
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. It increased 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 PP1bsmutant 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

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 Rif1. These results indicate that SAC-
inducedmitotic 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

Figure 8. The endogenous Rif1 protein was relocated upon overexpression of
Rif1.
(A) Rif1–mKO2 cells (KYP1866 and KYP1867), in which the endogenous Rif1 was
tagged with mKO2, harboring pREP41–Flag3 vector (upper) or pREP41–Rif1–Flag3
(lower) were grown in the absence of thiamine for 20 h, and were extracted by
Triton X-100 and DNase I and remaining endogenous Rif1–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 Rif1–mKO2 cells harboring pREP41–Flag3 (Vector) or
pREP41–Rif1–Flag3 (Rif1OE) grown as in (A).
Source data are available for this figure.

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.
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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 Figs 1C, 2A and E, 4A, 5D and E, 6A,
and S2B and C

KYP015 h– leu1-32 ura4-D18 pREP41-Rif1-Flag3 Our Stock Figs 1C, 2A and E, 4A, 5D
and E, 6A, S1B, and S2B and C

KYP008 h– leu1-32 ura4-D18 rif1Δ::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 rif1Δ::ura4+ pREP41 Our Stock Figs 1C and 2E

KYP1805 h– leu1-32 ura4-D18 rif1Δ::ura4+ pREP41-Rif1-Flag3 Our Stock Figs 1C, 2E, and S1A

KYP1806 h– leu1-32 ura4-D18 rif1Δ::ura4+ pREP41-rif1(61–1,400)-Flag3 Our Stock Fig 1C

KYP1807 h– leu1-32 ura4-D18 rif1Δ::ura4+ pREP41-rif1(81–1,400)-Flag3 Our Stock Fig 1C

KYP1808 h– leu1-32 ura4-D18 rif1Δ::ura4+ pREP41-rif1(151–1,400)-Flag3 Our Stock Figs 1C and S1A

KYP1853 h– leu1-32 ura4-D18 rif1Δ::ura4+ pREP41-rif1(1–1,260)-Flag3 Our Stock Figs 1C and S1A

KYP1854 h– leu1-32 ura4-D18 rif1Δ::ura4+ pREP41-rif1(1–965)-Flag3 Our Stock Figs 1C and S1A

KYP1855 h– leu1-32 ura4-D18 rif1Δ::ura4+ pREP41-rif1(1–442)-Flag3 Our Stock Figs 1C and S1A

KYP1856 h– leu1-32 ura4-D18 rif1Δ::ura4+ pREP41-rif1(443–1,400)-Flag3 Our Stock Figs 1C and S1A

KYP1857 h– leu1-32 ura4-D18 rif1Δ::ura4+ 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 hsk1-89:ura4+ pREP41-rif1(1–1,260)-Flag3 Our Stock Fig 1D

KYP1755 h– leu1-32 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 hsk1-89:ura4+ pREP41-rif1(966–1,400)-Flag3 Our Stock Fig 1D

JX502 h– dis2-11 leu1 Our Stock

JX503 h– dis2::ura4+ leu1 ura4 Our Stock

FY9620 h– leu1 ura4 sds21::ura4+ NBRP

KYP1759 h– dis2-11 leu1 pREP41 Our Stock Fig 2A

KYP1760 h– dis2-11 leu1 pREP41-Rif1-Flag3 Our Stock Fig 2A

KYP1761 h– dis2::ura4+ leu1 ura4 pREP41 Our Stock Fig 2A

KYP1762 h– dis2::ura4+ leu1 ura4 pREP41-Rif1-Flag3 Our Stock Fig 2A

KYP1763 h– leu1 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-rif1PP1bs mut-Flag3 pREP42 Our Stock Fig 2C

KYP1772 h– leu1-32 ura4-D18 pREP41-rif1PP1bs mut-Flag3 pREP42-dis2-13Myc Our Stock Fig 2C

(Continued on following page)
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Table 1. Continued

Strain Genotpye Source Related figure

KYP1773 h– leu1-32 ura4-D18 pREP41-rif1PP1bs mut-Flag3 pREP42-sds21-13Myc Our Stock Fig 2C

FY14160 h– leu1-32 ura4-D18 rif1Δ::ura4+ NBRP

KYP1839 h– leu1-32 ura4-D18 rif1Δ::ura4+ pREP41-rif1PP1mut-Flag3 Our Stock Fig 2E

KYP1774 h– leu1-32 ura4-D18 pREP41-rif1PP1mut-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 rif1::Pnmt-rif1-His6-Flag10:kanR nda3-KM311 Our Stock Figs 3A–C and 6B

KYP1283 h– leu1-32 ura4-D18 Pnmt1-rif1PP1bs 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 leu1-32 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

KYP011 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

KYP1815 h– leu1-32 ura4-D18 mad2::ura4+ lys1+::pmt1-GFP-alpha2tub rif1Δ::
hphMX6 pREP41-Flag3 Our Stock Fig 5B, D, and E

KYP1816 h– leu1-32 ura4-D18 mad2::ura4+ lys1+::pmt1-GFP-alpha2tub rif1Δ::
hphMX6 pREP41-Rif1-Flag3 Our Stock Fig 5B, D, and E

KYP1802 h– ade6-M216 leu1-32 ura4-D18 bub1::ura4+ lys1+::pmt1-GFP-alpha2tub Our Stock

KYP1817 h– ade6-M216 leu1-32 ura4-D18 bub1::ura4+ lys1+::pmt1-GFP-alpha2tub
rif1Δ::hphMX6 pREP41-Flag3 Our Stock Fig 5B, D, and E

KYP1818 h– ade6-M216 leu1-32 ura4-D18 bub1::ura4+ lys1+::pmt1-GFP-alpha2tub
rif1Δ::hphMX6 pREP41-Rif1-Flag3 Our Stock Fig 5B, D, and E

