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Figure 8. The endogenous Rif1 protein was relocated upon overexpression of
Rif1.

(A) Rif1I-mKO2 cells (KYP1866 and KYP1867), in which the endogenous Rifl was
tagged with mKO2, harboring pREP41-Flag; vector (upper) or pREP41-Rif1-Flag;
(lower) were grown in the absence of thiamine for 20 h, and were extracted by
Triton X-100 and DNase | and remaining endogenous RifI-mKO2 signals
(mazenta) were observed. The nuclear envelope was stained with Nup98 antibody
(green). (B, C) The numbers (B) and the intensities (C) of nuclear foci were
quantified in Rifl-mKO2 cells harboring pREP41-Flags; (Vector) or
PREP41-RIif1-Flags (Rif1IOE) grown as in (A).

Source data are available for this figure.

Events induced by overexpression of Rif1 in fission yeast cells

We observed severe growth inhibition of fission yeast cells by
overexpression of the Rif1 protein. The growth inhibition was ob-
served only on the plate lacking thiamine where the nmt1 promoter
driving the transcription of plasmid-borne Rif1 is activated. We de-
tected ~1,000 molecules of the Rif1 protein in a growing fission yeast
cell. Itincreased by 10 fold in cells harboring the plasmid-expressing
Rif1, and upon depletion of thiamine, it increased further by 3.7 fold.
Thus, the presence of Rif1 over the threshold (between ~10,000 and
~37,000 molecules per cell) may confer growth inhibition. Rif1
overexpression delayed S-phase initiation and progression in syn-
chronized cell populations. Interestingly, S-phase inhibition was not
observed by overexpression of the PP1bs mutant of Rif1, indicating that
inhibition of DNA synthesis depends on the recruitment of PP1 (Fig 3A).
Replication checkpoint, as measured by Cds1 kinase activity, was ac-
tivated by overexpression of the PP1bs mutant of Rif1 protein, but not
by the WT Rif1 protein (Fig 3C). This could be due to the ongoing
S-phase in PP1bs mutant-overexpressing cells, while S-phase is
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Figure 9. Cellular events induced by overexpression of Rif1 in fission yeast.
Overproduction of Rif1 leads to its aberrant chromatin binding and inhibits S-
phase initiation and progression through its ability to recruit PPase. Excessive
chromatin binding of Rif1 results in aberrant tethering of chromatin fibers to the
nuclear periphery, which may directly or indirectly inhibit proper progression
of chromosome segregation, eventually leading to cell death. Overexpression of
the WT Rif1 inhibits DNA replication, whereas that of PP1bs-mutant Rif1 does not
inhibit DNA replication but activates the replication checkpoint. Rif1
overexpression induces SAC, leading to increased cell population with short
spindles, which probably antagonizes induction of aberrant chromosome
structures.

inhibited by the WT Rif1. Ongoing replication forks would be interfered
by the bound Rif1 proteins, activating the replication checkpoint. On
the other hand, in the WT Rif1 overexpression, initiation of DNA syn-
thesis is blocked by Rif1, thus generating less fork blocks, that is, less
replication checkpoint activation.

Cells with short spindles accumulate in Rif1-overproduced cells,
and this incident depends on SAC (Fig 5B). Growth inhibition is
observed in SAC mutant cells, indicating that short spindle for-
mation is not critical for growth inhibition. In fact, severer growth
inhibition was observed in the SAC mutants. Short spindles were
reported to accumulate in SAC-activated cells, and it was reported
that replication intermediates or recombination intermediates can
activate SAC (Nakano et al, 2014), resulting in cells with short
spindles. SAC was less efficiently activated by overexpression of a
PP1bs mutant, consistent with reduced short spindles in this
mutant. As stated above, Rif1 inhibited growth more strongly in SAC
mutants than in the WT cells. The PP1bs mutant inhibited growth
more strongly than the WT Rifl. These results indicate that SAC-
induced mitotic arrest with short spindles may serve as a protective
barrier against aberrant mitosis that would lead to cell death (Fig 9).

Aberrant chromatin structures induced by Rif1 suggests the
ability of Rif1 to tether chromatin at the nuclear periphery

