primers (horizontal lines with numbers) are indicated. 5'- and 3/~
UTRs are shown as gray boxes. Relative enrichment was calculated as the ratio of IP to WCE with error bars showing standard
deviation (n = 3). Condensin rapidly accumulates at induced Hsp genes even during mitosis, whereas association of mutant con-
densin diminished. Micrographs (right) show the phenotypes of FLAG-tagged Cutl4 WT and Cut14-208 TS mutant strains
stained with DAPI at 15 min after T-shift to 36 °C. Aberrantly streaked chromosomes were observed in Cut14-208 TS mutant.
Scale bar, 10 pm. (D) mRNA levels of ssal” and hsp90" genes were determined by reverse transcription (RT)-PCR. The above
two strains were grown as shown in (C). Relative RNA levels are shown as the ratio between the target gene and the act1” gene.
Primer position 4 for ssal”, hsp90" and act1’ in (C) was used in each gene. Transcription of Hsp genes does not appear to be

affected by condensin.

transport of condensin, mediated by Cdc2 and
Cutl5/importin o, its binding to mitotic chromo-
somes requires additional steps that include phos-
phorylation of Cnd2 (non-SMC subunits) by Ark1/
Aurora B (Nakazawa et al. 2011; Tada et al. 2011).
Therefore, in mitotic nuclei, a large fraction of con-
densin molecules might not be tightly associated
with chromosomes, but rather may be mobile
between chromosomes and nucleoplasm. Alterna-
tively, the amount of chromosome-bound condensin
in interphase may be higher than expected from the
GFP-tagged condensin signal in interphase nucleus.
This idea is consistent with the previous result that
G2 phase cells treated with detergent, which
removed proteins unbound to chromatin, showed
significant nuclear signals of Cnd2- and Cut3/
SMC4-GFEP (Aono et al. 2002).

The mechanism by which condensin accumulates
at pol Il-transcribed active genes remains enigmatic.
We speculate that condensin’s ability to reanneal
ssDNA in order to eliminate bound proteins and/or
RNAs may be relevant to its accumulation at highly
transcribed genes (Yanagida 2009; Akai et al. 2011).
In condensin mutants, chromatin DNA is hypersensi-
tive to ssDNA-specific nuclease (Sutani & Yanagida
1997), consistent with the notion that condensin acts
on the unwound region of chromosomal DNA.
However, we also suppose that pol IlI-dependent
transcription does not sufficiently explain condensin
accumulation at all enriched sites. In a reverse
approach to the analysis presented in Tables 1 and 2,

© 2015 The Authors.

Cutl4 occupancy at pol Il-enriched top 50 protein-
coding genes is shown in Table S1 (Supporting Infor-
mation). Among the top 50 genes, 37 had more than
twice as much condensin enrichment as the average
for all pol Il-transcribed genes in asynchronous cells.
However, pol II abundance does not necessarily cause
condensin accumulation at all 50 genes. This result
suggests that gene-specific loading factor(s) may also
be involved in condensin accumulation. In budding
yeast, cohesin- (and condensin-) loader Scc2/Scc4
complex preferentially — associates with  highly
expressed genes by cooperating with the RSC chro-
matin remodeling complex (Lopez-Serra et al. 2014).
Similarly, accumulation sites for condensin are pre-
sumably determined by a combination of pol II-med-
iated transcription and condensin recruiters at its
binding sites.

In this study, condensin inactivation caused severe
defects in chromosome segregation, but not in tran-
scriptional activation or repression of Hsp genes.
Moreover, our results indicate that condensin prefer-
entially associates with postreplicative DNA at tran-
scribed Hsp genes. Therefore, we hypothesize that
condensin may have to interact with abundant pol II
transcripts before faithful segregation of postreplicative
chromosomes. Further study is definitely needed to
understand how condensin acts on pol II-transcribed
genes and/or transcription apparatus carrying tran-
scribed RNAs to effect successful chromosome segre-
gation and to play diverse roles in mitosis and
interphase.
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Experimental procedures
Strains and media

The S. pombe haploid, wild-type strain 9724~ and its deriva-
tive mutant strains, including the temperature-sensitive (ts)
t14-208 (Saka et al. 1994) and cold-sensitive (cs) nda3-
KM311 (Hiraoka et al. 1984), were used. Strains with chro-
mosomally integrated 3FLAG-tagged Cutl4 or Rad21 have
been described previously (Adachi ef al. 2008; Nakazawa et al.
2008). The Top2-3FLAG, Cnd1-3FLAG, and Cut14-208 TS-
3FLAG strains were also made by chromosomal integration
under the native promoter in the same manner. Deletion
mutants of the sep?” and atf1* genes were kind gifts from Dr.
C. J. Mclnerny (University of Glasgow) and Dr. T. Toda
(Cancer Research UK), respectively. Strains used are shown in
Table S2 (Supporting Information). S. pombe was cultured in
YPD and MEA sporulation media (Saka ef al. 1994; Forsburg
& Rhind 2006). Cells were counted using a Sysmex CDA-
500 hematology analyzer.