23-B10 h90 ade6-M216 leu1 his3-D1 cut2-GFP << kanR sad1-GFP << kanR Gifted from
Dr. Ueno

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

KYP1837 h90 ade6-M216 leu1 his3-D1 cut2-GFP << kanR sad1-GFP << kanR pREP41-
Rif1-Flag3 Our Stock Fig 5C

KYP1781 h– leu1-32 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-rfi1R236H-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-rif1PP1mut-Flag3 Our Stock Fig 7A

KYP1843 h– ade6-M216 leu1-32 ura4-D18 hht2+-GFP::ura4+ pREP41-rif1R236H-Flag3 Our Stock Fig 7C

KYP1844 h– ade6-M216 leu1-32 ura4-D18 hht2+-GFP::ura4+ pREP41-rif1L848S-Flag3 Our Stock Fig 7C

MS742 h– leu1-32 ura4-D18 rif1:mKO2 cut11-GFP-ura4+ Our Stock

KYP1866 h– leu1-32 ura4-D18 rif1:mKO2 cut11-GFP-ura4+ pREP41-Flag3 Our Stock Figs 8A and S5E

KYP1867 h– leu1-32 ura4-D18 rif1:mKO2 cut11-GFP-ura4+ pREP41-Rif1-Flag3 Our Stock Figs 8A and S5E

(Continued on following page)

Rif1-mediated chromatin tethering Kanoh et al. https://doi.org/10.26508/lsa.202201603 vol 6 | no 4 | e202201603 13 of 22

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


Table 1. Continued

Strain Genotpye Source Related figure

MS580 h– leu1-32 ura4-D18 rif1::Pnmt1-rif1: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 rif1Δ::ura4+ pREP42 Our Stock Fig S2A

KYP1788 h– leu1-32 ura4-D18 rif1Δ::ura4+ pREP42-hsk1-him1 Our Stock Fig S2A

KYP1789 h– leu1-32 ura4-D18 rif1::Pnmt1-rif1:kanR pREP42 Our Stock Fig S2A

KYP1790 h– leu1-32 ura4-D18 rif1::Pnmt1-rif1:kanR pREP42-hsk1-him1 Our Stock Fig S2A

FY14161 h– leu1-32 ura4-D18 taz1::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

NI453 h– leu1-32 ura4-D18 cds1::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 wee1-50 Our Stock

KYP1875 h– leu1-32 ura4-D18 taz1::ura4+ pREP41 Our Stock Fig S2B

KYP1876 h– leu1-32 ura4-D18 taz1::ura4+ pREP41-Rif1-Flag3 Our Stock Fig S2B

KYP1877 h– leu1-32 ura4-D18 tel1-D1::kanMX4 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 leu1-32 ura4-D18 chk1::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 leu1-32 ura4-D18 wee1-50 pREP41 Our Stock Fig S2C

KYP1892 h– ade6-M216 leu1-32 ura4-D18 wee1-50 pREP41-Rif1-Flag3 Our Stock Fig S2C

KYP1847 h+ leu1-32 ura4-D18 lys1+::pmt1-GFP-alpha2tub rif1Δ21-1400AA::hphMX6
pREP41-rif1PP1mut-Flag3 Our Stock Fig S3B

KYP1863 h– ade6-M216 leu1-32 ura4-D18 hht2+-GFP::ura4+ Gar2-mCherry:hphMX6
pREP41-Flag3 Our Stock Fig S4A

KYP1864 h–- ade6-M216 leu1-32 ura4-D18 hht2+-GFP::ura4+ Gar2-mCherry:hphMX6
pREP41-Rif1-Flag3 Our Stock Fig S4A

KYP1865 h- ade6-M216 leu1-32 ura4-D18 hht2+-GFP::ura4+ Gar2-mCherry:hphMX6
pREP41-rif1PP1bs mut-Flag3 Our Stock Fig S4A

MIC2-11 h– leu1-32 ura4-D18 rif1:mKO2 Our Stock Fig S5A–C

MS744 h– leu1-32 ura4-D18 rif1:mKO2 hsk1-89:ura4+ Our Stock Fig S5A–C

(Continued on following page)
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with chromatin enriched at the nuclear periphery were observed in
more than 6% or 10% of the cells with the WT or PP1bs mutant Rif1,
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 Rif1 dynamicswas examined.
In addition to the strong dots corresponding to telomeres (Fig S5D
and E),finedots representing armbindingwere observed ([Klein et al,
2021] Video 5). Upon overexpression of Rif1, the endogenous Rif1-
derivedmKO2 signals relocated from telomeres to the entire areas of
the nuclei (Fig S5E), indicating that overexpressed Rif1, forming
multimers with Rif1–mKO2, spreads over the chromosome arms. The
prewash of nuclei with detergent and DNase I 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
todetergent- andDNase I-resistant insoluble compartments through
mixed oligomer formation with the overexpressed Rif1.

Our results are consistent with the idea that Rif1 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 Rif1 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
causedbyoverexpressedRif1may affect themitotic 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 Rif1 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

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 Rif1-mediated chromatin recruit-
ment at nuclear membrane alone does not inhibit the S-phase, and
that the recruitment of PP1 by Rif1 is 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
Rif1-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 Rif1 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 0.5% 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 µM 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-KM311 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

Table 1. Continued

Strain Genotpye Source Related figure

HM214 h+ leu1-32 ura4-D16 rif1::ura4+ hsk1-89:ura4+ Our Stock Fig S5B

MIC20-42 h– leu1-32 ura4-D18 taz1-GFP::kanMX, rif1:mKO2,nda3-KM311 Our Stock Fig S5D and Video 1, Video 2, Video 3, Video 4,
and Video 5

KYP1868 h– leu1-32 ura4-D18 rif1:mKO2 cut11-GFP-ura4+ pREP41-rif1PP1mut-Flag3 Our Stock Fig S5E
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Table 2. Oligonucleotides & Plasmids.

