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Heterochromatin protein 1 (HP1) recruits various effec-
tors to heterochromatin for multiple functions, but its
regulation is unclear. In fission yeast, a HP1 homolog
Swi6 recruits SHREC, Epel, and cohesin, which are in-
volved in transcriptional gene silencing (TGS), tran-
scriptional activation, and sister chromatid cohesion,
respectively. We found that casein kinase IT (CK2) phos-
phorylated Swi6. Loss of CK2-dependent Swi6 phos-
phorylation alleviated heterochromatic TGS without
affecting heterochromatin structure. This was due to
the inhibited recruitment of SHREC to heterochromatin,
accompanied by an increase in Epel. Interestingly, loss of
phosphorylation did not affect cohesion. These results
indicate that CK2-dependent Swi6 phosphorylation spe-
cifically controls TGS in heterochromatin.

Supplemental material is available at http://www.genesdev.org.
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Heterochromatin is a silent chromatin structure of cen-
tromeres and telomeres whose formation is specified by
the methylation of histone H3 Lys 9 (H3K9me) that binds
heterochromatin protein 1 (HP1). Heterochromatin dy-
namically participates in many nuclear functions that are
regulated by coordinated recruitment of effectors to
heterochromatin by HP1/Swi6 (Grewal and Jia 2007). It
is recently shown that HP1 has various modifications and
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that phosphorylation of HP1+v by protein kinase A partic-
ipates in euchromatic domain gene activation through
interaction with Ku70 (Lomberk et al. 2006). Based on
these observations, the existence of an HPl-mediated
“silencing subcode” that underlies the instructions of the
histone code is postulated (Lomberk et al. 2006). But it is
totally unknown whether such HP1 modifications indeed
regulate heterochromatin function through differential
recruitment of effectors.

Fission yeast is a good model organism for heterochro-
matin analysis because of its well-conserved but simple
heterochromatin. In fission yeast, the HP1 homolog Swi6
recruits silencing complex SHREC (Yamada et al. 2005;
Sugiyama et al. 2007) and transcriptional activator Epel
(Zofall and Grewal 2006; Isaac et al. 2007) for control of
heterochromatic transcriptional gene silencing (TGS). In
addition, Swi6 recruits cohesin that is involved in sister
chromatid cohesion (Bernard et al. 2001; Nonaka et al.
2002). However, the regulatory mechanism for the re-
cruitment is not understood.

Results and Discussion

In attempts to identify novel heterochromatin-related
genes based on the localization of their gene products
(see Supplemental Material) in fission yeast, we found
that the disruption of ckb1l alleviated the silencing of
marker genes inserted in centromeric heterochromatin
(Fig. 1A,B). The extent of the silencing defects in ckbIA
cells was comparable with that caused by disruption of
other heterochromatic genes, including clr4, a histone
H3K9-specific histone methyltransferase; clr3, a histone
deacetylase and a subunit of SHREC; and swi6, a HP1
homolog (Fig. 1B).

Consistent with the silencing defects observed in Fig
1B, ade6 or ura4 mRNA was increased in ckbIA cells
(Supplemental Fig. S1). The mRNA increase largely
occurred at the transcriptional level, since deletion of
ckb1 caused a significant increase in RNA polymerase II
(RNAPII) on the marker gene, as judged by the chromatin
immunoprecipitation (ChIP) assay (Supplemental Fig.
S2A). At centromeric dh repeats, RNAPII transcribes
bidirectional noncoding RNA (ncRNA) (Djupedal et al.
2005; Kato et al. 2005); the ncRNA is processed to siRNA
that is important for RNAi-dependent heterochromatin
formation (Volpe et al. 2002). The reverse transcript was
transcribed in, while the forward transcription (dhfor)
was repressed by, heterochromatin (Volpe et al. 2002), as
indicated by an increase of dhfor transcription in clr4A
and swibA cells (Supplemental Fig. S1). In ckblA and
clr3A cells, dhfor transcript levels were also significantly
increased to levels similar to those observed in other
mutants (Supplemental Fig. S1).