Histone H3 (H3.2)-labeled chromatin is detected uniformly in the
nuclei of the WT cells. Upon overexpression of Rif1 protein, nuclei
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Table 1. Strains list used in this study.
Strain Genotpye Source Related figure
YM71 h- leu1-32 ura4-D18 Our Stock Fig S5
KYP025 h- leu1-32 ura4-D18 pREP41-Flag3 Our Stock ;'fg ;E'Bzgnad”g E, 4A 5D and E, 6A,
KYPO15 h- leuT-32 ura4-D18 pREP4T-RIf1-Flag3 our Stock ;ifg E%? ;nB‘? ;thS';BDan e
KYP008 h- leu1-32 ura4-D18 riflA:ura4+ Our Stock
MH511 h- leu1-32 ura4-D18 Rif1-Flag3:kanR Our Stock
KYP1827 h- leu1-32 ura4-D18 Rif1-Flag3:kanR pREP41 Our Stock Figs 1A and S1A and B
KYP1804 h- leu1-32 ura4-D18 riflA:ura4+ pREP41 Our Stock Figs 1C and 2E
KYP1805 h- leu1-32 ura4-D18 riflA:ura4+ pREP41-Rif1-Flag3 Our Stock Figs 1C, 2E, and S1A
KYP1806 h- leu1-32 ura4-D18 rifiA:ura4+ pREP41-rif1(61-1,400)-Flag3 Our Stock Fig 1C
KYP1807 h- leu1-32 ura4-D18 rifiA:ura4+ pREP41-rif1(81-1,400)-Flag3 Our Stock Fig 1C
KYP1808 h- leu1-32 ura4-D18 rifiAz:ura4+ pREP41-rif1(151-1400)-Flag3 Our Stock Figs 1C and S1A
KYP1853 h- leu1-32 ura4-D18 rifiAzura4+ pREP41-rif1(1-1,260)-Flag3 Our Stock Figs 1C and S1A
KYP1854 h- leu1-32 ura4-D18 rifiAzura4+ pREP41-rif1(1-965)-Flag3 Our Stock Figs 1C and S1A
KYP1855 h- leu1-32 ura4-D18 rifiAzura4+ pREP41-rif1(1-442)-Flag3 Our Stock Figs 1C and S1A
KYP1856 h- leu1-32 ura4-D18 rifiA:ura4+ pREP41-rif1(443-1,400)-Flag3 Our Stock Figs 1C and S1A
KYP1857 h- leu1-32 ura4-D18 rifiAzura4+ pREP41-rif1(966-1,400)-Flag3 Our Stock Figs 1C and S1A
MS104 h- leu1-32 ura4-D18 hsk1-89:ura4+ Our Stock
KYP1752 h- leu1-32 ura4-D18 hsk1-89:ura4+ pREP41-Flag3 Our Stock Figs 1D and 6A
KYP1753 h- leu1-32 ura4-D18 hsk1-89:ura4+ pREP41-Rif1-Flag3 Our Stock Figs 1D and 6A
KYP1754 h- leu1-32 ura4-D18 hski1-89:ura4+ pREP41-rif1(1-1,260)-Flag3 Our Stock Fig 1D
KYP1755 h- leuT-32 ura4-D18 hsk1-89:ura4+ pREP41-rif1(1-965)-Flag3 Our Stock Fig 1D
KYP1756 h- leu1-32 ura4-D18 hsk1-89:ura4+ pREP41-rif1(1-442)-Flag3 Our Stock Fig 1D
KYP1757 h- leu1-32 ura4-D18 hsk1-89:ura4+ pREP41-rif1(443-1,400)-Flag3 Our Stock Fig 1D
KYP1758 h- leu1-32 ura4-D18 hsR1-89:ura4+ pREP41-rif1(966-1,400)-Flag3 Our Stock Fig 1D
JX502 h- dis2-11 leu1 Our Stock
JX503 h- dis2:ura4+ leul ura4 Our Stock
FY9620 h-leuT ura4 sds21:ura4+ NBRP
KYP1759 h- dis2-11 leuT pREP41 Our Stock Fig 2A
KYP1760 h- dis2-11 leu1 pREP41-Rif1-Flag3 Our Stock Fig 2A
KYP1761 h- dis2:ura4+ leul ura4 pREP41 Our Stock Fig 2A
KYP1762 h- dis2:ura4+ leul ura4 pREP41-Rif1-Flag3 Our Stock Fig 2A
KYP1763 h- leul ura4 sds21:ura4+ pREP41 Our Stock Fig 2A
KYP1764 h- leu1 ura4 sds21:ura4+ pREP41-Rif1-Flag3 Our Stock Fig 2A
KYP1765 h- leu1-32 ura4-D18 pREP41 pREP42 Our Stock Fig 2C
KYP1766 h- leu1-32 ura4-D18 pREP41 pREP42-dis2-13Myc Our Stock Fig 2C
KYP1767 h- leu1-32 ura4-D18 pREP41 pREP42-sds21-13myc Our Stock Fig 2C
KYP1768 h- leu1-32 ura4-D18 pREP41-Rif1-Flag3 pREP42 our Stock Fig 2C
KYP1769 h- leu1-32 ura4-D18 pREP41-Rif1-Flag3 pREP42-dis2-13myc Our Stock Fig 2C
KYP1770 h- leu1-32 ura4-D18 pREP41-Rif1-Flag3 pREP42-sds21-13Myc Our Stock Fig 2C
KYP1771 h- leu1-32 ura4-D18 pREP41-rifIPP1bs mut-Flag3 pREP42 Our Stock Fig 2C
KYP1772 h- leu1-32 ura4-D18 pREP41-rifIPP1bs mut-Flag3 pREP42-dis2-13Myc Our Stock Fig 2C

Rif1-mediated chromatin tethering Kanoh et al.
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Table 1. Continued

Strain Genotpye Source Related figure
KYP1773 h- leu1-32 ura4-D18 pREP41-rifIPP1bs mut-Flag3 pREP42-sds21-13Myc Our Stock Fig 2C

FY14160 h- leu1-32 ura4-D18 riflA:ura4+ NBRP

KYP1839 h- leu1-32 ura4-D18 rifiA:ura4+ pREP41-rifIPPTmut-Flag3 Our Stock Fig 2E

KYP1774 h- leu1-32 ura4-D18 pREP41-rifIPP1mut-Flag3 Our Stock Figs 2E and 4A
KYP1268 h- leu1-32 ura4-D18 Rif1-His6-Flag10 nda3-KM311 Our Stock Figs 3A-C and 6B
MS733 h- leu1-32 ura4-D18 rifl:Pnmt-rif1-His6-Flag10:kanR nda3-KM311 Our Stock Figs 3A-C and 6B
KYP1283 h- leu1-32 ura4-D18 Pnmti-rifiPP1bs mut-His6-Flag10:kanR nda3-KM311 Our Stock Fig 3A-C

FY15623 h- ade6-M216 leu1-32 ura4-D18 hht2+-GFP:ura4+ NBRP

KYP1775 h- ade6-M216 leuT-32 ura4-D18 hht2+-GFP:ura4+ pREP41 Our Stock Fig 4B

KYP1776 h- ade6-M216 leu1-32 ura4-D18 hht2+-GFP:ura4+ pREP41-Rif1-Flag3 Our Stock Fig 4B

MS360 h- leu1-32 ura4-D18 rad22-YFP:KanR Our Stock

KYPO11 h- leu1-32 ura4-D18 Rad52-EGFP:kanR Our Stock

KYP1777 h- leu1-32 ura4-D18 rad22-YFP:KanR pREP41 Our Stock Fig 4C

KYP1778 h- leu1-32 ura4-D18 rad22-YFP:KanR pREP41-Rif1-Flag3 Our Stock Fig 4C

KYP1860 h- leu1-32 ura4-D18 Rad52-EGFP:kanR pREP41 Our Stock Fig 4C

KYP1861 h- leu1-32 ura4-D18 Rad52-EGFP:kanR pREP41-Rif1-Flag3 Our Stock Fig 4C

MS130 h+ leu1-32 ura4-D18 lys1+:pmt1-GFP-alpha2tub Our Stock

KYP1779 h+ leu1-32 ura4-D18 lys1+:pmt1-GFP-alpha2tub pREP41 Our Stock Fig 5A and B
KYP1780 h+ leu1-32 ura4-D18 lys1+:pmt1-GFP-alpha2tub pREP41-Rif1-Flag3 Our Stock Figs 5A and B and S3B
KYP1801 h- leu1-32 ura4-D18 mad2:ura4+ lys1+:pmt1-GFP-alpha2tub Our Stock

h- leu1-32 ura4-D18 mad2:ura4+ lysi+:pmt1-GFP-alpha2tub rifiA:

