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Abstract

Heterochromatin, a silent chromatin is involved in many biological processes, such
as gene silencing, development, chromosome segregation, and genome integrity.
Post translational modifications of histone tails are crucial for heterochromatin
formation. Methylation of histone H3 at Ly9 (H3K9me) is a well conserved
heterochromatic modification. For the formation and maintenance of
heterochromatin, RNAi-dependent and -independent pathways redundantly
functions and recruits H3K9 methyltransferase Clr4 to heterochromatic region. HP1
recognizes H3K9me and forms highly condensed chromatin structure. HP1 recruits
not only silencing factors but also anti-silencing factor Epel, a H3K9me
demethylase, to heterochromatic regions, suggesting that the competition between
silencing factors and anti-silencing factors is important for proper maintenance of
heterochromatin. As well as histone modifications, histone variants also play
important roles. Especially, H2A.Z is one of the most evolutionally conserved
histone H2A variant. H2A.Z has been implicated in many biological processes,
including gene regulation, mammalian development, DNA replication, and stress
response. In particular, the function of H2A.Z in euchromatic gene regulation is well
studied. H2A.Z is highly enriched at gene promoter and is required for the proper
transcription. However, its function and deposition mechanism in heterochromatin
is still unclear. Here, I show that H2A.Z plays multiple roles in fission yeast
heterochromatin. In fission yeast, H2A.Z is loaded into nucleosomes at TSS of
euchromatic gene by the H2A.Z loader, SWR complex. While a small amount of
H2A.Z localizes at pericentromeric heterochromatin compared to euchromatic gene
promoter, loss of H3K9me induces the accumulation of H2A.Z, which is dependent
on the SWR complex. The accumulated H2A.Z suppresses heterochromatic non-
coding RNA transcription. This transcriptional repression activity requires the N-
terminal tail of H2A.Z, which is involved in the regulation of euchromatic gene
transcription. Additionally, RNAi defective cells, in which a substantial amount of
H3K9me is retained by RNAi-independent heterochromatin assembly, also
accumulate H2A.Z at pericentromeric heterochromatin. The additional loss of
H2A.Z in these cells abolishes H3K9me. Moreover, loss of H2A.Z in RNAIi
defective cells decreased H3K9me at the mat locus heterochromatin and
subtelomere heterochromatin, where RNAI is dispensable. However, H2A.Z is not

required for the maintenance of artificially formed ectopic heterochromatin which is



maintained by RNAi-independent mechanism in the absence of Epel, suggesting the
indirect effects of H2A.Z for RNAi-independent heterochromatin assembly. As
Epel, an eraser of H3K9me is responsible for the decrease of H3K9me in RNAI
mutants, loss of Epel restored the H3K9me in RNAi and H2A.Z double deletion
mutants. These results suggest that H2A.Z facilitates RNAi-independent
heterochromatin assembly by antagonizing the demethylation activity of Epel.
Furthermore, loss of H2A.Z caused silencing defects at subtelomeric
heterochromatin without affecting H3K9me. Since Epel also has a transcription
activation domain at N-terminus, overexpression of Epel results in transcriptional
activation at pericentromere without affecting H3K9me. Loss of H2A.Z in Epel-
overexpressig cells synergistically increases the transcription, and the subtelomeric
silencing defect in H2A.Z deletion mutant is suppressed by loss of Epel. These
results suggests that H2A.Z suppresses Epel-mediated transcriptional activation,
which is required for subtelomeric gene repression. Taken together, this study

provides novel evidence that H2A.Z plays diverse roles in chromatin silencing.



1. Introduction

1-1 Epigenetics

In eukaryotic cells, the structure of chromatin, which is composed of DNA and
histone octamers (Figure 1), is dynamically regulated and plays important roles in
many cellular processes, such as the control of gene expression, DNA replication,
chromosome segregation, and development (Allshire and Madhani, 2018; Grewal
and Jia, 2007). Histone modification is a key factor in the regulation of chromatin;
specific histone modifications create recognition sites for “reader” proteins that

regulate chromatin structure and function.