We next used a ChIP assay to analyze the centromeric
heterochromatin structure in ckbl1A cells by measuring
the levels of H3K9me and Swi6. Both H3K9me and Swi6
were enriched on centromeric repeats (dg223) in ckb1A
cells similar to wild-type or cIr3A4 cells (Fig. 1C). This
indicates that the heterochromatin structure at the
native heterochromatin locus is preserved in both
mutants, despite their alleviated silencing of dhfor
transcription (Supplemental Fig. S1). In contrast, levels
of H3K9me and Swi6 at imr:urad were significantly

18 GENES & DEVELOPMENT 23:18-23 © 2009 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/09; www.genesdev.org



A imr:ura4 otr::ade6
4
229 dozzs

dhfor \ cntt / dhfor

- - = Ay
ah dg 4 . S dg  dh e
otrt imr1 imr1 otrt
heterochromatin heterochromatin
B N/S
wr
ckb1A
cir3a
clrda
swiA
C  ag223 imr::urad
A NGO
€ F S S
— act1 - — — urad
H3K9me
dg223 uradDS/E
526 513. 524 12 520 50.0 223 86 09 231
- ——— —— I —
—— i —— — e w—
= —
Swib p

125 118 114 10 14 66 36 21 08 08
— e ——— | — .
WCE — — ——— N — — — —

D Kint2::ura4

AP AP

F e
A> AP »\'51 A »\59 W
A M

C— [ — T
H3K9me |
- - W e - uradDS/E
284 311 186 09 197 11.9 07

——— — —— —

WCE

Figure 1. The Ckbl mutant showed defects in heterochromatic
TGS but not in heterochromatin structure. (A) Schematic represen-
tation of imr::ura4 and otr::ade6 in chromosome 1 used for silencing
assay. A heterochromatic ncRNA (dhfor) and the position of ampli-
fied PCR fragment (dg223) are also indicated. (B) Silencing at
centromeric heterochromatin of ckb1A strain and other heterochro-
matic mutants. The marker genes inserted in heterochromatin are
repressed by the H3K9-me/Swi6-dependent heterochromatin, result-
ing in red colony formation on low-adenine plates (repression of
ade6) and resistance to FOA (repression of ura4) in wild-type cells.
Disruption of the silencing caused white or pink colony formation
and FOA sensitivity as observed in mutant cells. (C) Heterochro-
matin structure at centromeric repeats (dg223) and inserted marker
gene (imr::urad) in the indicated strains were analyzed by measuring
levels of H3K9me and Swi6 using ChIP assay with antibodies against
dimethyl H3K9 and Swi6. The relative enrichment at the target loci
(dg223 or imr::ura4) signal against the euchromatic region (act1 and
ura4DS/E minigene) is normalized to WCE (whole-cell extract)
signal and shown below each lane. Note that larger amounts of
samples were loaded on the gel for ChIP assay for H3K9me in clr4A
cells and for Swi6 in Aswi6 cells at dg223 for easier quantification.
(D) Ckbl functions in the Atfl pathway at the mating locus het-
erochromatin formation. Enrichment of H3K9me on the ura4 gene
inserted in the mating locus (Kint2:ura4) was analyzed by ChIP
assay in the indicated strains. Relative enrichment at Kint2::ura4
against euchromatic ura4DS/E is shown below each lane as A.

decreased in cIr3A and ckbiA cells (Fig. 1C). Because
heterochromatin formation on the marker gene depends
on Clr3-dependent spreading of the H3K9me and Swi6
from flanking heterochromatin (Yamada et al. 2005), this
result suggests that Ckbl is involved in the spreading of
heterochromatin.

The similarity of the phenotypes between ckbIA and
clr3A cells (Fig. 1B,C) suggests that Ckbl and Clr3
function similarly in heterochromatin formation/func-
tion. Two parallel pathways operate in heterochromatin
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formation at the mating locus: a transcription factor, Atfl/
Pcrl-dependent pathway, and an RNAi-directed pathway
(Jia et al. 2004; Yamada et al. 2005). H3K9me on the ura4
inserted at the mating locus heterochromatin (Kint2
:ura4) was hardly affected by deletion of either atfl or
dcrl, an essential component of the RNAi-directed path-
way (Fig. 1D). Clt3 acts in the Atfl/Pcrl-pathway, since
H3K9me on Kint2::ura4 was diminished in dcr1Aclr3A
but not in atf1Aclr3A cells (Yamada et al. 2005). Similarly,
H3K9me on Kint2::ura4 was diminished in dcr1AckblA
but still retained in atf1AckbiA cells (Fig. 1D). Therefore,
Clr3 and Ckb1 function similarly in Atfl/Pcrl-dependent
heterochromatin formation at the mating locus.