KYP1815 hphMX6 pREP41-Flag3

Our Stock Fig 5B, D, and E

h- leu1-32 ura4-D18 mad2:ura4+ lys1+:pmt1-GFP-alpha2tub rifiA:
hphMX6 pREP41-Rif1-Flag3

KYP1802 h- ade6-M216 leu-32 ura4-D18 bubT:ura4+ lys1+:pmt1-GFP-alpha2tub Our Stock

KYP1816 Our Stock Fig 5B, D, and E

h- ade6-M216 leu-32 ura4-D18 bubT:ura4+ lys1+:pmt1-GFP-alpha2tub

KYP1817 rifIAzhphMX6 pREP41-Flag3 Our Stock Fig 5B, D, and E
h- ade6-M216 leu1-32 ura4-D18 bub1:ura4+ lys1+:pmt1-GFP-alpha2tub .

KYP1818 rifIA-hphMX6 pREP41-RIf-Flag3 Our Stock Fig 5B, D, and E

23-B10 h90 ade6-M216 leuT his3-D1 cut2-GFP << kanR sad1-GFP << kanR g'rﬁainfgom

KYP1836 h90 ade6-M216 leu1 his3-D1 cut2-GFP << kanR sad1-GFP << kanR pREP41- our Stock Fig 5C
Flag3

KYP1837 h?O ade6-M216 leuT his3-D1 cut2-GFP << kanR sad1-GFP << kanR pREP41- our Stock Fig 5C
Rif1-Flag3

KYP1781 h- leu-32 ura4-D18 pREP41-rfi1R236H-Flag3 Our Stock Fig 6A

KYP1782 h- leu1-32 ura4-D18 pREP41-rfi1L848S-Flag3 Our Stock Fig 6A

KYP1783 h- leu1-32 ura4-D18 hsk1-89:ura4+ pREP41-rfiTR236H-Flag3 Our Stock Fig 6A

KYP1784 h- leu1-32 ura4-D18 hsk1-89:ura4+ pREP41-rfi1L848S-Flag3 Our Stock Fig 6A

KYP1842 h- ade6-M216 leu1-32 ura4-D18 hht2+-GFP:ura4+ pREP41-rifIPP1Imut-Flag3 Our Stock Fig 7A

KYP1843 h—- ade6-M216 leu1-32 ura4-D18 hht2+-GFP:ura4+ pREP41-rifIR236H-Flag3 Our Stock Fig 7C

KYP1844 h- ade6-M216 leu1-32 ura4-D18 hht2+-GFP:ura4+ pREP41-rif1L8485-Flag3 Our Stock Fig 7C

MS742 h- leu1-32 ura4-D18 rif:mKO2 cut11-GFP-ura4+ Our Stock

KYP1866 h- leu1-32 ura4-D18 rif:mKO2 cut11-GFP-ura4+ pREP41-Flag3 Our Stock Figs 8A and S5E

KYP1867 h- leu1-32 ura4-D18 rif:mKO2 cut11-GFP-ura4+ pREP41-Rif1-Flag3 Our Stock Figs 8A and S5E