Oligonucleotides Sequence

rif1-fw-1 59-CTTTGTTAAATCATATGACAAAAGAAATTGCTGTGAAGGAGGCT-39

rif1-fw-151 59-CTTTGTTAAATCATATGTTATCGGATAGATGCTCTAACAATTCAGAG-39

rif1-fw-443 59-CTTTGTTAAATCATATGACTACTTTGATTGCTTTAATATATGCA-39

rif1-fw-966 59-CTTTGTTAAATCATATGTCCACTGCTACAGCTTCTAATATTTTAGAA-39

pREP_rif12_60_Fwd 59-AAATCATATGCCCAAACGAGGTATCTTAAAAACTTCAACAC-39

pREP_rif12_80_Fwd 59-AAATCATATGCAATCCTTTGAAGGAAATGAATCTG-39

rif-rv-1400 59-TCTAGAGTCGACATAAGCAATTCTAGATAAAATAGCTCTCTGTAA-39

rif-rv-1260 59-TCTAGAGTCGACATAAACTTCCTTATTCACGTTGGAAGATTGGCT-39

rif-rv-965 59-TCTAGAGTCGACATAATTTAGTAGCAGCTGCAAAATTAATATAC-39

rif-rv-442 59-TCTAGAGTCGACATATGCTGCATTCTTTACTGTTGGCAAATTCC-39

pREP_rif1_2_60_Rev 59-TTGGGCATATGATTTAACAAAGCGACTATAAGTCAGAAAG-39

pREP_rif1_2_80_Rev 59-GATTGCATATGATTTAACAAAGCGACTATAAGTCAGAAAG-39

Fusion-dis2N 59-CTTTGTTAAATCATATGTCGAACCCAGATGTGGATTTGGATTCC-39

dis2MycFusion 59-ATTAACCCGGGGATCAACTTTGAATTTCCTGTCTTATTCTTCCGAGG-39

Fusion-sds21 59-CTTTGTTAAATCATATGGATTATGATATTGATGCGATTATTGAA-39

sds21MycFusion 59-ATTAACCCGGGGATCAAATTATTTTTGGATTTCTTCAAACTGTTCGT-39

Rif1_PP1_Mut1_Fwd 59-GCTGCCAAGAAGGCAAATGCTAGTAGTGAA-39

Rif1_PP1_Mut1_Rev 59-GCATTTGCCTTCTTGGCAGCAATCGAACTA-39

Rif1_PP1_Mut2_Fwd 59-CCCAAACGAGGTGCCGCAAAAACTTCAACA-39

Rif1_PP1_Mut2_Rev 59-GAAGTTTTTGCGGCACCTCGTTTGGGTAAA-39

Recombinant DNA (Plasmids)

pREP41

pREP41-Flag3

pREP41-Rif1-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(443–1,400)-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-rif1R236H-Flag3

pREP41-rif1L848S-Flag3

pREP42-Dual-Hsk1-Him1
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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 µl water. Cells were fixed with 600 µl
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 µl of 50 mM sodium citrate at 37°C for 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 × 108 cells from 50 ml culture were
harvested andwashedoncewith PBS. The cellswere then re-suspended
in 0.5ml of IP buffer (20mMHEPES-KOH [pH 7.6] [Nacalai tesque], 50mM
potassium acetate [Sigma-Aldrich], 5 mM magnesium acetate [FUJIFILM
Wako], 0.1 M sorbitol [FUJIFILMWako], 0.1% TritonX-100 [Sigma-Aldrich], 2
mM DTT [FUJIFILM Wako], 20 mM Na3VO4 [Sigma-Aldrich], 50 mM
β-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 (20,000g 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 1× sample buffer (2% SDS
[Nacalai Tesque], 4 M Urea [Nacalai Tesque], 60mM Tris–HCl [pH 6.8]
[Nacalai Tesque], 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-α-Tubulin (SantaCruz).

ChIP

1.0 × 109 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 QIAquick
PCR purification kit (QIAGEN).

Living cell analysis

Cells were observed on BZ-X700 (KEYENCE) equipped with Nikon
PlanApoλ 100× (NA = 1.45) using IMMERSION OIL TYPE NF2 (Nikon).
Mitotic spindles were visualized by expressing Pmt1-GFP-α-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 II 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 to the 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 1.4e107 -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 Rif1bs 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 µg 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 µM ATP and 50 µCi of [γ-32P]ATP for 60 min at
room temperature, followed by extensive washing in 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

α Tubulin SANTA CRUZ BIOTECHNOLOGY, INC. Cat# sc-23948

Peroxidase AffiniPure F(ab')₂ Fragment Donkey Anti-
Mouse IgG (H+L) Jackson Immune Research Cat# 715-036-151

Peroxidase AffiniPure F(ab')₂ 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 IgG1-κ), Monoclonal(MC045), AS nacalai tesque Cat# 04362-34

Anti-Nup98 antibody, rat monoclone (2H10) Bioacademia Cat# 70-310

Chemicals, peptide, and recombinant proteins

Bact Yeast Extract Gibco Cat# 212750

Difco Yeast Nitrogen Base w/o Amino Acids BD Cat# 291940

Bacto Agar Gibco Cat# 214010

D(+)-Glucose FUJIFILM Wako Pure Chemical Corporation Cat# 049-31165

Adenine hemisulfate salt Sigma-Aldrich Cat# A9126

Uracil Sigma-Aldrich Cat# U0750

L-Leucine FUJIFILM Wako Pure Chemical Corporation Cat# 124-00852

D(+)-Lysine Monohydrochloride FUJIFILM Wako Pure Chemical Corporation Cat# 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# P4170