Since Ckbl1 is a regulatory subunit of casein kinase II
(CK2) (Roussou and Draetta 1994), the above results
suggest that CK2 phosphorylated heterochromatic pro-
teins in order to regulate TGS. Considering that CK2
phosphorylates Drosophila HP1 in vitro (Zhao and Eis-
senberg 1999) and that Swi6 is a phospho-protein in vivo
(Bailis et al. 2003), We analyzed the phosphorylation of
Swi6 in ckbIA cells and in orb5-19 cells, which have
temperature-sensitive CK2 activity (Snell and Nurse
1994). The mobility of Swi6 in the Western blot increased
in ckb1A cells, resulting in multiple bands (Fig. 2A). The
mobility of Swi6 in orb5-19 cells was increased even at
permissive temperatures and was enhanced at 36°C (Fig.
2A). The mobility changes in both mutants were quite
similar to those observed with calf intestine alkaline
phosphatase (CIP)-treated extract (Fig. 2B). The CIP-
induced mobility shift was suppressed by the addition
of a phosphatase inhibitor (Fig. 2B), indicating that this
shift was caused by Swi6 dephosphorylation.

We next examined whether Swi6 was phosphorylated
by CK2 in vitro. CK2 was precipitated with an anti-Flag
antibody from cells expressing Flag-tagged Ckal (also
known as Orb5) (Snell and Nurse 1994), a catalytic sub-
unit of CK2 (Roussou and Draetta 1994; Snell and Nurse
1994). CK2 prepared from wild-type cells phosphorylated
casein efficiently, while that from ckbIA cells phos-
phorylated casein less efficiently (Fig. 2C) as reported
previously (Roussou and Draetta 1994), though both
CK2 preparations contained a similar amount of Ckal
(Supplemental Fig. S3). Similarly, CK2 efficiently phos-
phorylated bacteria-prepared Swi6 in a Ckbl-dependent
manner, resulting in slower migrating bands in SDS-
PAGE (Fig. 2C). In addition, we found that the under-
phosphorylated form of Swi6 was coprecipitated with
Ckal-Flag (Fig. 2D), further supporting that Swi6 is a di-
rect target of CK2 in vivo.

To analyze the role of CK2-directed phosphorylation
in vivo, we introduced a series of amino acid substitutions
at 10 potential CK2 phosphorylation sites (Pinna 2002) of
genomic swi6 (Fig. 3A) using PCR-based mutagenesis
(see the Supplemental Material). In these mutants, we
substituted the series of the putative phosphorylation
sites with alanine, thereby preventing phosphorylation.
Mutations at the five CK2 sites located in the N-terminal
half (S18-117A in Fig. 3A) resulted in an increase in
mobility, whereas mutant Swi6 harboring S18A and
S24A showed a slight mobility change, suggesting differ-
ent contribution of each phosphorylation site to the
mobility change. The lesser mobility change in ckblA
cells than that of Swi6-S18-117A would reflect the partial
phosphorylation of Swi6 by residual activity of CK2 in
ckbi1A cells (Fig. 2A,C). Conversely, mutations at the five
CK2 sites located in the C-terminal region of Swi6 (Fig.
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Figure 2. CK2 phosphorylates Swi6 in vitro and in vivo. (A) Cell
extracts were prepared from wild-type, ckbIA, and orb5-19 cells
grown at the temperatures indicated. orb5-19 is a mutant of the
catalytic subunit of CK2 (Ckal) that displays temperature-sensitive
CK2 activity (Snell and Nurse 1994). Swi6 proteins in the extracts
were analyzed by Western blotting. (B) Swi6 immunoprecipitated
from wild-type cell extracts were incubated with or without CIP.
Phosphatase inhibitors were added where indicated. Reaction mix-
tures were separated with SDS-PAGE, and Swi6 was detected by
Western blotting. (C) Bacterially produced Swi6 or dephosphorylated
a-casein was incubated with Flag-tagged Ckal-containing CK2,
immunoprecipitated from the strains indicated. Immunoprecipitates
from cells without tagged Ckal were used as a control. The reaction
products were analyzed by SDS-PAGE. Swi6 and a-casein were
detected by autoradiography and Coomassie Brilliant Blue (CBB)
staining. (D) Ckal was immunoprecipitated from cells expressing
Ckal with or without Flag-tag. The precipitated Flag-Ckal and Swi6
were detected by Western blotting.