(Continued on following page)
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Table 1. Continued
Strain Genotpye Source Related figure
MS580 h- leu1-32 ura4-D18 rifl:Pnmti-rifl:kanR Our Stock
KYP1785 h- leu1-32 ura4-D18 pREP42 Our Stock Fig S2A
KYP1786 h- leu1-32 ura4-D18 pREP42-hsk1-him1 Our Stock Fig S2A
KYP1787 h- leu1-32 ura4-D18 riflA:ura4+ pREP42 Our Stock Fig S2A
KYP1788 h- leu1-32 ura4-D18 rifiA:ura4+ pREP42-hsk1-him1 Our Stock Fig S2A
KYP1789 h- leu1-32 ura4-D18 rif1:Pnmti-rifi:kanR pREP42 Our Stock Fig S2A
KYP1790 h- leu1-32 ura4-D18 rifl:Pnmti-rifl:kanR pREP42-hsk1-him1 Our Stock Fig S2A
FY14161 h- leu1-32 ura4-D18 tazl:ura4+ NBRP
MS129 h- leu1-32 ura4-D18 tel1-D1:kanMX4 rad3:ura4+ Our Stock
NI392 h- ade6-M216 leu1-32 ura4-D18 rad3:ura4+ Our Stock
MS221 h+ ade6-M216 leu1-32 ura4-D18 chk1:ura4+ Our Stock
MS290 h- leu1-32 ura4-D18 tel1-D1:kanMX4 Our Stock
N1453 h-leu1-32 ura4-D18 cdsT:ura4+ Our Stock
FY7826 h- leu1-32 ura4-D18 mad2:ura4 NBRP
MS182 h- leu1-32 ura4-D18 cdc25-22 Our Stock
MS195 h- ade6-M216 leu1-32 ura4-D18 weel-50 Our Stock
KYP1875 h- leu1-32 ura4-D18 tazl:ura4+ pREPA41 Our Stock Fig S2B
KYP1876 h- leu1-32 ura4-D18 tazl:ura4+ pREP41-Rif1-Flag3 Our Stock Fig S2B
KYP1877 h- leu1-32 ura4-D18 tel1-D1:kRanMX4 rad3:ura4+ pREP41 Our Stock Fig S2B
KYP1878 h- leu1-32 ura4-D18 tel1-D1:kanMX4 rad3:ura4+ pREP41-Rif1-Flag3 Our Stock Fig S2B
KYP1879 h- ade6-M216 leu1-32 ura4-D18 rad3::ura4+ pREP41 Our Stock Fig S2B
KYP1880 h- ade6-M216 leu1-32 ura4-D18 rad3:ura4+ pREP41-Rif1-Flag3 Our Stock Fig S2B
KYP1881 h+ ade6-M216 leuT-32 ura4-D18 chR1:ura4+ pREP41 Our Stock Fig S2B
KYP1882 h+ ade6-M216 leu1-32 ura4-D18 chk1:ura4+ pREP41-Rif1-Flag3 Our Stock Fig S2B
KYP1883 h- leu1-32 ura4-D18 tel1-D1:kanMX4 pREP41 Our Stock Fig S2B
KYP1884 h- leu1-32 ura4-D18 tel1-D1:kanMX4 pREP41-Rif1-Flag3 Our Stock Fig S2B
KYP1885 h- leu1-32 ura4-D18 cds1:ura4+ pREP41 Our Stock Fig S2C
KYP1886 h- leu1-32 ura4-D18 cds1:ura4+ pREP41-Rif1-Flag3 Our Stock Fig S2C
KYP1887 h- leu1-32 ura4-D18 mad2::ura4 pREP41 Our Stock Fig S2C
KYP1888 h- leu1-32 ura4-D18 mad2:ura4 pREP41-Rif1-Flag3 Our Stock Fig S2C
KYP1889 h- leu1-32 ura4-D18 cdc25-22 pREP41 Our Stock Fig S2C
KYP1890 h- leu1-32 ura4-D18 cdc25-22 pREP41-Rif1-Flag3 Our Stock Fig S2C
KYP1891 h- ade6-M216 leuT-32 ura4-D18 weel-50 pREP41 Our Stock Fig S2C
KYP1892 h- ade6-M216 leu1-32 ura4-D18 weel-50 pREP41-Rif1-Flag3 Our Stock Fig S2C
KYP1847 Z;Elg:l;jl;gg;5Z§F[IZZE+::pmt1—GFP—alphaZtub rif1A21-1400AA::hphMX6 our Stock Fig 538
KYP1863 Z—R;Pdl}evff;l[\g?; leu1-32 ura4-D18 hht2+-GFP::ura4+ Gar2-mCherry:hphMX6 our Stock Fig S4A
KYP1864 Z;}ggﬁﬁ;ﬂ;ﬁjﬁz ura4-D18 hht2+-GFP:ura4+ Gar2-mCherry:hphMX6 our Stock Fig S4A
KYP1865 Z;;ngﬁ}?ﬁ;gf;:;ii.ﬂg;mg hht2+-GFP:ura4+ Gar2-mCherry:hphMX6 our Stock Fig SA
MIC2-11 h- leu1-32 ura4-D18 rifl:mKO2 Our Stock Fig S5A-C
MS744 h- leu1-32 ura4-D18 rif:mKO2 hsR1-89:ura4+ Our Stock Fig S5A-C

Rif1-mediated chromatin tethering Kanoh et al.

(Continued on following page)

https://doi.org/10.26508/1sa.202201603 vol 6 | no 4 | 202201603

14 of 22


https://doi.org/10.26508/lsa.202201603

>y D, o . o
s2epe Life Science Alliance

Table 1. Continued
Strain Genotpye Source Related figure
HM214 h+ leu1-32 ura4-D16 rifl:ura4+ hsk1-89:ura4+ Our Stock Fig S5B
MIC20-42  h- leu1-32 ura4-D18 tazl-GFPzkanMX, rif:mKO2,nda3-kKM311 Our Stock Fig 55D and Video 1, Video 2, Video 3, Video 4,
and Video 5
KYP1868 h- leu1-32 ura4-D18 rif:mKO2 cut11-GFP-ura4+ pREP41-rifIPPImut-Flag3 Our Stock Fig S5E

with chromatin enriched at the nuclear periphery were observed in
more than 6% or 10% of the cells with the WT or PP1bs mutant Rif7,
respectively. Furthermore, chromatin binding-deficient mutant, L848S,
failed to induce chromatin relocation to the nuclear periphery (Fig 7).

By using a Rif1 derivative containing mKO2 between the HEAT
repeat and C-terminal segment, cellular Rifl dynamics was examined.
In addition to the strong dots corresponding to telomeres (Fig S5D
and E), fine dots representing arm binding were observed ([Klein et al,
2021] Video 5). Upon overexpression of Rif1, the endogenous Rif1-
derived mKO2 signals relocated from telomeres to the entire areas of
the nuclei (Fig S5E), indicating that overexpressed Rif1, forming
multimers with Rif1-mKQO2, spreads over the chromosome arms. The
prewash of nuclei with detergent and DNase | enhanced the Rif1
signals in nuclei, notably at the nuclear periphery (Fig S6B). Both the
numbers of foci and overall intensities of nuclear signals increased
upon Rif1 overproduction (Fig 8B and C), presumably due to relo-
cation of endogenous Rif1 from telomere to chromosome arms and
to detergent- and DNase I-resistant insoluble compartments through
mixed oligomer formation with the overexpressed Rif1.

Our results are consistent with the idea that Rifl promotes
association of chromatin with detergent-insoluble membrane
fractions, which are known to be enriched with S-acylated proteins
(Hooper, 1999). Like budding yeast Rif1, fission yeast Rif1 may also be
S-acylated (Fontana et al, 2019).

Mechanisms of formation of aberrant microtubule spindles

Rif1 overexpression ultimately induces cell death through aberrant
mitosis. In addition to cells with short spindles, those with aberrant
defective microtubules appear. The fractions of these cells increase in
PP1 mutant cells and in PP1bs mutant-overproducing cells. PP1-Rif1
interaction is regulated by the phosphorylation of Rifl and Aurora B
kinase which was reported to play a major role in phosphorylating the
PP1bs, promoting the dissociation of PP1 from Rif1 during the M-phase
(Nasa et al, 2018; Bhowmick et al, 2019). Overexpressed Rif1 would recruit
PP1, counteracting the phosphorylation events by Aurora B and other
kinases essential for mitosis. This may lead to misconduct in mitotic
events. However, because PP1bs mutants can also cause aberrant
microtubules and cell death, PP1 may not be the primary cause for
aberrant microtubule cell death. The aberrant chromatin structure
caused by overexpressed Rifl may affect the mitotic chromatin structure,
leading to mitotic defect. Alternatively, the aberrant association of Rif1
with mitotic kinases and potentially with microtubules could directly be
linked to deficient microtubules in Rif1-overproducing cells.

