










examined whether the Ccq1L511R mutant affected the subtelomeric
association of other shelterin protein factors. Our ChIP data clearly
showed that the associations of Taz1, Rap1, Poz1, and Tpz1 were all
decreased at telomeric repeats and the subtelomeric TAS in ccq1L511R

cells (Fig 4C–F), supporting the notion that CLRC promotes shelterin-
chromatin association (van Emden et al, 2019). Taken together, we
propose a feedback loop mechanism between the shelterin and the
CLRC complexes, in which shelterin recruits CLRC via the Ccq1–Raf2
interaction, whereas CLRC in turn promotes the shelterin association
with subtelomeric chromatins that facilitates the recruitment of
more CLRC complexes.

Discussion

Heterochromatin is implicated in multiple chromatin-associated
processes, such as gene regulation, chromosome segregation, and
suppression of homologous recombination to ensure genome
integrity (Allshire et al, 1995; Allshire & Madhani, 2018). Because of
the highly conserved heterochromatin machinery between fission
yeast and higher eukaryotes, S. pombe has been serving as a model
organism for mechanistic studies of the heterochromatin assembly
at different chromosomal regions (Grewal & Jia, 2007; Allshire &
Madhani, 2018). The heterochromatin assembly pathways at cen-
tromeres and silent mating-type loci have been well-characterized
in S. pombe during the past two decades (Grewal & Jia, 2007). Multiple
lines of evidence have revealed that the shelterin complex is

required for heterochromatin maintenance at telomeres. However,
the mechanism involved in this process remains an open question
because of the multiple functions of shelterin in telomere biology
(de Lange, 2018). In this study, we demonstrate that the interaction
between shelterin protein Ccq1 and Raf2 mediates CLRC recruit-
ment and heterochromatin assembly at telomeres.

Heterochromatin nucleation by RNAi- and DNA-mediated pathways
at centromeres and silent mating-type loci requires the recruitment of
bothHMTs andHDACs infission yeast (Sugiyamaet al, 2007; Zhang et al,
2008). Here, however, we show that heterochromatin nucleation at
telomeres predominantly involves the CLRC but not the SHREC
complex. We provide an integrated picture for subtelomeric hetero-
chromatin nucleation by the shelterin complex in fission yeast (Fig 5).
In this model, shelterin recruits CLRC to telomeric repeats and the
subtelomeric regions via the Ccq1–Raf2 interaction. The CLRC en-
richment promotes histone H3K9 methylation, nucleosome stability,
as well as shelterin–chromatin association at subtelomeres. The
nucleosome stability further facilitates methylation of H3K9 by CLRC
and the association of CLRC in turn promotes shelterin association
with chromatin that recruits more CLRC to telomeres. This positive
feedback loop between the shelterin and the CLRC complexes plays a
critical role in the nucleation and spreading of heterochromatin at
subtelomeres (Fig 5).

The Ccq1-SHREC andCcq1-CLRC interactions have beenproposed to
function in the repression of telomere elongation after Ccq1–Est1–
mediated telomerase recruitment and activation in fission yeast
(Tomita & Cooper, 2008; Armstrong et al, 2018). Thus, an outstanding

Figure 4. Ccq1-CLRC-mediated heterochromatin promotes nucleosome stability and shelterin enrichment at subtelomeres.
(A) ChIP-qPCR analysis of histone H3 in WT and ccq1L511R cells. Recruitment to the internal act1+ locus serves as a control for ChIP specificity. (B) Fold change of WT over
ccq1L511R for H3K9me2 and H3 levels. (C, D, E, F) Effects of the Ccq1L511R mutation on telomere association for Taz1 (C), Rap1 (D), Poz1 (E) and Tpz1 (F) were measured by ChIP-
qPCR assays. Recruitment to the internal act1+ locus serves as a control for ChIP specificity. (A, C, D, E, F) Data information: In (A, C, D, E, F), data are represented as means
from three independent experiments. (A) In (A), the error bars represent mean ± SEM. *0.05 > P > 0.01; **P < 0.01 (t test).
Source data are available for this figure.
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question is how Ccq1 coordinates its multiple activities at telomeres.
We propose that these processes are likely coupled together through
conformational changes induced by Ccq1 interactions with different
complexes in a highly orchestrated manner. Notably, cenH-like re-
peats have been identified in the putative telomere-linked helicase
(tlh+) genes, ~15 kb away from telomere ends (Hansen et al, 2006),
indicating that, similar to what happens at the silent mating-type loci,
both RNAi- and DNA-based heterochromatin assembly mechanisms
might be adopted at subtelomeres as well. Future studies are required
to fully understandhow shelterin andRNAi-basedpathway coordinate
to establish heterochromatin at eukaryotic chromosomal ends.