3A) (swi6-8192-274A) did not influence the mobility of
Swi6 (Fig. 3B). The glutamic acid substitutions (S18-24E,
S18-52E, or S18-117E), which were used to mimic the
negative charge of phosphorylated serine, did not affect
the mobility of Swi6 in the gel (Supplemental Fig. S4A,B).
This implies that the mutated sites are targets for
phosphorylation and the increase of negative charge by
phosphorylation is responsible for the slow mobility of
Swi6 in the gel.

Mass spectrometric analysis of Swi6 prepared from
wild-type and ckblA cells showed that five potential
CK2 phosphorylation sites (S18, S24, S46, S52, and
S117) in the N-terminal half are really phosphorylated
in vivo, and the phosphorylation of four of them (S18, S24,
S46, and S117) decreased in ckblA cells (Supplemental
Fig. S5). Specially, clear phosphorylation at S18 and S24
was detected in wild-type cells, but not in ckb1A cells. In
contrast, only one site (S212) out of five potential CK2
phosophorylation sites in the C-terminal half was phos-
phorylated (Supplemental Fig. S5). Although the mass
spectrometric analysis was not quantitative and might
not detect all phosphorylation sites, the results are
consistent with those obtained with phosphorylation-site
mutants described above (Fig. 3A,B; Supplemental Fig.
S4A,B).

swi6-§192-274A mutations did not affect silencing at
the centromere (imr::urad), while swi6-S18-24A and S18-
117A mutants displayed decreases in silencing (Fig. 3C).
Since both mutants indicate a similar level of silencing
defects, phosphorylation of S18 and S24 seems to be
important for TGS. In contrast, the glutamic substitution
mutants (swi6-S18-24E, swi6-S18-52E, swi6-S18-117E)
moderately alleviated silencing (Supplemental Fig. S4C),
implying that phosphorylated serine itself is involved in
Swi6-dependent TGS. Notably, as the number of gluta-
mic substitutions increased, silencing defects appeared to
increase (Supplemental Fig. S4C). This suggests that most
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of all CK2 phosphorylation sites in the N-terminal half of
Swi6 contribute to silencing. All together, these results
show that phosphorylation by CK2 at the N-terminal
region of Swi6 is required for heterochromatic silencing
at centromeres. Therefore, we used swi6-S18-117A as the
nonphosphorylated mutant of swi6 throughout the re-
mainder of this study.

Another HP1 homolog, Chp2, also plays an important
role in heterochromatin (Halverson et al. 2000; Thon and
Verhein-Hansen 2000; Sadaie et al. 2008). Gel mobility
analyses suggested that, like Swi6, Chp2 was phosphor-
ylated in CK2-dependent manner in vivo (Supplemental
Fig. S6A,B), indicating that phosphorylation of Chp2 is
under the control of CK2. However, Chp2 was not phos-
phorylated by CK2 in vitro (Supplemental Fig. S6C),
despite the existence of many putative phosphorylation
sites (Supplemental Fig. S7A), for unknown reasons.
Mutations at putative CK2 phosphorylation sites in the
N-terminal half (chp2-S15-172A) or the middle (chp2-
8249-300A) of Chp2 did not affect the mobility of the
protein in the gel or the silencing of centromeric hetero-
chromatin (Supplemental Fig. S7B,C). Mutant Chp2,
harboring amino acid substitutions from serine to alanine
or to glutamic acid at phosphorylation sites in the
chromo-shadow domain (S323 and S354, Supplemental
Fig. S7A), showed marked instability in vivo, which
caused significant silencing defects (Supplemental Fig.
S7B,C). Therefore, we could not definitively determine
whether Chp2 is a direct target of CK2. Determination of
the in vivo phosphorylation sites of Chp2 by mass
spectrometric analysis was not done, since expression of
Chp2 is much lower than Swi6 (Sadaie et al. 2004), and we
could not get enough Chp2 proteins for the analysis.