In summary, overexpression of Rifl would lead to relocation of
the chromatin segment located in the interior of nuclei (early-
replicating loci) to the nuclear periphery. Replication of DNA in the

Rif1-mediated chromatin tethering Kanoh et al.

vicinity of tethered chromatin segment would be inhibited upon
recruitment of PP1. It was previously reported that artificial teth-
ering of an early-firing origin at the nuclear periphery did not
render it late-firing in budding yeast (Ebrahimi et al, 2010). This is
consistent with our result that Rifl-mediated chromatin recruit-
ment at nuclear membrane alone does not inhibit the S-phase, and
that the recruitment of PP1 by Rif1is required for the inhibition. On
the other hand, recruitment of chromatin to the nuclear periphery
by Rif1 is sufficient to cause an aberrant M-phase and eventually
cell death. The results described in this report support the idea that
Rifl-mediated chromatin association with the nuclear periphery
needs to be precisely regulated for coordinated progression of S-
and M-phases. However, we cannot rule out the possibility that the
phenotypes we observe upon Rifl overexpression could be sec-
ondary consequences of its effect on transcription or on other
chromosomal events including repair and recombination. More
detailed studies will be needed to precisely determine the effects
of deregulated chromatin association with nuclear membrane on
cell cycle progression and cell survival.

Materials and Methods
Medium for S. pombe

YES medium contains 05% yeast extract (Gibco), 3% glucose
(FUJIFILM Wako), and 0.1 mg/ml each of adenine (Sigma-Aldrich),
uracil (Sigma-Aldrich), leucine (FUJIFILM Wako), lysine (FUJIFILM
Wako), and histidine (FUJIFILM Wako). YES plates were made by
adding 2% agar (Gibco) to the YES medium. Synthetic dextrose
minimal medium (SD) contains 6.3 g/liter Yeast Nitrogen Base w/o
Amino Acids (BD), 2% glucose, and 0.1 mg/ml each of the required
amino acids. Edinburgh Minimal Medium (EMM) contains 12.3 g/ liter
EMM Broth without Nitrogen (Formedium), 2% glucose, and 0.1 mg/
ml each of required amino acids. Pombe Minimal Glutamate (PMG)
contains 27.3 g/liter EMM Broth without Nitrogen, 5 g/liter L-glu-
tamic acid (Sigma-Aldrich), and 0.1 mg/ml each of required amino
acids. 15 M thiamine (Sigma-Aldrich) was added to EMM or PMG
medium to repress the nmt1 promoter activity. Yeast strains and
plasmids used in this study are listed in Tables 1 and 2.

Synchronization and cell cycle analysis by flow cytometry

Rif1 expression in the yeasts containing nda3-KM3717 mutation
(KYP1268, MS733, and KYP1283) was inducted for 12 h in the PMG
medium without thiamine. The yeasts were arrested at 20°C for 6 h
and then the cells were synchronized at the M-phase and Rif1
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Table 2. Oligonucleotides & Plasmids.

Oligonucleotides

Sequence

rif1-fw-1 5/-CTTTGTTAAATCATATGACAAAAGAAATTGCTGTGAAGGAGGCT-3'
rif1-fw-151 5/-CTTTGTTAAATCATATGTTATCGGATAGATGCTCTAACAATTCAGAG-3’
rifl-fw-443 5'-CTTTGTTAAATCATATGACTACTTTGATTGCTTTAATATATGCA-3'
rif1-fw-966 5/-CTTTGTTAAATCATATGTCCACTGCTACAGCTTCTAATATTTTAGAA-3'

pREP_rif12_60_Fwd

5'-AAATCATATGCCCAAACGAGGTATCTTAAAAACTTCAACAC-3'

pREP_rif12_80_Fwd

5'-AAATCATATGCAATCCTTTGAAGGAAATGAATCTG-3'

rif-rv-1400 5'-TCTAGAGTCGACATAAGCAATTCTAGATAAAATAGCTCTCTGTAA-3'
rif-rv-1260 5'-TCTAGAGTCGACATAAACTTCCTTATTCACGTTGGAAGATTGGCT-3'
rif-rv-965 5'-TCTAGAGTCGACATAATTTAGTAGCAGCTGCAAAATTAATATAC-3’
rif-rv-442 5'-TCTAGAGTCGACATATGCTGCATTCTTTACTGTTGGCAAATTCC-3'

pREP_rif1_2_60_Rev

5'-TTGGGCATATGATTTAACAAAGCGACTATAAGTCAGAAAG-3'

pREP_rif1_2_80_Rev

5'-GATTGCATATGATTTAACAAAGCGACTATAAGTCAGAAAG-3’

Fusion-dis2N

5'-CTTTGTTAAATCATATGTCGAACCCAGATGTGGATTTGGATTCC-3'

dis2MycFusion

5'-ATTAACCCGGGGATCAACTTTGAATTTCCTGTCTTATTCTTCCGAGG-3'

Fusion-sds21

5'-CTTTGTTAAATCATATGGATTATGATATTGATGCGATTATTGAA-3’

sds21MycFusion

5'-ATTAACCCGGGGATCAAATTATTTTTGGATTTCTTCAAACTGTTCGT-3’

Rif1_PP1_Mut1_Fwd

5'-GCTGCCAAGAAGGCAAATGCTAGTAGTGAA-3'

Rif1_PP1_Mut1_Rev

5'-GCATTTGCCTTCTTGGCAGCAATCGAACTA-3'

Rif1_PP1_Mut2_Fwd

5'-CCCAAACGAGGTGCCGCAAAAACTTCAACA-3'

Rif1_PP1_Mut2_Rev

5'-GAAGTTTTTGCGGCACCTCGTTTGGGTAAA-3’