Materials and Methods

Strains, gene tagging, and mutagenesis

The growth media and basic genetic techniques were performed as
previously described (Forsburg & Rhind, 2006; Lorenz, 2015). The
yeast strain TN9125, carrying an integrated his3+ marker adjacent to
telomeric repeats of the chromosome IL, was a gift from Dr Toru M
Nakamura (Nimmo et al, 1998). Genes tagged with the 13×Myc or
3×FLAG epitope was introduced as described (Gadaleta et al, 2013).
Mutations in the ccq1+ gene with kanMx6 (kanr) were created by PCR,
and each mutated DNA fragment was integrated at the endogenous
gene’s locus. All strains used in this study are listed in Table S1.

Yeast growth on plates

Single colonies were inoculated into 5 ml of yeast extract with
supplement (YES) and cultured to saturation. The cultures were
then diluted to OD600 = 1, and equal amounts (5 μl) of 10-fold serial
dilutions of the cultures were spotted on YES or Pombe Medium
Glutamate supplemented with uracil, leucine, and adenine (PMG
ULA) (−histidine) plates. After incubation at 30°C for 2–3 d, plates
were photographed.

Yeast two-hybrid assay

The yeast two-hybrid assay was performed as described previously
(Xue et al, 2017). Briefly, the L40 strain was transformed with pBTM116
and pACT2 (Clontech) fusion plasmids, and colonies harboring

both plasmids were selected on Yeast complete–Leu–Trp plates. The
β-galactosidase activities were measured by a liquid assay.

RT-qPCR analysis

Total RNA was isolated using RNeasymini kit (QIAGEN). 1 μg RNAwas
used as template for the reverse transcription of 20 μl cDNA using
PrimeScript RT reagent Kitwith gDNAEraser (Perfect Real Time) (TAKARA).
2 μl of the RT reaction were used to analyze gene expression level by
quantitative real-time PCR and normalized to that of act1+. The real-
time PCR was performed in the LightCycler 480 (Roche), and the TB
Green Premix Ex Taq II (Tli RNaseH Plus) (TAKARA) reagent was used.
The qPCR conditions were 30 s at 95°C, 40 cycles of 5 s at 95°C for
denaturation, 30 s at 60°C for annealing and extension. The primers
were used as described previously (Table S2) (Braun et al, 2011; Bah et
al, 2012; van Emden et al, 2019).

Co-immunoprecipitation (co-IP) and Western blot analysis

Co-IP experiments were performed as described previously (Harland
et al, 2014). Whole-cell extracts were prepared in lysis buffer (50 mM
Hepes, pH 7.5, 150 mMNaCl, 1 mM EDTA, 1% Triton-X100, and complete
protease inhibitor cocktail [Roche]). Cell lysates were centrifuged and
supernatants were precleared and immunoprecipitated with anti-
FLAG M2 Affinity Gel (Sigma-Aldrich) at 4°C with rocking for 4 h.
Precipitates were then washed with lysis buffer and subjected to
SDS–PAGE separation. After SDS–PAGE, proteins were blotted onto
polyvinylidene fluoride (PVDF)membranes (Millipore). The blots were
incubated in blocking buffer (5% fat-free milk in PBS buffer sup-
plemented with 0.05% TWEEN-20) at RT for 1 h and incubated with
primary antibodies in blocking buffer at 4°C for overnight. Blots were
then washed and incubated in the HRP-labeled secondary anti-
bodies at RT for 1 h. After wash, blots were developed with ECL Prime
Western Blotting System (RPN2232; GE Healthcare).

Telomere southern blot

Telomere blot was performed as described previously (Jun et al,
2013; Harland et al, 2014; Moser et al, 2015). Briefly, ccq1 mutant
transformants were confirmed by PCR and sequencing. The cells
were harvested from 5ml liquid culture inoculated from YES plates.
Genomic DNA was purified by using phenol chloroform method,

Figure 5. A schematic model for the nucleation and
spreading of heterochromatin at subtelomeres by
the shelterin and CLRC complexes.
The Ccq1-Raf2 interaction contributes to CLRC
association with telomeric repeats and subtelomeric
regions that catalyzes the histone H3K9 methylation,
and the methylated histone H3K9 sequentially recruit
Swi6 to initiate heterochromatin formation.
Moreover, The CLRC association promotes nucleosome
stability at subtelomeres, which further facilitates the
methylation of histone H3K9 by CLRC. Finally,
shelterin-mediated CLRC recruitment in turn facilitates
the shelterin association with subtelomeric chromatin,
and this positive feedback loop between the
shelterin and the CLRC complexes plays a critical role
in the nucleation and spreading of heterochromatin at
subtelomeres.
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digested with EcoR I, and fractionated by electrophoresis on 1.0%
agarose gel. The DNA fragments were transferred to a Hybond-N+

Nylon membrane (GE Healthcare), UV cross-linked and incubated
with Church buffer for 30min at 50°C. Biotinylated telomeric-specific
probe was incubated with the DNA at 50°C overnight, and biotin
probe–bound DNA fragments corresponding to telomeric DNA
were detected using Chemiluminescent Nucleic Acid Detection
Module (Thermo Fisher Scientific).