swi6-S18-117A mutant cells showed similar phenotypes
to ckblA cells with regard to TGS and heterochromatin
structure. Both cell types displayed increased transcription
from marker genes inserted in the heterochromatin (Fig.
4A) accompanied by an increased occupancy of RNAPII
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Figure 3. Mutants of the putative CK2 phosphorylation sites of
Swi6 showed defects in phosphorylation and heterochromatic si-
lencing. (A) Schematic diagram of the structure of Swi6 and the
location of mutations introduced at the putative CK2 phosphoryla-
tion sites (S-X-X-D/E) in each mutant. The amino acid substitutions
from serine (S) to alanine (A) were introduced into the genomic swi6
gene by PCR-mediated mutagenesis and homologous recombination
(see the Supplemental Material). (B) Western blotting analysis of
Swib6 in the extract prepared from the strains indicated. (C) Hetero-
chromatic silencing of the indicated strains were analyzed as de-
scribed in Figure 1B.
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Figure 4. A CK2 phosphorylation sites mutant of Swi6 showed
a similar phenotype to ckbIA cells. (A) The level of transcripts
generated from marker genes (otr::ade6 and imr:urad) and centro-
meric noncoding RNA (dhfor) in the strains indicated were analyzed
by RT-PCR using total RNA prepared from the indicated strains in
the presence (+) or absence (—) of RT. actl RNA was analyzed as
a control. (B) The heterochromatin structure at the centromeric
repeats (dg223) and the inserted marker gene (imr:urad) in the
indicated strains were analyzed by measuring levels of H3K9me and
Swi6 using the ChIP assay. The level of RNAPII on imr::urad was
also analyzed. The relative enrichment at target loci signal (dg223 or
imr:urad) against the euchromatic region (actl and ura4DS/E) is
normalized to WCE (whole-cell extract) signal and shown below
each lane. Note that larger amounts of samples were loaded on the
gel for ChIP assay of clr4A cells at dg223 for easier quantification.

(Supplemental Fig. S2B), increased centromeric ncRNA
(Fig. 4A, dhfor), and unaffected centromeric heterochro-
matin (Fig. 4B, dg223), but disturbed spreading of hetero-
chromatin on the inserted ura4 gene (Fig. 4B, imr::urad4).
These results indicate that the phenotypes observed in
ckblA cells are mainly caused by decreased phosphor-
ylation of Swi6 by CK2. Furthermore, immunofluores-
cence analysis indicated that both wild-type Swi6 and
Swi6-S18-117A protein formed similar multiple foci in
nuclei, which represents the heterochromatic loci. This
confirms the preservation of heterochromatin structure
in swi6-S18-117A cells (Supplemental Fig. S8).

As shown in Figure 1, the phenotypes of the ckblA
mutant resemble those of clr3A. Clr3 is a subunit of
SHREC, an effector complex for heterochromatic TGS
and localizes at heterochromatic domains in a Swi6- and
Chp2-dependent manner (Yamada et al. 2005; Sugiyama
et al. 2007; Sadaie et al. 2008). Therefore, our results
suggest that SHREC requires CK2-dependent phosphory-
lation of Swib6 to localize at the heterochromatic domain.
To examine this hypothesis, localization of Clt3 and
Mitl, another subunit of SHREC (Sugiyama et al. 2007),
was analyzed in ckb1A and swi6-S18-117A cells (Fig. 5A).
In wild-type cells, both Clr3 and Mitl were enriched on
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centromeric repeats; this localization was decreased in
swibA or chp2A cells, though substantial Mitl was
retained in swibA cells, as reported previously (Sadaie
et al. 2008). Similarly, Clr3 and Mitl localization was
decreased in ckblA and swi6-S18-117A mutants, al-
though this decrease was less in swi6-S18-117A than in
ckb1A cells. Introduction of chp2-5249-354A to swi6-S18-
117A mutants reduced Clr3 and Mitl enrichment to
a level similar to that observed in ckbiA cells. These
results support the idea that phosphorylation of Swi6 by
CK2 is required for efficient recruitment of SHREC. We
could not detect coprecipitation of Clr3 with Swi6 or
Chp2 in vivo (Sadaie et al. 2008), though Swi6 had been
shown to coprecipitate with Clr3 (Yamada et al. 2005). We
speculate that the interaction of Clr3 with Swi6 is in-
direct and/or dynamic and difficult to detect in vivo.
Interestingly, Clr3 could be pulled down from cell extract
by GST-Chp2, but not by Swi6 (Sadaie et al. 2008). Thus,
CK2-dependent phosphorylation of Chp2 may also con-
tribute to the recruitment.