Recombinant DNA (Plasmids)

PREP4T

pPREP41-Flag3

PREP41-Rifi-Flag3

PREP41-rif1(1-1,260)-Flag3

PREP41-rif1(1-965)-Flag3

PREP41-rif1(1-442)-Flag3

PREP41-rif1(151-1,400)-Flag3

PREP41-rif1(443-1400)-Flag3

PREP41-rif1(966-1,400)-Flag3

PREP41-rif1(61-1,400)-Flag3

PREP41-rif1(81-1,400)-Flag3

PREP42

PREP42-dis2-myc13

PREP42-dis2-myc13

PREP42-sds21-myc13

PREP42-sds21-myc13

pREP41-rif1PP1bs mut-Flag3

PREP41-rifIR236H-Flag3

PREP41-rif1L.848S-Flag3

pREP42-Dual-Hsk1-Him1

Rif1-mediated chromatin tethering Kanoh et al.
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expression was inducted for 18 h. They were released into a
subsequential cell cycle at 30°C. Cells in 5 ml culture were col-
lected and suspended in 200 ul water. Cells were fixed with 600 pl
ethanol, washed with 50 mM sodium citrate (pH 7.5) (FUJIFILM
Wako), and were treated with 0.1 mg/ml RNase A (Sigma-Aldrich)
in 300 pl of 50 mM sodium citrate at 37°Cfor 2 h. Cells were stained
with 4 ng/ml propidium iodide (Sigma-Aldrich) at room tem-
perature for 1 h. After sonication, cells were analyzed by BD
LSRFortessaTM X-20.

Co-immunoprecipitation

The procedure was performed as described previously (Shimmoto et al,
2009). For immunoprecipitation, ~1.0 x 108 cells from 50 ml culture were
harvested and washed once with PBS. The cells were then re-suspended
in 0.5 ml of IP buffer (20 mM HEPES-KOH [pH 7.6] [Nacalai tesque], 50 mM
potassium acetate [Sigma-Aldrich], 5 mM magnesium acetate [FUJIFILM
Wako], 0.1 M sorbitol [FUJIFILM Wako], 0.1% TritonX-100 [Sigma-Aldrich], 2
mM DTT [FUJIFILM Wako], 20 mM NasVO, [Sigma-Aldrich], 50 mM
B-glycerophosphate [Sigma-Aldrich], and Protease Inhibitor
Cocktail [Sigma-Aldrich]) and were disrupted with glass beads
using a multi-beads shocker (Yasui Kikai). The lysates were cleared
by centrifugation (20,0009 for 10 min at 4°C). The supernatants of
lysates were mixed with anti-c-Myc antibody (Nacalai tesque) at-
tached to Protein G Dynabeads (10004D; Thermo Fisher Scientific).
After incubating for 1 h, the beads were washed with IP buffer and
proteins were extracted by boiling with 1x sample buffer (2% SDS
[Nacalai Tesque], 4 M Urea [Nacalai Tesque], 60 mM Tris—HCl [pH 6.8]
[Nacalai Tesquel, 10% Glycerol [Nacalai Tesque], and 70 mM 2-
mercaptethanol [Sigma-Aldrich]).

Immunoblot

Protein samples and prestained molecular weight markers (Bio-
Rad) were loaded onto 5-20% gradient precast PAGE gel (ATTO
corp.) and transferred to PVDF membranes (Millipore). The mem-
branes were blocked with 5% skim milk in TBST and target proteins
were detected with ANTI-FLAG M2 antibody (Sigma-Aldrich) and
anti-a-Tubulin (SantaCruz).

chip

1.0 x 10° cells were cross-linked with 1% formaldehyde for 15 min at
30°C and prepared for ChIP as previously described (Katou et al, 2003;
Kanoh et al, 2015). Briefly, cross-linked cell lysates prepared by the
multi-beads shocker (Yasui Kikai Co.) and sonication were incubated
with Protein G Dynabeads (10004D; Thermo Fisher Scientific) at-
tached to ANTI-FLAG M2 antibody (Sigma-Aldrich) for 4 h at 4°C.
The beads were washed several times and the precipitated ma-
terials were eluted by incubation in elution buffer (50 mM Tris—HCl
[pH 7.6], 10 mM EDTA, and 1% SDS) for 20 min at 68°C. The eluates
were incubated at 68°C overnight to reverse crosslinks and then
treated with RNaseA (Sigma-Aldrich) and proteinase K (FUJIFILM
Wako). DNA was precipitated with ethanol in the presence of
glycogen (Nacalai tesque) and further purified by using QlAquick
PCR purification kit (QIAGEN).

Rif1-mediated chromatin tethering Kanoh et al.

Living cell analysis

Cells were observed on BZ-X700 (KEYENCE) equipped with Nikon
PlanApoA 100x (NA = 1.45) using IMMERSION OIL TYPE NF2 (Nikon).
Mitotic spindles were visualized by expressing Pmt1-GFP-a-Tubulin.
DNA damages were detected by observing fluorescent Rad52 foci
(EGFP or YFP). Securin and spindle pole bodies were visualized by
expressing Cut2-GFP and Sad1-GFP, respectively. The time-lapse
images were observed on PMG medium/2% agarose (Nacalai tes-
que). Whole chromosome locations were visualized by expressing
hht2 (Histone H3 h3.2)-GFP.

Next-generation sequencing and ChIP-Seq

Next-generation sequencing libraries were prepared as described
previously (Kanoh et al, 2015). The input and the immunoprecipi-
tated DNAs were fragmented to an average size of ~150 bp by ultra-
sonication (Covaris). The fragmented DNAs were end-repaired,
ligated to sequencing adapters, and amplified using NEBNext Ul-
tra Il DNA Library Prep Kit for Illumina and NEBNext Multiplex Oligos
for Illumina (New England Biolabs). The amplified DNA (around 275
bp in size) was sequenced on Illumina MiSeq to generate single
reads of 100 bp. The generated ChIP or input sequences were
aligned tothe S. pombe genomic reference sequence provided from
PomBase by Bowtie 1.0.0 using default settings. Peaks were called
with model-based analysis of ChIP-Seq (MACS2.0.10) using the
following parameters: macs2 callpeak -t ChIP.sam -c Input.sam -f
SAM -g 1.4e10” -n result_file -B -q 0.01. The pileup graphs were
loaded on Affymetrix Integrated Genome Browser (IGB 8.0). To
identify consensus conserved sequences for Rif1 binding, 300-bp
DNA segments around the summits of the 128 or 169 Rifibs iden-
tified by MACS2 were extracted and analyzed by MEME suite (Bailey
et al, 2015).