Synchronous culture and temperature-shift
experiments

Temperature-shift experiments were carried out as previously
reported (Nakazawa et al. 2011), using single nda3-KM311 or
double nda3-KM311 cut14-208 mutants. Cs or cs ts mutant
cells were grown in YPD at 30 °C (a permissive temperature
for both strains). When cell concentrations reached 4x10°
cells/mL, cultures were transferred to 20 °C and incubated for
8 h to (reversibly) block spindle formation and to arrest cells
at a prometaphase-like stage (Hiraoka et al. 1984). For release
experiments, cells were shifted to 36 °C (a permissive temper-
ature for nda3 mutants) to allow spindle formation and cell
cycle progression. After this transfer, cell aliquots were
obtained at 0, 3, 9, 15, and 30 min and fixed with 2.5% glu-
taraldehyde to check anaphase progression. Asynchronously
cultured cells were also harvested at 20 °C for 8 h in the
absence of nda3-KM311. For temperature-shift (T-shift) con-
ditions in asynchronously cultured cells, cells incubated at
20 °C for 8 h were shifted to 36 °C for 9 min. Prereplicative
G1 cells were obtained by published procedures through
nitrogen starvation and release into YPD medium (Sajiki et al.
2009). EMM2-N, lacking NH,Cl, was used for yeast starva-
tion (2 x 10° cells/mL for 24 h at 26 °C). For HU block and
release experiments, 12 mm HU was added to YPD medium
at 20 °C for 8 h. Cells were then washed extensively in dis-
tilled water and released into YPD without HU. FACScan
analysis was carried out as described previously (Akai et al.
2011).

Chromatin Immunoprecipitation (ChIP)

ChIP was carried out as described (Nakazawa et al. 2008) with
minor modifications. Cells were disrupted with glass beads,
using a Multi-Beads Shocker (Yasui Kikai), and DNA was
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quantified by real-time PCR (ExiCycler; Bioneer) with SYBR
Premix Ex Taq II solution (TaKaRa). PCR primers used are
shown in Table S3 (Supporting Information).

ChIP sequencing (ChIP-seq)

For ChIP sequencing, coprecipitated DNA with antibodies
and WCE DNA were prepared as described above, except that
a fourfold volume of cell culture and antibodies were used.
Samples for ChIP-seq were prepared as described previously
(Schmidt ef al. 2009b). Prepared DINA libraries were processed
by single-end sequencing (36 bp) on the I[lumina Genome
Analyzer GA TIx, according to the manufacturer’s instructions.

Data analysis of ChIP-seq

After each completed sequencing run, raw image files from
the Illumina sequencer were computationally processed to
obtain nucleotide-base calls. The standard analytical pipeline
provided by Illumina (CASAVA 1.8.2) was used for base-call-
ing and demultiplexing of samples with an index sequence that
was attached to the template during sample preparation. Sub-
sequent to base-calling and demultiplexing, sequencing reads
were aligned to the S. pombe genome sequence (downloaded
from Ensemble genomes [ftp://ftp.ensemblgenomes.org/pub/
fungi/current/fasta/schizosaccharomyces_pombe/dna/], Schizo
saccharomyces_pombe.ASM294v1.16.dna.chromosome 1, II,
III & MT FASTA format) using Bowtie alignment software
(bowtie-bio.sourceforge.net) with default parameters. To avoid
artifacts associated with spuriously high read numbers, the
10x average read number was set as maximum at each
location. To compare precipitated DNA (IP) and input
DNA (WCE) data, the total read number of each sample
was normalized to 10 million. The whole genome was
then scanned using a sliding window to smooth the data (win-
dow = 500 bp, step = 10 bp). Before calculating a ratio, to
avoid dividing by a small number caused by low WCE cover-
age, we added a pseudocount of 10 to all windows of each
sample. ChIP enrichment was calculated as the ratio of IP to
WCE for each window. This ratio was used for visualization
of the ChIP-seq profile along three chromosomes using Inte-
grated Genome Browser (IGB, ver. 7.0.3, Nicol ef al. 2009).
To calculate Cutl4 enrichment at protein-coding genes, the
same preprocesses were carried out to remove artifacts associ-
ated with spuriously high read numbers and normalize the
data. Read numbers in each protein-coding gene were
counted, and Cutl4 enrichment was calculated as the log2
ratio of IP to WCE. Pol II enrichment was also calculated
using published data (Carlsten et al. 2012).

RNA extraction and reverse transcription-PCR

Total RNA from S. pombe was extracted using the hot-phenol
method. Purified RNA was reverse-transcribed using Prime-
Script RT reagent (TaKaRa) with oligo dT primers according

© 2015 The Authors.
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to the manufacturer’s instructions. The genomic DNA eraser
supplied with reverse transcription reagent was used to remove
contaminated genomic DNA in the RNA sample. cDNA was
quantified using real-time PCR with SYBR Premix Ex Taq
IT solution (TaKaRa).

Accession number

ChIP sequencing data have been deposited in the NCBI Gene
Expression Omnibus (GEO) database under accession number
GSE65956.
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