Ribonuclease A from bovine pancreas Type II-A Sigma-Aldrich Cat# R5000

HEPES[N-(2-Hydroxyethyl)piperazine-N9-2-
ethanesulfonic Acid] nacalai tesque Cat# 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
extracts Sigma-Aldrich Cat# P8215

D-Glucitol nacalai tesque Cat# 32021-95

Triton X-100 Sigma-Aldrich Cat# T9284

β-Glycerophosphate disodium salt hydrate Sigma-Aldrich Cat# G5422

Sodium orthovanadate Sigma-Aldrich Cat# 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

(Continued on following page)
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Cell fractionation and immunofluorescence analyses

5.0 × 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 1.2 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 1mM PMSF on ice. The cells were suspended in CSK buffer
(50 mM HEPES-KOH [pH 7.5], 0.5% Triton X-100, 50 mM potassium
acetate, 1 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM PMSF, 0.5
mM sodium orthovanadate, 50 mM NaF, 1× protease-inhibitor cocktail
(Sigma-Aldrich), 1× protease-inhibitor cocktail (Roche), and 0.1mMMG-
132) for 30min on ice. Genomic DNAwas digestedwith 0.25 U/ml DNase
I in CSK buffer containing 10 mMMgCl2 and 10mM CaCl2 and incubated
at 20°C for 30min. The cells werefixedwith 4%paraformaldehyde/PBS

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 IgG (1:1,000; Invitrogen) in PBS con-
taining 0.1% Tween 20 for 12 h at 4°C. Antibodieswere diluted in 1%BSA
in PBS and 0.1% Tween 20. Finally, the cells were stained with 1 μg/ml
Hoechst 33342 for 1 h at r.t. 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 Rif1–mKO2 (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

Table 3. Continued

Reagent and resource

2-Mercaptoethanol Sigma-Aldrich Cat# M7522

Glycerol nacalai tesque Cat# 17018-83

Polyoxyethylene Sorbitan Monolaurate (Tween 20) nacalai tesque Cat# 28353-85

IGEPAL CA-630 Sigma-Aldrich Cat# I8896

Precision Plus Protein Dual Color Standards Bio-Rad Cat# 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 I (RNase-free) TaKaRa bio Cat# 2270A

MiSeq Reagent Kit v3 (150-cycle) Illumina MS-102-3001

NEBNext Ultra II DNA Library Prep Kit for Illumina NEW ENGLAND BioLabs E7645L

NEBNextMultiplex Oligos for Illumina (Index Primers Set 1) NEW ENGLAND BioLabs E7335S

Software and algorithms

Bowtie-1.0.0 Langmead et al (2009) https://genomebiology.biomedcentral.com/
articles/10.1186/gb-2009-10-3-r25

Samtools Li and Durbin (2009) https://academic.oup.com/bioinformatics/
article/25/14/1754/225615

MACS2 Wilbanks and Facciotti (2010) https://journals.plos.org/plosone/
article?id=10.1371/journal.pone.0011471

MEME suite Bailey et al (2015) https://meme-suite.org/meme/

MiSeq System Illumina Cat# SY-410-1003

S220 Focused-ultrasonicator Covaris Cat# 500217
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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 100× 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 µm 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

His6–Rif1–Flag3 (93–1,400 aa) protein was expressed on ver.3-4
vector at the BamHI 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 His6–Rif1–Flag3 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/lsa.202201603.

Acknowledgements

This paper is dedicated to Dr. Seiji Matsumoto, a dearest friend and col-
laborator, who passed away on 22 November 2020, after a long fight against
pancreatic cancer. Seiji contributed greatly to this work, and should have
been an author of this paper. We thank Kenji Moriyama for providing the
purified N-terminally truncated fission yeast Rif1 protein (93–1400 aa). We
also thank Rino Fukatsu and Naoko Kakusho for excellent technical assis-
tance. We thank Dr. Justin O’Sullivan for providing us with the data on
prediction of nuclear localization of Rif1 and DNA replication in fission yeast
cells. We thank Prof. Takashi Toda (Hiroshima University) for helpful sug-
gestions. Author Contributions Y Kanoh conducted plasmid and mutant
strain constructions, observed mutants by a microscope, analyzed the cell
cycle by FACS, and conducted ChIP-seq and informatics analyses. M Hayano
also constructed plasmids and mutant strains, characterized them, and
conducted immunoprecipitation and data analysis. M Hayano and S Kudo
found that Rif1 overexpression induced cell death. M Ueno provided mutant
strains, conducted live cell analyses, and interpreted the data. Y Kanoh and
H Masai conceived and designed the experiments and Y Kanoh and H Masai
wrote the manuscript. This work was supported by JSPS KAKENHI (Grant-in-
Aid for Scientific Research (A) (Grant Numbers 17H01418, 20K21410 and
20H00463 (to H Masai)); Grant-in-Aid for Scientific Research on Innovative
Areas (Grant Numbers 19H05277, 20H05399 and 21H00264 (to H Masai)); Fund
for the Promotion of Joint International Research (Grant Number 20KK0157);
Specific Research Grants from Takeda Science Foundation (to H Masai).

Author Contributions

Y Kanoh: conceptualization, resources, data curation, formal analysis,
funding acquisition, validation, investigation, visualization, meth-
odology, writing—original draft, and project administration.
M Ueno: resources, investigation, and methodology.
M Hayano: resources, investigation, and data curation.
S Kudo: resources and investigation.
H Masai: conceptualization, data curation, supervision, funding
acquisition, investigation, visualization, methodology, project ad-
ministration, and writing—original draft, review, and editing.

Conflict of Interest Statement

The authors declare that they have no conflict of interest.