Swi6 also recruits Epel, which antagonizes TGS and
spreading of heterochromatin when it is overexpressed
(Ayoub et al. 2003; Zofall and Grewal 2006; Isaac et al.
2007). We examined the effect of various mutations on
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Figure 5. CK2-dependent Swi6 phosphorylation regulates binding
of the effector to heterochromatin. (A) Localization of Clr3 and
Mitl, components of the silencing complex SHREC, on centromeric
repeats was examined in the indicated strains by ChIP assay. The
Flag-tagged clr3 gene or Myc-tagged Mitl was introduced into each
strain, and a ChIP assay was performed with an anti-Flag or anti-
Myc antibodies. Relative enrichment at target locus signal (dg223)
against the euchromatic region (act1) is normalized to WCE (whole-
cell extract) signal and is indicated below each lane. (B) Localization
of Epel and Rad21 on centromeric repeats (dg223) was analyzed by
ChIP assay. Either Flag-tagged Epel or myc-tagged Rad21 was used
for ChIP assay. Relative enrichment at target locus signal (dg223)
against the euchromatic region (act1) is normalized to WCE (whole-
cell extract) signal and is indicated below each lane. (C) Model for
the effect of CK2-dependent phosphorylation of Swi6 (and Chp2) on
the association of effectors (SHREC, Epel, and Rad21) with hetero-
chromatin. The effects of the hyperphosphorylated state in wild-
type cells (top panel), the effects of the hypophosphorylated state in
ckbiA cells, or the effects of phosphorylation site mutants of swi6
and chp2 (bottom panel) are indicated. For details, see text.

heterochromatin
reinforcement?
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the localization of Epel (Fig. 5B, top panel). Localization
of Epel at centromeric repeats was significantly decreased
in swi6A cells, but not in the other mutants. This
indicates that Epel requires Swi6 for its heterochromatin
localization, but does not require its CK2-dependent
phosphorylation. Intriguingly, enrichment of Epel tends
to inversely correlate with that of ClIr3 (Fig. 5A,B). Lo-
calization of Epel increased in clr34, ckblA, and swi6-
S§18-117A chp2-5249-354A strains (Fig. 5B); in the latter
two mutants, localization of Clr3 was severely reduced to
the same level as that in swi6A cells (Fig. 5A). This
indicates that loss of Clr3 at the heterochromatin in-
creases Epel recruitment. Association of Epel with
heterochromatin might be inhibited by deacetylation
of histones and/or chromatin remodeling by SHREC,
which contains Clr3 and a chromatin remodeling factor
(Sugiyama et al. 2007).

The cohesin complex densely localizes at centromeric
heterochromatin in a Swi6-dependent manner to estab-
lish centromeric sister chromatid cohesion (Bernard et al.
2001; Nonaka et al. 2002). The loss of centromeric
cohesion by the disruption of heterochromatin caused
hypersensitivity to TBZ, an inhibitor of spindle assembly,
and an increase in cells showing lagging chromosome
during mitosis (Supplemental Fig. S9; Supplemental
Table S1, see clrdA and swibA). ckblA, swi6-S18-117A,
chp2A, and swi6-S18-117Achp2-§249-354A strains exhib-
ited no increase in cells showing lagging chromosome
(Supplemental Table S1). Furthermore, these mutants
showed a similar sensitivity to TBZ as wild-type cells,
except ckblA cells, which were slightly sensitive to TBZ
(Supplemental Fig. S9). Consistently, these mutations
retained a significant amount of Rad21, a subunit of the
cohesion complex, at centromeric repeats, as measured
by ChIP assay, while loss of swi6é diminished Rad21
(Fig. 5B). ckb1A cells also retained Rad21 to the same extent
as other mutants, suggesting that TBZ sensitivity of ckb14
cellsisnot due to the decrease of cohesion but probably due
to the other defects caused by ckb1 deletion (Roussou and
Draetta 1994). Thus, CK2-dependent phosphorylation of
Swi6 does not affect Swi6-dependent establishment of
sister chromatid cohesion at centromere.