Chromatin immunoprecipitation (ChIP) assay

The ChIP assay was performed as described previously (Moser et al,
2015; Ge et al, 2020). Yeast cells in exponential growth phase were
diluted to the same cell density, crosslinked for 20 min with 1%
formaldehyde, and quenched with 125 mM glycine for 10 min. Cells
were pelleted and washed twice with 20 ml ice-cold PBS buffer and
once with pre-chilled lysis buffer (50 mM Hepes, pH 7.5, 150 mM
NaCl, 1 mM EDTA, 1% Triton X-100, and 0.1% sodium deoxycholate).
The cell pellets were re-suspended in 500 μl lysis buffer containing
5 μl cocktail and 5 μl PMSF. Cells were lysed by using acid-washed
glass beads, and then 250 μl of cell extracts were sonicated (pulse
on 30 s, pulse off 30 s, 20 cycles) in a pre-chilled Bioruptor (Dia-
genode) to obtain chromatin fragments of about 300–500 bp in size.
The soluble chromatin was obtained by centrifugation at full speed
for 10 min. A 10 μl of the ChIP extract was taken for immunopre-
cipitation (IP) input, and 1.25 μl (1:200) of indicated antibodies (anti-
Myc or anti-FLAG) were added to the remaining chromatin extract.
Protein A Sepharose 4 Fast Flow beads (GE Healthcare) were
washed three times with lysis buffer, and added to the ChIP ex-
tracts. After incubation at 4°C for 4–6 h, beads were washed once
with lysis buffer, buffer I (50 mM Hepes, pH 7.5, 500 mM NaCl, 1 mM
EDTA, 1% Triton-X100, and 0.1% sodium deoxycholate), buffer II (10
mM Tris–HCl, pH 8.0, 0.25 M LiCl, 1 mM EDTA, NP-40, and 0.5% sodium
deoxycholate) and TE (10 mM Tris–HCl, pH 8.0, and 1 mM EDTA) each
for 5min. Bead-bound DNAs were eluted in 150 μl TE/1% SDS at 70°C
for 30 min. IPs and inputs were incubated at 65°C overnight for
reverse-crosslinking, and DNAs were purified with QIAquick PCR
Purification Kit (QIAGEN). The real-time qPCR analysis was performed
in the LightCycler 480 (Roche), and the TB Green Premix Ex Taq II (Tli
RNaseH Plus) (TAKARA) reagent was used. The qPCR conditions were
30 s at 95°C, 40 cycles of 5 s at 95°C for denaturation, 30 s at 55°C for
annealing and 30 s at 72°C for extension. Telomere enrichment was
calculated as fold change of telomere product normalized to act1+

locus product with the following formula 2[(Ct Act IP − Ct Act Input) − (Ct Tel IP

− Ct Tel Input)]. The primers targeting telomeric and subtelomeric re-
gions were used as described (Table S2) (Harland et al, 2014; van
Emden et al, 2019).

Co-IP of TER1 RNA and Ccq1

The co-IP of TER1 and Ccq1 was performed as described (Harland
et al, 2014; Collopy et al, 2018). Briefly, cells were pelleted and
washed twice with 20 ml ice-cold PBS buffer and once with pre-
chilled lysis buffer (50 mMHepes, pH 7.5, 150 mMNaCl, 1 mM EDTA, 1%
Triton X-100, and 0.1% sodiumdeoxycholate). The cell pellets were re-
suspended in 500 μl lysis buffer containing 5 μl cocktail, 5 μl PMSF,
and 40 U/ml RNAase inhibitor. Cells were lysed by using acid-washed

glass beads, and the supernatant was obtained by centrifugation at
full speed for 10 min. Co-IP of Flag-tagged Ccq1 and TER1 was per-
formed with anti-Flag M2 antibody (Sigma-Aldrich) and protein A
Sepharose beads (GE healthcare). The RNA on the beads was purified
using RNeasy mini kit (QIAGEN), which was used as template for
the reverse transcription using PrimeScript RT reagent Kit with
gDNA Eraser (Perfect Real Time) (TAKARA). The amount of TER1 was
quantified using real-time qPCR analysis in the LightCycler 480
(Roche), and the TB Green Premix Ex Taq II (Tli RNaseH Plus) (TAKARA)
reagent was used. The qPCR conditions were 30 s at 95°C, 40 cycles of
5 s at 95°C for denaturation, 30 s at 55°C for annealing, and 30 s at
72°C for extension. Primers for TER1 were used as described (Table
S2) (Collopy et al, 2018). % Precipitated TER1 RNA values were cal-
culated based on ΔCt between Input and IP samples.

Data Availability

No data were deposited in a public database.
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Supplementary Information is available at https://doi.org/10.26508/lsa.
202101106.
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