References

Amiad-Pavlov D, Lorber D, Bajpai G, Reuveny A, Roncato F, Alon R, Safran S,
Volk T (2021) Live imaging of chromatin distribution reveals novel
principles of nuclear architecture and chromatin
compartmentalization. Sci Adv 7: eabf6251. doi:10.1126/sciadv.abf6251

Arib G, Akhtar A (2011) Multiple facets of nuclear periphery in gene expression
control. Curr Opin Cell Biol 23: 346–353. doi:10.1016/j.ceb.2010.12.005

Bailey TL, Johnson J, Grant CE, Noble WS (2015) The MEME suite. Nucleic Acids
Res 43: W39–W49. doi:10.1093/nar/gkv416

Batenburg NL, Walker JR, Noordermeer SM, Moatti N, Durocher D, Zhu XD
(2017) ATM and CDK2 control chromatin remodeler CSB to inhibit RIF1
in DSB repair pathway choice. Nat Commun 8: 1921. doi:10.1038/
s41467-017-02114-x

Bernard P, Hardwick K, Javerzat JP (1998) Fission yeast bub1 is a mitotic
centromere protein essential for the spindle checkpoint and the
preservation of correct ploidy through mitosis. J Cell Biol 143:
1775–1787. doi:10.1083/jcb.143.7.1775

Bernard P, Maure JF, Javerzat JP (2001) Fission yeast Bub1 is essential in
setting up the meiotic pattern of chromosome segregation. Nat Cell
Biol 3: 522–526. doi:10.1038/35074598

Bhowmick R, Thakur RS, Venegas AB, Liu Y, Nilsson J, Barisic M, Hickson ID
(2019) The RIF1-PP1 Axis controls abscission timing in human cells.
Curr Biol 29: 1232–1242.e5. doi:10.1016/j.cub.2019.02.037

Campolo F, Gori M, Favaro R, Nicolis S, Pellegrini M, Botti F, Rossi P, Jannini EA,
Dolci S (2013) Essential role of Sox2 for the establishment and
maintenance of the germ cell line. Stem Cells 31: 1408–1421.
doi:10.1002/stem.1392

Cornacchia D, Dileep V, Quivy JP, Foti R, Tili F, Santarella-Mellwig R, Antony C,
Almouzni G, Gilbert DM, Buonomo SBC (2012) Mouse Rif1 is a key
regulator of the replication-timing programme in mammalian cells.
EMBO J 31: 3678–3690. doi:10.1038/emboj.2012.214

Dave A, Cooley C, Garg M, Bianchi A (2014) Protein phosphatase 1 recruitment
by Rif1 regulates DNA replication origin firing by counteracting DDK
activity. Cell Rep 7: 53–61. doi:10.1016/j.celrep.2014.02.019

Di Virgilio M, Callen E, Yamane A, Zhang W, Jankovic M, Gitlin AD, Feldhahn N,
Resch W, Oliveira TY, Chait BT, et al (2013) Rif1 prevents resection of
DNA breaks and promotes immunoglobulin class switching. Science
339: 711–715. doi:10.1126/science.1230624

Du LL, Nakamura TM, Moser BA, Russell P (2003) Retention but not
recruitment of Crb2 at double-strand breaks requires Rad1 and Rad3
complexes. Mol Cell Biol 23: 6150–6158. doi:10.1128/mcb.23.17.6150-
6158.2003

Rif1-mediated chromatin tethering Kanoh et al. https://doi.org/10.26508/lsa.202201603 vol 6 | no 4 | e202201603 20 of 22

https://doi.org/10.26508/lsa.202201603
https://doi.org/10.1126/sciadv.abf6251
https://doi.org/10.1016/j.ceb.2010.12.005
https://doi.org/10.1093/nar/gkv416
https://doi.org/10.1038/s41467-017-02114-x
https://doi.org/10.1038/s41467-017-02114-x
https://doi.org/10.1083/jcb.143.7.1775
https://doi.org/10.1038/35074598
https://doi.org/10.1016/j.cub.2019.02.037
https://doi.org/10.1002/stem.1392
https://doi.org/10.1038/emboj.2012.214
https://doi.org/10.1016/j.celrep.2014.02.019
https://doi.org/10.1126/science.1230624
https://doi.org/10.1128/mcb.23.17.6150-6158.2003
https://doi.org/10.1128/mcb.23.17.6150-6158.2003
https://doi.org/10.26508/lsa.202201603


Ebrahimi H, Robertson ED, Taddei A, Gasser SM, Donaldson AD, Hiraga S-i
(2010) Early initiation of a replication origin tethered at the nuclear
periphery. J Cell Sci 123: 1015–1019. doi:10.1242/jcs.060392

Feng L, Fong KW, Wang J, Wang W, Chen J (2013) RIF1 counteracts BRCA1-
mediated end resection during DNA repair. J Biol Chem 288:
11135–11143. doi:10.1074/jbc.M113.457440

Fontana GA, Hess D, Reinert JK, Mattarocci S, Falquet B, Klein D, Shore D,
Thoma NH, Rass U (2019) Rif1 S-acylation mediates DNA double-
strand break repair at the inner nuclear membrane. Nat Commun 10:
2535. doi:10.1038/s41467-019-10349-z

Foti R, Gnan S, Cornacchia D, Dileep V, Bulut-Karslioglu A, Diehl S, Buness A,
Klein FA, Huber W, Johnstone E, et al (2016) Nuclear architecture
organized by Rif1 underpins the replication-timing program. Mol Cell
61: 260–273. doi:10.1016/j.molcel.2015.12.001

Furuya K, Carr AM (2003) DNA checkpoints in fission yeast. J Cell Sci 116:
3847–3848. doi:10.1242/jcs.00790