The effects of Swi6 phosphorylation by CK2 are sum-
marized in Figure 5C. Phosphorylation of Swi6 by CK2
(and probably CK2-dependent phosphorylation of Chp2)
promotes association of the Clr3-containing silencing
complex, SHREC; the associated SHREC, in turn, limits
association of the antisilencing factor Epel. As a result,
TGS at heterochromatin is enhanced through the alter-
ation of chromatin structure induced by SHREC. As
SHREC enhances the spreading of heterochromatin
(Yamada et al. 2005), while Epel antagonizes it (Zofall
and Grewal 2006; Trewick et al. 2008), the spreading
of heterochromatin is also enhanced by CK2-directed
phosphorylation of Swi6. Conversely, dephosphorylation
of Swi6 (and probably of Chp2) results in the release of
SHREC from heterochromatin, which causes the increase
of Epel on heterochromatin. This suppresses TGS and the
spreading of heterochromatin through altered chromatin
structure, and finally causes the increased transcription
of ncRNA and marker genes. The increase in ncRNA
transcription may contribute to the maintenance of
H3K9me and Swi6 in “active” heterochromatin, since
ncRNA triggers H3K9 methylation via an RNAi-dependent
heterochromatin formation pathway (Volpe et al. 2002).
Importantly, the change in the phosphorylation state of
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Swi6 does not affect localization of cohesin at hetero-
chromatic repeats. TGS at centromeric heterochromatin
is also alleviated without affecting Swi6 localization in
mutants of Hsk1-Dfpl kinase, which regulates the initi-
ation of DNA replication (Bailis et al. 2003). However,
hskl-dfpl mutants display chromosomal segregation
defects caused by mislocalization of Rad21 at centro-
meric heterochromatin. In addition, although Hsk1-Dfpl
interacts with and phosphorylates Swi6 in vitro, Swi6
mobility is not altered in hskI-dfpI mutants (Bailis et al.
2003). Thus, it is not clear whether Swi6 is a target of the
kinase in vivo for the observed TGS defects.

Our results suggest that heterochromatic structure can
be regulated between “silent” and “active” states, by
changing the CK2-dependent phosphorylation of Swi6,
without affecting other functions. CK2 plays a role in
a number of important cellular processes (Ahmed et al.
2002; Pinna 2002; Litchfield 2003), including DNA dam-
age repair (Loizou et al. 2004; Cheung et al. 2005; Ayoub
et al. 2008). Therefore, the regulation of CK2-dependent
Swi6 phosphorylation might be involved in the nuclear
response to various cellular conditions. It was recently
shown that human HPIB is released from chromatin in
response to chromosome breakage by CK2-dependent
phosphorylation at chromodomain Thr 51 (Ayoub et al.
2008). However, this DNA-damage response system does
not seem to operate in fission yeast, as Thr 51 of HP1 is
not conserved in Swi6, and loss of CK2-dependent phos-
phorylation does not affect the chromatin association of
Swi6. Since Swi6 seems to be constitutively phosphory-
lated by CK2 in normally growing cells (A. Shimada
and Y. Murakami, unpubl.), dephosphorylation would
be one of the mechanisms to regulate the heterochroma-
tin activity. For example, heterochromatin must be
“open” to allow quick repair while keeping other hetero-
chromatin functions intact. In this situation, local de-
phosphorylation of Swi6 at the site of damage may
provide such an “open” state. We also want to point
out the possibility that CK2 phosphorylates heterochro-
matin-related proteins to regulate heterochromatin ac-
tivity in combination with Swi6 (and probably Chp2)
phosphorylation.

Here, we show that HP1/Swi6-mediated silencing sub-
code specifically regulates the heterochromatic TGS, and
suggest that other modifications of HP1 and prob-
ably modifications of other heterochromatic proteins
differentially regulate multiple heterochromatin func-
tions. Further analysis using fission yeast will contribute
to the understanding of the dynamic nature of hetero-
chromatin, which is important for epigenetic regulation
of gene expression and the maintenance of genome
integrity.

Materials and methods

Schizosaccharomyces pombe strains, media, genetic
procedures

Strains used in this study are listed in Supplemental Table S2.
Media and genetic procedures used in this study were essentially
as described (Moreno et al. 1991). The genetic procedures for
serial dilution experiments for measuring silencing and for
generating deletion or epitope tagging of target genes are de-
scribed in the Supplemental Material. The detail of the method
for generating Swi6 or Chp2phosphorylation sites mutants are
also described in the Supplemental Material.



Antibodies

The following antibodies were used in this study: anti-c-myc
(9E11, Santa Cruz Biotechnologies), anti-Flag (M2, Sigma), anti-
Polll (8WG16, Abcam), anti-H3-K9-2Me monoclonal antibodies
(Kato et al. 2005), and anti-Swi6 (Sadaie et al. 2004) polyclonal
antibodies.

ChIP assay

ChIP was performed as described previously (Nakayama et al.
2000), except that 1% paraformaldehyde instead of 3% was used
for fixation of cells.

In vitro kinase assay and phsophatase assay

Information detailing in vitro kinase assay and phosphatase
assay is provided in the Supplemental Material.
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