In-gel kinase assay

In-gel kinase assays for replication checkpoint activation were
conducted as described previously (Geahlen et al, 1986; Waddell
et al, 1995; Takeda et al, 2001). SDS-polyacrylamide gel (10%) was
cast in the presence of 0.5 mg/ml myelin basic protein (Sigma-
Aldrich) within the gel. Extracts (100 pg of protein) prepared by
the boiling method were run on the gel. After electrophoresis, the
gel was washed successively in 50 mM Tris—HCl (pH 8.0), 50 mM
Tris—HCL (pH 8.0) +5 mM 2-mercaptoethanol, and denatured in 6 M
guanidium hydrochloride (Nacalai tesque) in 50 mM Tris=HCl (pH
8.0) +5 mM 2-mercaptoethanol, and renatured in 50 mM Tris, pH
8.0 +5 mM 2-mercaptoethanol +0.04% Tween 20 over 12-18 h at
4°C.The gel was then equilibrated in the kinase buffer containing
40 mM HEPES-KOH (pH 7.6), 40 mM potassium glutamate, 5 mM
magnesium acetate, 2 mM dithiothreitol, and 0.1 mM EGTA for 1 h
at room temperature, and was incubated in the same kinase
buffer containing 5 uM ATP and 50 uCi of [y->2P]ATP for 60 min at
room temperature, followed by extensive washingin 5% trichloro-
acetic acid (Nacalai tesque) +1% sodium pyrophosphate until no
radioactivity is detected in the washing buffer. The gel was dried
and auto-radiographed.
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Table 3. Reagents & Resources.

Reagent and resource

Antibody

Mouse anti-Flag(M2)

Sigma-Aldrich

Cat# F1804

o Tubulin

SANTA CRUZ BIOTECHNOLOGY, INC.

Catit sc-23948

Peroxidase AffiniPure F(ab'). Fragment Donkey Anti-

Mouse 1gG (H+L)

Jackson Immune Research

Cat# 715-036-151

Peroxidase AffiniPure F(ab'). Fragment Donkey Anti-

Rabbit IgG (H+L)

Jackson Immune Research

Cat# 711-036-152

c-Myc(A-14)

SANTA CRUZ BIOTECHNOLOGY, INC.

Cat# sc-789

Anti-c-Myc(Mouse 1gG1-k), Monoclonal(MC045), AS

nacalai tesque

Cat# 04362-34

Anti-Nup98 antibody, rat monoclone (2H10) Bioacademia Cat#t 70-310
Chemicals, peptide, and recombinant proteins

Bact Yeast Extract Gibco Cat#t 212750

Difco Yeast Nitrogen Base w/o Amino Acids BD Catt 291940

Bacto Agar Gibco Cat# 214010

D(+)-Glucose

FUJIFILM Wako Pure Chemical Corporation

Cat# 049-31165

Adenine hemisulfate salt Sigma-Aldrich Cat#t A9126
Uracil Sigma-Aldrich Cat#t U0750
L-Leucine FUJIFILM Wako Pure Chemical Corporation Cat#t 124-00852

D(+)-Lysine Monohydrochloride

FUJIFILM Wako Pure Chemical Corporation

Cat#t 121-01461

L-Histidine

FUJIFILM Wako Pure Chemical Corporation

Cat# 084-00682

Thiamin Hydrochloride

FUJIFILM Wako Pure Chemical Corporation

Cat# 201-00852

EMM BROTH WITHOUT NITROGEN

FORMEDIUM

Cat# PMD1302

EMM BROTH WITHOUT DEXTROSE

FORMEDIUM

Cat# PMD0402

L-Glutamic acid monosodium salt hydrate

Sigma-Aldrich

Cat# G5889

Trisodium Citrate Dihydrate

FUJIFILM Wako Pure Chemical Corporation

Cat# 191-01785

Propidium iodide

Sigma-Aldrich

Cat#t P4170

Ribonuclease A from bovine pancreas Type II-A

Sigma-Aldrich

Cat# R5000

HEPES[N-(2-Hydroxyethyl)piperazine-N’-2-
ethanesulfonic Acid]

nacalai tesque

Cat#t 17514-15

Potassium acetate

Sigma-Aldrich

Cat# P1190

Magnesium Acetate Tetrahydrate

FUJIFILM Wako Pure Chemical Corporation

Cat# 130-00095

Protease Inhibitor Cocktail for use with fungal and yeast

oxtracts Sigma-Aldrich Cat#t P8215
D-Glucitol nacalai tesque Cat#t 32021-95
Triton X-100 Sigma-Aldrich Catt T9284
B-Glycerophosphate disodium salt hydrate Sigma-Aldrich Cat# G5422
Sodium orthovanadate Sigma-Aldrich Cat#t S6508

(+/-)-Dithiothreitol

FUJIFILM Wako Pure Chemical Corporation

Cat# 042-29222

Dynabeads Protein G

Thermo Fisher Scientific

Cat# DB10004

Tris(hydroxymethyl)aminomethane

nacalai tesque

Cat# 35434-21

EDTA 2Na Dihydrate

nacalai tesque

Cat# 15130-95

Sodium Lauryl Sulfate (SDS)

nacalai tesque

Cat# 31607-65

Urea

nacalai tesque

Cat# 35940-65

Bromophenol Blue

FUJIFILM Wako Pure Chemical Corporation

Cat# 029-02912
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Table 3. Continued