There are two types of chromatin structures: euchromatin and heterochromatin.
Euchromatin is a transcriptionally active chromatin. In euchromatin, H3 and H4 are
highly acetylated, and these histone acetylations recruit transcription factors which
contain acetylated lysine biding domain, bromo domain, resulting in active
transcription (Clayton et al., 2006; Zeng and Zhou, 2002). On the other hand,
heterochromatin is a silent chromatin. The methylation at Lys9 of H3 (H3K9me) is
a well conserved heterochromatic modification in fission yeast and mammals
(Allshire and Madhani, 2018; Grewal and Jia, 2007). Heterochromatin Protein 1
(HP1) binds to H3K9me through its chromodomain and forms highly condensed
structure via homodimerization, which sequesters heterochromatic domains in the
nucleus (Allshire and Madhani, 2018; Grewal and Jia, 2007; Larson et al., 2017).
HP1 recruits various silencing factors such as histone deacetylases, resulting in the
formation of silent chromatin (Fischer et al., 2009). In higher eukaryotes, DNA
methylation and H3K27me are also found in heterochromatic region and form
transcriptionally silenced chromatin (Rose and Klose, 2014; Wiles and Selker, 2017).
These modifications are dynamically regulated during cell cycle and important for
gene silencing, chromosome segregation, and maintenance of genome integrity
(Allshire and Madhani, 2018; Grewal and Jia, 2007).
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Figure 1 chromatin structure

DNA wraps around histone octamer, two copies of H2A, H2B, H3 and
H4, which forms chromatin structure. The modifications at histone
tails are important for the regulation of chromatin structure. In
euchromatin, histone acetylation (for example, acetylation at
H3K14) are highly occupied, resulting in gene activation. By
contrast, in heterochromatin, H3Lys9 is methylated. HP1/Swi6
recognizes H3K9me and forms highly condensed chromatin
structure via homodimerization. HP1 also recruits silencing factors,

resulting in the establishment of transcriptionally silent state.



1-2 Maintenance of heterochromatin

The fission yeast Schizosaccharomyces pombe is an excellent model organism to
study the diverse nature of heterochromatin, as it possesses a fundamental and well
conserved chromatin regulation system. Fission yeast heterochromatin is determined
by H3K9me, noting that there is no DNA methylation and H3K27me. While
mammals contain several proteins which redundantly works in heterochromatin
formation, in fission yeast, heterochromatin is mostly regulated by sole protein

which enables us to elucidate fundamental heterochromatic regulation systems.

In fission yeast, there are three constitutive heterochromatin domains: the
pericentromere, the mating type region (mat locus), and the subtelomere region
(Figure 2A). Each of these regions contain dg/dh repetitive elements (Figure 2B)
(Grewal and Jia, 2007). RNAI contributes to heterochromatin maintenance and the
establishment in these loci (Figure 3A) (Hall et al., 2002; Jia et al., 2004; Kanoh et
al., 2005). dg/dh ncRNAs are transcribed by RNA polymerase II (Kato et al., 2005),
and RNA dependent RNA polymerase complex (RDRC) synthesize double strand
RNA (Motamedi et al., 2004). These dsRNAs are processed into small interference
RNA (siRNA) by Dcrl (Provost et al., 2002). Then siRNAs are loaded into Agol, a
component of RNA induced transcriptional silencing (RITS) complex, which targets
nascent RNA using siRNA as a guiding molecule (Verdel et al., 2004). RITS recruits
H3K9me “writer” CLRC complex, which contains Clr4, a homolog of fruit fly
H3K9 specific histone methyltransferase Suv3-9, which enables spreading of
H3K9me (Bayne et al., 2010). Then, fission yeast HP1 homologues Swi6 and Chp2

recognize H3K9me and induce heterochromatin formation.

Even in RNAi-deficient cells, H3K9me is retained at an intermediate level in the
pericentromeric region through the function of a second heterochromatin formation
system, which contains many factors including RNA processing machinery
(Buscaino et al., 2013; Chalamcharla et al., 2015; Reyes-Turcu et al., 2011;
Shipkovenska et al., 2020; Tucker et al., 2016). Moreover, H3K9me levels are
maintained without RNAI at the mat locus and in subtelomeric heterochromatin.
DNA-binding protein Atfl/Pcrl recruit Clr4 to the mat locus (Jia et al., 2004). In
subteromeric heterochromatin, Tazl, a component of telomer protection complex

Shelterin binds telomeric repeat element, and Ccql, a component of Shelterin



recruits Clr4 to the telomeric heterochromatin (Kanoh et al., 2005; Wang et al., 2016;
Zofall et al., 2016). In addition to these Clr4 recruitment mechanisms, Clr4 self-
propagation can enable faithful H3K9me inheritance; Clr4 can bind to H3K9me via
the chromodomain and deposit H3K9me onto neighboring nucleosomes (Figure 3B)
(Audergon et al., 2015; Nakayama et al., 2001; Ragunathan et al., 2015).