Garcia MA, Vardy L, Koonrugsa N, Toda T (2001) Fission yeast ch-TOG/XMAP215
homologue Alp14 connects mitotic spindles with the kinetochore and
is a component of the Mad2-dependent spindle checkpoint. EMBO J
20: 3389–3401. doi:10.1093/emboj/20.13.3389

Geahlen RL, Anostario M Jr., Low PS, Harrison ML (1986) Detection of protein
kinase activity in sodium dodecyl sulfate-polyacrylamide gels. Anal
Biochem 153: 151–158. doi:10.1016/0003-2697(86)90074-6

Gupta R, Somyajit K, Narita T, Maskey E, Stanlie A, Kremer M, Typas D, Lammers
M, Mailand N, Nussenzweig A, et al (2018) DNA repair network analysis
reveals shieldin as a key regulator of NHEJ and PARP inhibitor
sensitivity. Cell 173: 972–988.e23. doi:10.1016/j.cell.2018.03.050

Hayano M, Kanoh Y, Matsumoto S, Renard-Guillet C, Shirahige K, Masai H
(2012) Rif1 is a global regulator of timing of replication origin firing in
fission yeast. Genes Dev 26: 137–150. doi:10.1101/gad.178491.111

Hiraga Si, Alvino GM, Chang F, Lian HY, Sridhar A, Kubota T, Brewer BJ,
Weinreich M, Raghuraman MK, Donaldson AD (2014) Rif1 controls DNA
replication by directing Protein Phosphatase 1 to reverse Cdc7-
mediated phosphorylation of the MCM complex. Genes Dev 28:
372–383. doi:10.1101/gad.231258.113

Hooper NM (1999) Detergent-insoluble glycosphingolipid/cholesterol-rich
membrane domains, lipid rafts and caveolae (review).Mol Membr Biol
16: 145–156. doi:10.1080/096876899294607

Huttlin EL, Bruckner RJ, Paulo JA, Cannon JR, Ting L, Baltier K, Colby G, Gebreab
F, Gygi MP, Parzen H, et al (2017) Architecture of the human
interactome defines protein communities and disease networks.
Nature 545: 505–509. doi:10.1038/nature22366

Iino Y, Yamamoto M (1997) The Schizosaccharomyces pombe cdc6 gene
encodes the catalytic subunit of DNA polymerase δ. Mol Gen Genet
254: 93–97. doi:10.1007/s004380050395

Ikui AE, Furuya K, Yanagida M, Matsumoto T (2002) Control of localization of a
spindle checkpoint protein, Mad2, in fission yeast. J Cell Sci 115:
1603–1610. doi:10.1242/jcs.115.8.1603

Ito H, Sugawara T, Shinkai S, Mizukawa S, Kondo A, Senda H, Sawai K, Ito K,
Suzuki S, Takaine M, et al (2019) Spindle pole body movement is
affected by glucose and ammonium chloride in fission yeast. Biochem
Biophysical Res Commun 511: 820–825. doi:10.1016/j.bbrc.2019.02.128

Jumper J, Evans R, Pritzel A, Green T, Figurnov M, Ronneberger O,
Tunyasuvunakool K, Bates R, Zidek A, Potapenko A, et al (2021) Highly
accurate protein structure prediction with AlphaFold. Nature 596:
583–589. doi:10.1038/s41586-021-03819-2

Kanoh J, Ishikawa F (2001) spRap1 and spRif1, recruited to telomeres by Taz1,
are essential for telomere function in fission yeast. Curr Biol 11:
1624–1630. doi:10.1016/s0960-9822(01)00503-6

Kanoh Y, Matsumoto S, Fukatsu R, Kakusho N, Kono N, Renard-Guillet C,
Masuda K, Iida K, Nagasawa K, Shirahige K, et al (2015) Rif1 binds to G

quadruplexes and suppresses replication over long distances. Nat
Struct Mol Biol 22: 889–897. doi:10.1038/nsmb.3102

Katou Y, Kanoh Y, Bando M, Noguchi H, Tanaka H, Ashikari T, Sugimoto K,
Shirahige K (2003) S-phase checkpoint proteins Tof1 and Mrc1 form a
stable replication-pausing complex. Nature 424: 1078–1083.
doi:10.1038/nature01900

Kinoshita N, Ohkura H, Yanagida M (1990) Distinct, essential roles of type 1
and 2A protein phosphatases in the control of the fission yeast cell
division cycle. Cell 63: 405–415. doi:10.1016/0092-8674(90)90173-c

Klein KN, Zhao PA, Lyu X, Sasaki T, Bartlett DA, Singh AM, Tasan I, Zhang M,
Watts LP, Hiraga SI, et al (2021) Replication timingmaintains the global
epigenetic state in human cells. Science 372: 371–378. doi:10.1126/
science.aba5545

Kobayashi S, Fukatsu R, Kanoh Y, Kakusho N, Matsumoto S, Chaen S, Masai H
(2019) Both a unique motif at the C terminus and an N-terminal HEAT
repeat contribute to G-quadruplex binding and origin regulation by
the Rif1 protein. Mol Cell Biol 39: e00364-18. doi:10.1128/mcb.00364-18

Kumar S, Huberman JA (2004) On the slowing of S phase in response to DNA
damage in fission yeast. J Biol Chem 279: 43574–43580. doi:10.1074/
jbc.m407819200

Laghmach R, Di Pierro M, Potoyan DA (2021) The interplay of chromatin phase
separation and lamina interactions in nuclear organization.
Biophysical J 120: 5005–5017. doi:10.1016/j.bpj.2021.10.012

Langmead B, Trapnell C, Pop M, Salzberg SL (2009) Ultrafast and memory-
efficient alignment of short DNA sequences to the human genome.
Genome Biol 10: R25. doi:10.1186/gb-2009-10-3-r25