Reagent and resource

2-Mercaptoethanol

Sigma-Aldrich

Cat#t M7522

Glycerol

nacalai tesque

Cat# 17018-83

Polyoxyethylene Sorbitan Monolaurate (Tween 20)

nacalai tesque

Cat# 28353-85

IGEPAL CA-630 Sigma-Aldrich Catt 18896
Precision Plus Protein Dual Color Standards Bio-Rad Cat#t 1610394
Immobilon-P PVDF Membrane Millpore Cat# IPVH00010

Proteinase K, recombinant, Solution

FUJIFILM Wako Pure Chemical Corporation

Cat# 169-28702

Glycogen Solution

nacalai tesque

Cat# 17110-11

Ethanol (99.5)

nacalai tesque

Cat# 14712-63

QIAquick PCR Purification Kit (250)

QIAGEN

Cat# 28106

Guanidinium Chloride

nacalai tesque

Cat# 17318-95

Myelin Basic Protein bovine

Sigma-Aldrich

Cat# M1891

GEDTA(EGTA)

FUJIFILM Wako Pure Chemical Corporation

Cat# 342-01314

(+/-)-Dithiothreitol

FUJIFILM Wako Pure Chemical Corporation

Cat# 042-29222

Trichloroacetic Acid Solution (100 w/v%)

nacalai tesque

Cat# 34637-85

Recombinant DNase | (RNase-free) TaKaRa bio Cattt 2270A
MiSeq Reagent Kit v3 (150-cycle) Illumina MS-102-3001
NEBNext Ultra I DNA Library Prep Kit for Illumina NEW ENGLAND BioLabs E7645L
NEBNext Multiplex Oligos for Illumina (Index Primers Set 1) NEW ENGLAND BioLabs E7335S

Software and algorithms

https://genomebiology.biomedcentral.com/

Bowtie-1.0.0 Langmead et al (2009) articles 10,1186/ gb-2009-10-3-r25

) ) https:/ /academic.oup.com/bioinformatics/
Samtools Li and Durbin (2009) article /2514 1754/ 225615

. — https:/ /journals.plos.org/plosone/
MAGS2 Wilbanks and Facciotti (2010) article?id=10.1371/journal.pone.0011471
MEME suite Bailey et al (2015) https:// meme-suite.org/meme/
MiSeq System Illumina Catt SY-410-1003
S220 Focused-ultrasonicator Covaris Cat# 500217

Cell fractionation and immunofluorescence analyses

50 x 107 exponentially growing yeast cells were collected, and cell
components were fractionated as previously reported (Kanoh et al,
2015). Briefly, the cell walls were digested with 100 U/ml zymolyase
(Nacalai Tesque) in 12 M sorbitol/potassium phosphate (pH 7.0)
containing 1 mM PMSF at 30°C for 30 min. The spheroplast cells,
washed with 1 M sorbitol, were permeabilized in a solution containing
0.1% Triton X-100 (Sigma-Aldrich), 1.2 M sorbitol/potassium phosphate
(pH 7.0) and 1 mM PMSF on ice. The cells were suspended in CSK buffer
(50 mM HEPES-KOH [pH 75], 05% Triton X-100, 50 mM potassium
acetate, T mM MgCl,, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM PMSF, 0.5
mM sodium orthovanadate, 50 mM NaF, 1x protease-inhibitor cocktail
(Sigma-Aldrich), 1x protease-inhibitor cocktail (Roche), and 0.1 mM MG-
132) for 30 min on ice. Genomic DNA was digested with 0.25 U/ml DNase
I'in CSK buffer containing 10 mM MgCl, and 10 mM CaCl, and incubated
at20° Cfor30 min. The cells were fixed with 4% paraformaldehyde/PBS

Rif1-mediated chromatin tethering Kanoh et al.

after washing with CSK buffer. Nup98, a marker of the nuclear
membrane, was detected with rat anti-Nup98 monoclonal antibody (1:
500; Bioacademia) for 12 h at 4°C after blocking in PBS containing 3%
BSA and 0.1% Tween 20. The cells were washed with PBS containing
0.1% Tween 20 three times, and were incubated with Alexa Fluor
488-conjugated rabbit anti-rat 1gG (1:1,000; Invitrogen) in PBS con-
taining 0.1% Tween 20 for 12 h at 4° C. Antibodies were diluted in 1% BSA
in PBS and 0.1% Tween 20. Finally, the cells were stained with 1 ug/ml
Hoechst 33342 for 1 h at rt and washed with PBS containing 0.5%
Tween 20 three times before visualization under a microscope.

Time-lapse analyses of cellular dynamics of Rif1

Cells expressing Rifl-mKO02 (red) and Taz1-EGFP (green) at the
endogenous loci were analyzed under a spinning disk microscope.
Images were taken as previously reported (Ito et al, 2019) with slight
modification. Briefly, microscope images were acquired using an
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iXon3 897 EMCCD camera (Andor) connected to Yokokawa CSU-W1
spinning-disc scan head (Yokokawa Electric Corporation) and an
OlympusIX83 microscope (Olympus) with a UPlanSApo 100x NA 1.4
objective lens (Olympus) with laser illumination at 488 nm for GFP
and 561 nm for mKO2. Images were captured and analyzed using
MetaMorph Software (Molecular Devices). Optical section data (41
focal planes with 0.2 um spacing every 2 min) were collected for 2 h.
Time-lapse images were deconvoluted using Huygens image
analysis software (Scientific Volume Imaging).

Estimation of the number of the Rif1 molecule in fission
yeast cells

Hisg—Rif1-Flags (93-1,400 aa) protein was expressed on ver3-4
vector at the BamHlI site, and was purified by the consecutive
anti-Flag column and nickel column (Uno et al, 2012). The N-ter-
minal 93 amino acids were removed to increase the stability of the
protein. The whole cell extracts prepared by the boiling method
(Takeda et al, 2001) from the cells of known numbers were serially
diluted and run on PAGE together with the standard protein of the
known concentrations, the purified Hisg-Rif1-Flag; protein.

Data Availability

The reagents, oligonucleotides, plasmids, strains, and Rif1-binding
sequence lists used in this study are listed in Tables 1-3, S1, and S2.

Supplementary Information

Supplementary Information is available at https://doi.org/10.26508/sa.202201603.
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