Epel, an “eraser” of H3K9me, is recruited to heterochromatin by Swi6 through
direct interaction (Zofall and Grewal, 2006), preventing the spreading of
heterochromatic domains over heterochromatin-euchromatin boundaries (Ayoub et
al., 2003). Furthermore, Epel has a transcription activation domain at N-terminus
(Sorida et al., 2019). Thus, overexpression of Epel increases transcription at
heterochromatic region, resulting in high histone turnover rate (Aygun et al., 2013;
Trewick et al., 2007). Epel prevents ectopic heterochromatin formation via its N-
terminus transcription activation domain (Sorida et al., 2019). These findings
indicate that the balance between “writer” and “eraser” is important for H3K9me

maintenance.



A centromere telomere

mat locus

B centromere | @m imr [ imr @gm

Heterochromatin

mat2P ~ocenH 7 matam

[ ’|:.h_

matlocus

telomeric repeat

thhi

Figure 2 S. pombe heterochromatin

A) S. pombe has three chromosomes. Heterochromatin is formed at
centromeres, telomeres, and mating type locus (mat locus; at
chromosome2).

B) Each heterochromatic region (green box) contains dg/dh sequence.
Center region of centromere is surrounded by inverted repeats which
contain dg, dh, and imr element. mat locus is located at chromosome 2
and contains dg/dh homologous element which is celled cenH element.
Subtelomeric genes, t/h1, which encodes telomere-linked DNA helicase
contains centromere homologous repeats, where RNAIi occurs.
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Figure 3 mechanisms of heterochromatin assembly

A) RNA polymerase II transcribes heterochromatic non-coding RNA.
Rdp1 synthesizes double strand RNA (dsRNA) and Dcrl processes
into small interfering RNA (siRNA). Agol, a component of RITS
binds siRNA, which targets to complementary nascent RNA. Chpl, a
component of RITS binds H3K9me and partly contributes RITS
recruitment. Then, RITS recruits CLRC complex which contains
Clr4, H3K9 methyltransferase, resulting in the deposition of
H3K9me.

B) Cir4 not only has H3K9 methyltransferase domain, SET domain,
but also H3K9me-binding domain, chromodomain. Thus, Clr4 itself
can spread H3K9me.
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1-3 Histone variant H2A.Z for gene regulation

Histone variants, in addition to post-translational histone modifications, play
important roles in chromatin regulation. The histone H2A variant H2A.Z is one of
the most evolutionally conserved histone variants. H2A.Z has several unique amino
acids compared to canonical H2A (Figure 4). Especially, acetylations at N-terminus
lysine and extended acidic residues in docking domain are well conserved features
of H2A.Z (Giaimo et al., 2019; Zlatanova and Thakar, 2008). N-terminal
acetylations are required for proper transcription, which are recognized by
bromodomain containing transcription factor (Giaimo et al., 2019; Kim et al., 2009;
Olson et al., 2020). The substitution from NK of H2A to DS/T of H2A.Z in docking
domain enhances the acidity of H2A.Z nucleosome surface (Suto et al., 2000) and
enhances chromatin compaction (Fan et al., 2004). H2A.Z nucleosome has long L1
loop, which is located at the surface of H2A.Z-H2A.Z interaction (Horikoshi et al.,
2016; Suto et al., 2000). Thus, long L1 loop causes steric effects and destabilizes
H2A.Z nucleosome in vitro (Horikoshi et al., 2016). These features diversify the
functions of chromatin, as H2A.Z is essential for viability in many organisms,
including Drosophila melanogaster (Daal and Elgin, 1992), Tetrahymena
thermophiula (Liu et al., 1996), and Xenopus leavis (Iouzalen et al., 1996), and has
specific roles in gene regulation, chromosome segregation, DNA replication, DNA
repair, and the stress response (Long et al., 2020; Talbert and Henikoff, 2014;
Zlatanova and Thakar, 2008).