Lemaitre C, Bickmore WA (2015) Chromatin at the nuclear periphery and the
regulation of genome functions. Histochem Cell Biol 144: 111–122.
doi:10.1007/s00418-015-1346-y

Li H, Durbin R (2009) Fast and accurate short read alignment with Burrows-
Wheeler transform. Bioinformatics 25: 1754–1760. doi:10.1093/
bioinformatics/btp324

Mahamid J, Pfeffer S, Schaffer M, Villa E, Danev R, Kuhn Cuellar L, Forster F,
Hyman AA, Plitzko JM, Baumeister W (2016) Visualizing the molecular
sociology at the HeLa cell nuclear periphery. Science 351: 969–972.
doi:10.1126/science.aad8857

Masai H, Matsumoto S, You Z, Yoshizawa-Sugata N, Oda M (2010) Eukaryotic
chromosome DNA replication: Where, when, and how? Annu Rev
Biochem 79: 89–130. doi:10.1146/annurev.biochem.052308.103205

Masai H, Fukatsu R, Kakusho N, Kanoh Y, Moriyama K, Ma Y, Iida K, Nagasawa K
(2019) Rif1 promotes association of G-quadruplex (G4) by its specific
G4 binding and oligomerization activities. Sci Rep 9: 8618. doi:10.1038/
s41598-019-44736-9

Matsumoto S, Ogino K, Noguchi E, Russell P, Masai H (2005) Hsk1-Dfp1/Him1,
the Cdc7-Dbf4 kinase in Schizosaccharomyces pombe, associates with
Swi1, a component of the replication fork protection complex. J Biol
Chem 280: 42536–42542. doi:10.1074/jbc.m510575200

Mattarocci S, Shyian M, Lemmens L, Damay P, Altintas DM, Shi T, Bartholomew
CR, Thoma NH, Hardy CF, Shore D (2014) Rif1 controls DNA replication
timing in yeast through the PP1 phosphatase Glc7. Cell Rep 7: 62–69.
doi:10.1016/j.celrep.2014.03.010

Miller KM, Ferreira MG, Cooper JP (2005) Taz1, Rap1 and Rif1 act both
interdependently and independently to maintain telomeres. EMBO J
24: 3128–3135. doi:10.1038/sj.emboj.7600779

Moriyama K, Yoshizawa-Sugata N, Masai H (2018) Oligomer formation and G-
quadruplex binding by purified murine Rif1 protein, a key organizer of
higher-order chromatin architecture. J Biol Chem 293: 3607–3624.
doi:10.1074/jbc.ra117.000446

Nakano A, Masuda K, Hiromoto T, Takahashi K, Matsumoto Y, Habib AGK,
Darwish AGG, Yukawa M, Tsuchiya E, Ueno M (2014) Rad51-dependent
aberrant chromosome structures at telomeres and ribosomal DNA

Rif1-mediated chromatin tethering Kanoh et al. https://doi.org/10.26508/lsa.202201603 vol 6 | no 4 | e202201603 21 of 22

https://doi.org/10.1242/jcs.060392
https://doi.org/10.1074/jbc.M113.457440
https://doi.org/10.1038/s41467-019-10349-z
https://doi.org/10.1016/j.molcel.2015.12.001
https://doi.org/10.1242/jcs.00790
https://doi.org/10.1093/emboj/20.13.3389
https://doi.org/10.1016/0003-2697(86)90074-6
https://doi.org/10.1016/j.cell.2018.03.050
https://doi.org/10.1101/gad.178491.111
https://doi.org/10.1101/gad.231258.113
https://doi.org/10.1080/096876899294607
https://doi.org/10.1038/nature22366
https://doi.org/10.1007/s004380050395
https://doi.org/10.1242/jcs.115.8.1603
https://doi.org/10.1016/j.bbrc.2019.02.128
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1016/s0960-9822(01)00503-6
https://doi.org/10.1038/nsmb.3102
https://doi.org/10.1038/nature01900
https://doi.org/10.1016/0092-8674(90)90173-c
https://doi.org/10.1126/science.aba5545
https://doi.org/10.1126/science.aba5545
https://doi.org/10.1128/mcb.00364-18
https://doi.org/10.1074/jbc.m407819200
https://doi.org/10.1074/jbc.m407819200
https://doi.org/10.1016/j.bpj.2021.10.012
https://doi.org/10.1186/gb-2009-10-3-r25
https://doi.org/10.1007/s00418-015-1346-y
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1126/science.aad8857
https://doi.org/10.1146/annurev.biochem.052308.103205
https://doi.org/10.1038/s41598-019-44736-9
https://doi.org/10.1038/s41598-019-44736-9
https://doi.org/10.1074/jbc.m510575200
https://doi.org/10.1016/j.celrep.2014.03.010
https://doi.org/10.1038/sj.emboj.7600779
https://doi.org/10.1074/jbc.ra117.000446
https://doi.org/10.26508/lsa.202201603


activate the spindle assembly checkpoint. Mol Cell Biol 34: 1389–1397.
doi:10.1128/mcb.01704-13

Nasa I, Rusin SF, Kettenbach AN, Moorhead GB (2018) Aurora B opposes PP1
function in mitosis by phosphorylating the conserved PP1-binding
RVxF motif in PP1 regulatory proteins. Sci Signal 11: eaai8669.
doi:10.1126/scisignal.aai8669

Park S, Patterson EE, Cobb J, Audhya A, Gartenberg MR, Fox CA (2011)
Palmitoylation controls the dynamics of budding-yeast
heterochromatin via the telomere-binding protein Rif1. Proc Natl
Acad Sci U S A 108: 14572–14577. doi:10.1073/pnas.1105262108

Ptak C, Wozniak RW (2016) Nucleoporins and chromatin metabolism. Curr
Opin Cell Biol 40: 153–160. doi:10.1016/j.ceb.2016.03.024