In many eukaryotes, H2A.Z is enriched at the +1 nucleosome, the first nucleosome
after a transcriptional start site (TSS) (Buchanan et al., 2009; Giaimo et al., 2019;
Zlatanova and Thakar, 2008). The chromatin remodeling SWR complex deposits
H2A.Z-H2B dimer at nucleosomes in an ATP-dependent manner (Mizuguchi et al.,
2004) (Figure 5A). While there are homotypic (H2A.Z-H2A.Z) and heterotypic
(H2A.Z-H2A) H2A.Z containing nucleosome, 70-95 % of H2A.Z nucleosome are
homotypic throughout cell cycle in trophoblast stem cells (Nekrasov et al., 2012).
The localization of H2A.Z is well correlated with that of H3 and H4 acetylation
(Buchanan et al., 2009). Bdfl, a component of SWR complex, binds NuA4- and
GCNS5-mediated histone acetylation though its bromodomain and recruits SWR
complex to promoter region for H2A.Z deposition (Altaf et al., 2010; Buchanan et
al., 2009; Raisner et al., 2005; Zhang et al., 2005). Moreover, Swc2, a component of

12



SWR complex recognizes naked DNA at nucleosome free region of promoter, which
can also recruit SWR complex (Ranjan et al., 2013; Yen et al., 2013).

H2A.Z enhances nucleosome barrier activity (Chen et al., 2019) and is required for
Pol II proximal pausing (Mylonas et al., 2021) (Figure5B). Furthermore, H2A.Z is
required for bivalent gene repression in embryonic stem cells, contributing to
accurate differentiation (Creyghton et al., 2008). Furthermore, H2A.Z is removed
from the +1 nucleosome at the time of transcriptional initiation (Ranjan et al., 2020;
Tramantano et al.,, 2016), suggesting that H2A.Z has a negative effect on
transcription (Figure 5B). Indeed, in fission yeast and budding yeast, the enrichment
of the H2A.Z at TSS of euchromatic genes negatively corelates with expression
levels (Buchanan et al., 2009; Guillemette et al., 2005; Zhang et al., 2005; Zofall et
al., 2009).

L1 loop

H2A.Z MSGGGKGKHVGGKGGSKIGERGQMSHSARAGLQFPVGRVRRFLKAKTQNNMRVGAKSAVY
H2A MSGGK-—-————— SGGKAAVAKSAQSRSAKAGLAFPVGRVHRLLRKG-NYAQRVGAGAPVY
H2A.Z SAAVLEYLTAEVLELAGNAAKDLKVKRITPRHLQLAIRGDEELDTLIR-ATIAGGGVLPH
H2A LAAVLEYLAAEILELAGNAARDNKKTRIIPRHLQLAIRNDEELNKLLGHVTIAQGGVVPN
H2A.Z INKQLLIRTKEKYPEEEEII* 139 dock|ng doma|n

H2A INAHLLPKTSGRTGKPSQEL* 132

Figure 4 alignment of fission yeast H2ZA.Z and H2A

Fission yeast H2A.Z/Phtl and H2A/Htal are aligned. N-terminus of
H2A.Z and H2A are greatly different. Acetylation of N-terminus Lysins
of H2A.Z is well conserved modification, which is required for proper
transcription. H2A.Z has unique residues in L1 loop and docking
domain; L1 loop is located at the surface of H2A.Z-H2A.Z interaction,
and docking domain interacts with H3-H4 dimer. H2A.Z has long L1
loop, which decreases nucleosome stability in vitro. Docking domain of
H2A.Z is substituted to acidic residues, which is required for chromatin

compaction in vitro.
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SWR complex
H2A H2B — H2B
H3 H4 ) H3 H4
canonical nucleosome INO80 complex H2A.Z nucleosome
B +1 nucleosome
-1 pause

&
B0

H2A.Z nucleosome

&  mn

Figure S functions of H2A.Z at TSS

A) Illustrations of canonical nucleosome and H2A.Z containing
nucleosome. SWR complex integrates H2A.Z-H2B dimer and evicts
canonical nucleosome in an ATP-dependent manner. By contrast, INO80
complex evicts H2A.Z-H2B dimer and integrates H2A-H2B dimer in an
ATP-dependent manner.

B) In euchromatin, H2A.Z are highly enriched at transcription start site
(TSS) of euchromatic gene. H2A.Z nucleosome is required for Poll II
pausing. At the time of transcription, H2A.Z nucleosome is disassembled
by transcription itself or preinitiation complex assembly.
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1-4 Silencing roles of H2A.Z

While H2A.Z is not highly enriched at the heterochromatic region, loss of DNA
methylation and/or H3K9me increases the deposition of H2A.Z at heterochromatic
regions in mammals and Arabidopsis thaliana (Boyarchuk et al., 2014; Saksouk et
al., 2014; Zilberman et al., 2008). However, this deposition mechanism, and the role
for accumulating H2A.Z at defective heterochromatin, are still unknown. It has been
reported that H2A.Z has been shown to enhance nucleosome compaction (Fan et al.,
2004; Zlatanova and Thakar, 2008). Loss of Phtl, an orthologue of H2A.Z in fission
yeast leads to the de-repression of subtelomeric silencing, without affecting
H3K9me (Zofall et al., 2009), and activates the expression of transposable elements

(Anver et al., 2014). However, detailed silencing mechanisms for Phtl are still
unknown.

1-5 This study

In this study, I identify novel functions of Phtl at heterochromatin. The amount of
Phtl present in pericentromeric heterochromatin is lower than at euchromatic gene
promoters, and once H3K9me is decreased by the loss of Clr4 or Dcr1, Phtl becomes
enriched in a SWR-dependent manner. I find that this Phtl accumulation in dcriA
cells suppresses the demethylation activity of Epel to maintain a certain level of
H3K9me. Moreover, I show that loss of Phtl in c/r4A cells represses ncRNA
transcription, possibly through a mechanism similar to the Phtl-dependent control
of euchromatic genes. These results suggest that fission yeast H2A.Z plays multiple

functions to compensate for defects in heterochromatin.
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2. Experimental Procedures

2-1 Strains and media

The S. pombe strains used in this study are listed in Table 1. Construction of strains
was performed as previously described (Sabatinos and Forsburg, 2010). For gene
deletion, target gene ORFs were replaced with drug resistance gene cassettes:
kanMX6, hphMX6, and natMX6, which confer resistance to G418 (Wako),
hygromycin B (Wako), and nourseothricin (clonNAT, WERNER BioAgents),
respectively. For the construction of tagged strains, drug resistance gene were
inserted downstream or upstream of the ORF. For Pht1-4myc strains, DNA cassettes
were amplified from FY32087 (NBRP) and transformed into the relevant strains.
For Pht1AN-4myc, Pht1(4KQ)-4myc, and Pht1(4KR)-4myc strains, DNA cassettes
were amplified from FY32471 (NBRP), FY32472 (NBRP), and FY32473 (NBRP),
respectively, and fused to the myc-tag sequence by fusion PCR methods. For Epel
OP strains, the sequence of the urg/ promoter and 3xflag were inserted at the N-
terminus of Epel, as previously described (Sorida et al., 2019). It is worth noting
that the expression of the gene controlled by urg! promoter is highly expressed in
the presence of uracil (Watson et al., 2011). All tagged strains were confirmed by

sequence analysis and western blotting.
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Table 1 list of strains used in this study

name genotype mating type  [source

FY2002 ade6-DN/N leul-32 ura4-DS/E imr1L::ura4+ otrIR::ade6+ h gift from R. Allshire
KFY174 ade6-DN/N leul-32 ura4-DS/E imr1L::ura4+ otrlR::ade6+, clr4A::natM X, phtl:4myc:KanMX h+ this study
KFY191 leul-32 ade6-DN/N, ura4-DS/E, ura4-DS/E imr1L::ura4+, otr1R::ade6+,hphMX6::Purgl:3FLAG::epel, phtl::4myc::KanMX h+ this study
KFY248 ade6-DN/N leul-32 ura4-DS/E imr]L::ura4+ otrlR::ade6+, phtl:4myc:KanMX h+ this study
KFY468 ade6-DN/N leul-32 ura4-DS/E imrlL::ura4+ otrlR::ade6+, phtl:4myc:KanMX derl A::hphMX h+ this study
KFY215 ade6-DN/N leul-32 ura4-DS/E imrlL::ura4+ otrlR::ade6+, swi6A:mnatMX phtl-4myc:KanMX h+ this study
KFY257 ade6-DN/N leul-32 ura4-DS/E imr1L::urad+ otrlR::ade6+, phtl:4myc:KanMX swrlA::hphMX h+ this study
KFY295 ade6-DN/N leul-32 ura4-DS/E imr1L::ura4+ otrlR::ade6+, clr4A::natMX, phtl:4myc:KanMX swrlA:hphMX h+ this study
KFY368 ade6-DN/N leul-32 ura4-DS/E imr1L::ura4+ otrlR::ade6+, phtl:4myc::KanMX bdfl A::hphMX h+ this study
KFY373 ade6-DN/N leul-32 ura4-DS/E imr1L::ura4+ otrlR::ade6+, clr4A::natMX, phtl:4myc:KanMX bdflA::hphMX h+ this study