Rowley R, Hudson J, Young PG (1992) The wee1 protein kinase is required for
radiation-induced mitotic delay. Nature 356: 353–355. doi:10.1038/
356353a0

See K, Kiseleva AA, Smith CL, Liu F, Li J, Poleshko A, Epstein JA (2020) Histone
methyltransferase activity programs nuclear peripheral genome
positioning. Dev Biol 466: 90–98. doi:10.1016/j.ydbio.2020.07.010

Shimmoto M, Matsumoto S, Odagiri Y, Noguchi E, Russell P, Masai H (2009)
Interactions between Swi1-Swi3, Mrc1 and S phase kinase, Hsk1 may
regulate cellular responses to stalled replication forks in fission
yeast. Genes to Cells 14: 669–682. doi:10.1111/j.1365-2443.2009.01300.x

Shyian M, Mattarocci S, Albert B, Hafner L, Lezaja A, Costanzo M, Boone C,
Shore D (2016) Budding yeast Rif1 controls genome integrity by
inhibiting rDNA replication. PLoS Genet 12: e1006414. doi:10.1371/
journal.pgen.1006414

Smith CL, Poleshko A, Epstein JA (2021) The nuclear periphery is a scaffold for
tissue-specific enhancers. Nucleic Acids Res 49: 6181–6195.
doi:10.1093/nar/gkab392

Takeda T, Ogino K, Tatebayashi K, Ikeda H, Arai Ki, Masai H (2001) Regulation
of initiation of S phase, replication checkpoint signaling, and
maintenance of mitotic chromosome structures during S phase by
Hsk1 kinase in the fission yeast.Mol Biol Cell 12: 1257–1274. doi:10.1091/
mbc.12.5.1257

Uno S, You Z, Masai H (2012) Purification of replication factors using insect
and mammalian cell expression systems. Methods 57: 214–221.
doi:10.1016/j.ymeth.2012.06.016

Waddell TK, Fialkow L, Chan CK, Kishimoto TK, Downey GP (1995) Signaling
functions of L-selectin. J Biol Chem 270: 15403–15411. doi:10.1074/
jbc.270.25.15403

Wang J, Tadeo X, Hou H, Tu PG, Thompson J, Yates JR 3rd, Jia S (2013) Epe1
recruits BET family bromodomain protein Bdf2 to establish
heterochromatin boundaries. Genes Dev 27: 1886–1902. doi:10.1101/
gad.221010.113

Wilbanks EG, Facciotti MT (2010) Evaluation of algorithm performance in
ChIP-seq peak detection. PLoS One 5: e11471. doi:10.1371/
journal.pone.0011471

Yamazaki S, Hayano M, Masai H (2013) Replication timing regulation of
eukaryotic replicons: Rif1 as a global regulator of replication timing.
Trends Genet 29: 449–460. doi:10.1016/j.tig.2013.05.001

Yamazaki S, Ishii A, Kanoh Y, Oda M, Nishito Y, Masai H (2012) Rif1 regulates
the replication timing domains on the human genome. EMBO J 31:
3667–3677. doi:10.1038/emboj.2012.180

Yoshizawa-Sugata N, Yamazaki S, Mita-Yoshida K, Ono T, Nishito Y, Masai H
(2021) Loss of full-length DNA replication regulator Rif1 in two-cell
embryos is associated with zygotic transcriptional activation. J Biol
Chem 297: 101367. doi:10.1016/j.jbc.2021.101367

Zaaijer S, Shaikh N, Nageshan RK, Cooper JP (2016) Rif1 regulates the fate of
DNA entanglements during mitosis. Cell Rep 16: 148–160. doi:10.1016/
j.celrep.2016.05.077

Zimmermann M, Lottersberger F, Buonomo SB, Sfeir A, de Lange T
(2013) 53BP1 regulates DSB repair using Rif1 to control 5’ end
resection. Science 339: 700–704. doi:10.1126/science.1231573

License: This article is available under a Creative
Commons License (Attribution 4.0 International, as
described at https://creativecommons.org/
licenses/by/4.0/).

Rif1-mediated chromatin tethering Kanoh et al. https://doi.org/10.26508/lsa.202201603 vol 6 | no 4 | e202201603 22 of 22

https://doi.org/10.1128/mcb.01704-13
https://doi.org/10.1126/scisignal.aai8669
https://doi.org/10.1073/pnas.1105262108
https://doi.org/10.1016/j.ceb.2016.03.024
https://doi.org/10.1038/356353a0
https://doi.org/10.1038/356353a0
https://doi.org/10.1016/j.ydbio.2020.07.010
https://doi.org/10.1111/j.1365-2443.2009.01300.x
https://doi.org/10.1371/journal.pgen.1006414
https://doi.org/10.1371/journal.pgen.1006414
https://doi.org/10.1093/nar/gkab392
https://doi.org/10.1091/mbc.12.5.1257
https://doi.org/10.1091/mbc.12.5.1257
https://doi.org/10.1016/j.ymeth.2012.06.016
https://doi.org/10.1074/jbc.270.25.15403
https://doi.org/10.1074/jbc.270.25.15403
https://doi.org/10.1101/gad.221010.113
https://doi.org/10.1101/gad.221010.113
https://doi.org/10.1371/journal.pone.0011471
https://doi.org/10.1371/journal.pone.0011471
https://doi.org/10.1016/j.tig.2013.05.001
https://doi.org/10.1038/emboj.2012.180
https://doi.org/10.1016/j.jbc.2021.101367
https://doi.org/10.1016/j.celrep.2016.05.077
https://doi.org/10.1016/j.celrep.2016.05.077
https://doi.org/10.1126/science.1231573
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.26508/lsa.202201603