KFY72 ade6-DN/N leul-32 ura4-DS/E imrlL::ura4+ otrlR::ade6+, phtl Az:hphMX6 h+ this study
KFY177 ade6-DN/N leul-32 ura4-DS/E imrlL:urad+ otrlR::ade6+, clr4A:z:natMX h+ ABNO75 our stock
KFY194 ade6-DN/N leul-32 ura4-DS/E imr1L::ura4+ otrlR::ade6+ clr4A:natMX phtlA:KanMX h+ this study
KFY178 ade6-DN/N leul-32 urad-DS/E imr1L::urad+ otrIR::ade6+, swibA::natMX h+ this study
KFY179 ade6-DN/N leul-32 ura4-DS/E imrlL::ura4+ otrlR::ade6+, swibA:natMX, phtl1A:KanMX h+ this study
KFY465 ade6-DN/N leul-32 ura4-DS/E imr1L::urad+ otrlR::ade6+, derl AzhphMX h+ this study
KFY502 ade6-DN/N leul-32 ura4-DS/E imr]L::ura4+ otrlR::ade6+, derl AzhphMX phtl Az:KanMX ht this study
KFY111 ade6-DN/N leul-32 ura4-DS/E imr1L::urad+ otrlR::ade6+, swrlA:hphMX6 ht this study
KFY245 ade6-DN/N leul-32 urad4-DS/E imr]L::ura4+ otrlR::ade6+ clr4A:natMX swrlA:hphMX h+ this study
KFY275 ade6-DN/N leul-32 ura4-DS/E imr1L::urad+ otrlR::ade6+, clr4A::natMX pREP-5FALG-Clr4+(Leu2) h+ this study
KFY279 ade6-DN/N leul-32 ura4-DS/E imr1L::ura4+ otrlR::ade6+ clr4A:natMX phtlA:KanMX pREP-5FALG-Clrd+(Leu2) h+ this study
KFY283 ade6-DN/N leul-32 ura4-DS/E imr1L::ura4+ otrlR::ade6+ clrd4A::natMX phtl1A::KanMX pREP1 h+ this study
KFY288 ade6-DN/N leul-32 ura4-DS/E imr]L::ura4+ otrlR::ade6+ pREP1(Leu2) h+ this study
KFY318 ade6-M210 his2 leul-32 ura4DS/E Kint2::ura4+ derl A::hphMX6 h90 SS908 our stock
KFY319 ade6-M210 his2 leul-32 ura4DS/E Kint2::ura4 clr4A:hphMX6 hoo SS872 our stock
KFY320 ade6-M210 his2 leul-32 ura4DS/E Kint2::ura4 clr4A::hphMX6 phtl A:kanMX h90 this study
KFY321 ade6-M210 his2 leul-32 ura4DS/E Kint2::urad+ phtl AzkanMX h90 this study
KFY580 ade6-M210 his2 leul-32 ura4DS/E Kint2::ura4+ derl A::hphMX6 phtlA:KanMX h90 this study
KFY581 ade6-M210 his2 leul-32 ura4DS/E Kint2::ura4+ der1 A:hphMX6 phtlA:KanMX h9o this study
KFY588 h90 leul-32 ade6-m210 ura4-DS/E Kint2::urad+ h90 HKV174 our stock
KFY626 h+ leul-32 ade6-DN/N,ura4-DS/E , ura4-DS/E imr1L::ura4+, otr1R::ade6+ Aepel ::kanMx6,Ader1::hphMX6 h+ AKB004 our stock
KFY642 h+ leul-32 ade6-DN/N,ura4-DS/E , ura4-DS/E imr1L::ura4+, otr1R::ade6+ Aepel :kanMx6,Ader1::hphMX6 phtl1A:mnatMX h+ this study
KFY643 h+ leul-32 ade6-DN/N,ura4-DS/E , ura4-DS/E imr1L::urad+, otr1R::ade6+ Aepel ::kanMx6,Ader]::hphMX6 pht1A:mnatMX h+ this study
KFY182 leul-32 ade6-DN/N, ura4-DS/E, ura4-DS/E imrlL::ura4+, otr1R::ade6+,hphMX6::Purgl::3FLAG::epel h+ this study
KFY195 leul-32 ade6-DN/N, ura4-DS/E, ura4-DS/E imr1L::urad+, otr1R::ade6+ hphMX6::Purgl::3FLAG::epel, pht1 A:KanMX h+ this study

KFY2 ade6-DN/N leul-32 ura4-DS/E imr1L::ura4+ otrlR::ade6+, epel A:KanMX h+ this study

KFY81 ade6-DN/N leul-32 ura4-DS/E imr1L::urad+ otrlR::ade6+, epel A::KanMX,, pht1A::hphMX6 ht this study

KFY3 leul-32 ade6-DN/N, ura4-DS/E, imrlL::ura4+, otrlR::ade6+, depel::3FLAG-Epel:KanMX h+ this study
KFY666 leu1-32 ade6-DN/N, ura4-DS/E, imr1L::ura4+, otrlR::ade6+, depel::3FLAG-Epel::KanMX phtlAz:natMX h+ this study
KFY449 ade6-DN/N leul-32 ura4-DS/E imrlL::urad4+ otrl R::ade6+,pht1(4KQ)-4myc::kanM X h+ this study
KFY450 ade6-DN/N leul-32 ura4-DS/E imr1L::urad+ otrlR::ade6+,clr4A::natMX, phtl AN-4myc::kanMX h+ this study
KFY451 ade6-DN/N leul-32 ura4-DS/E imrlL::urad+ otrlR::ade6+,clr4A::natMX, phtl(4KR)-4myc::kanMX h+ this study
KFY453 ade6-DN/N leul-32 ura4-DS/E imr1L::ura4+ otrlR::ade6+,clr4A:natM X, phtl(4KO)-4myc::kanMX h+ this study
KFY454 ade6-DN/N leul-32 ura4-DS/E imr1L::ura4+ otrlR::ade6+,pht] AN-4myc::kanMX h+ this study
KFY460 ade6-DN/N leul-32 ura4-DS/E imr1L::ura4+ otrlR::ade6+,pht1(4KR)-4myc::kanMX h+ this study
KFY145 ade6-DN/N leul-32 ura4-DS/E imrlL:urad+ otrlR::ade6+ rrp6::13myc:natMX. h+ S8216 our stock
KFY541 ade6-DN/N leul-32 ura4-DS/E imr1L::ura4+ otrlR::ade6+ rrp6::13myc:matMX clr4A::KanMX h+ EOS747 our stock
KFY542 ade6-DN/N leul-32 ura4-DS/E imr1L::ura4+ otrlR::ade6+ rrp6::13myc::natMX derl A::hphMX h+ EOS739 our stock
KFY561 ade6-DN/N leul-32 urad-DS/E imr1L:ura4+ otrlR::ade6+ rrp6::13myc:natMX phtl A:KanMX h+ this study
KFY567 ade6-DN/N leul-32 ura4-DS/E imr1L::ura4+ otrlR::ade6+ rrp6::13myc::natMX der1A::hphMX phtlA:KanMX h+ this study
KFY540 h+, ade6-DN/N, leul-32, ura4-DS/E, imrlL::ura4+, otrlR::ade6+, Arrp6::kanMX6 h+ $5220 our stock
KFY552 h+, ade6-DN/N, leul-32, ura4-DS/E, imr1L::urad+, otr1R::ade6+, Arrp6:kanMX6 clr4A::hphMX h+ this study

KFY571 h+, ade6-DN/N, leul-32, urad-DS/E, imrlL::urad+, otrlR::ade6+, Arrp6::kanMX6 derl A:zhphMX h+ this study
KFY382 wildtype L972 h- SFY397 our stock
A2730 h+ ura4::[4xTetO-ade6] his3D ade6-DNN leul:nmt81xTetR"off"-2xFLAG-clrd-cdd h? gift from R. Allshire
KFY592 h+ ura4::[4xTetO-ade6] his3D ade6-DNN leul :nmt81xTetR"off"-2XFLAG-clr4-cdd epel AznatMX h? RS636 our stock
KFY606 h+ ura4::[4xTetO-ade6] his3D ade6-DNN leul:nmt81xTetR"off"-2xFLA G-clr4-cdd epel Az:natMX phtl Az:KanMX h? this study
KFY615 h+ ura4::[4xTetO-ade6] his3D ade6-DNN leul :nmt81xTetR"off"-2XFLAG-clr4-cdd pht1A:KanMX h? this study

KFY681 ade6-DN/N leul-32 ura4-DS/E imr1L::urad4+ otrlR::ade6+,pht] AN-myc::kanMX derlA::hphMX h+ this study
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2-2 Spot assay

Fresh yeast cells grown on rich media were resuspended in sterilized water in a 96-
well plate and serially diluted, and then 5 pl of dilutions were spotted onto the
indicated media. Cells were incubated at 30 °C for 3 days and photographed.

2-3 Western blotting

Cells were cultured in 10 ml of YES media to 1x10"7 cells/ml. Cells were harvested
by centrifugation and stored at -80 °C. Cell pellets were resuspended in 200 pl of 1x
laemmli buffer (4 M urea, 2% SDS, 0.06 M Tris-HCI pH 6.8, 10% glycerol, and 0.3
M B-mercaptoethanol) and incubated at 95 °C for 5 min. Zirconia beads were added,
and the cells were disrupted using a multi beads shocker (yasui kikai) with 10 cycles
of 60 sec ON and 60 sec OFF. The resulting whole cell extracts were boiled at 95
°C for 5 min and centrifuged at 15 000 rpm for 5 min, and the supernatants were
collected for use in downstream processes. Proteins were separated by SDS-PAGE
and transferred to PVDF membrane (Merk Millipore). Membranes were blocked in
1% skim milk and incubated in primary antibody, diluted in Can Get Signal
(TOYOBO) according to the manufacturer’s protocol, overnight at 4 °C. Antibodies
used for Western blotting are as follows: anti-Myc (4A6, Merck Millipore), anti-
H3CT pan (Merck Millipore), and anti-tubulin (B-5-1-2, Sigma-Aldrich).
Membranes were incubated with horseradish peroxidase-conjugated anti-mouse IgG
or anti-rabbit IgG (GE Healthcare) for 60 min at room temperature, and images were

captured using an Amersham ImageQuant 800 (GE Healthcare).

2-4 ChIP-qPCR

Yeast strains were cultured in 50 ml of YES media to 1x10"7 cells/ml, fixed with
1% formaldehyde (nacarai tesque) for 30 min, and quenched by the addition of 125
mM glycine. Cells were harvested and stored at -80 °C until needed. Cell pellets
were re-suspended in ChIP buffer (50 mM HEPES-KOH pH 7.5, 140 mM NaCl, 1
mM EDTA, 1% Triton X-100 (nacalai tesque), 0.1% Na-Deoxycholate (Merk
Millipore)) containing 1 mM PMSF and 1x protease inhibitor cocktail (0.25 mg/L
bestatin, 15 mg/L benzamidine HCI, 0.25 mg/L pepstatin A, and 0.25 mg/L
leupeptin), and disrupted with zirconia beads using a multi beads shocker (yasui
kikai). Whole cell extracts were centrifuged at 15 000 rpm for 60 min. The
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supernatant was removed, and the chromatin-containing pellet was resuspended in
ChIP buffer. Chromatin was digested by sonication using a Bioruptor UCW-310
(Cosmo Bio) with 15 cycles of 30 sec ON and 30 sec OFF under 10 °C. The extracts
were centrifuged at 15 000 rpm for 5 min and the supernatants were used as the input
of immunoprecipitation (IP). Before IP, Dynabeads M-280 Sheep anti-mouse or
anti-rabbit IgG (Invitrogen) were incubated with 1 pg of the following antibodies
for 3—4 hours, and washed once with ChIP buffer: anti-H3K9me (5.1.1, mAbProtein
Co.), anti-Myc (4A6, Merck Millipore), anti-Ser2 phosphorylated Rpb1 (a kind gift
form H. Kimura, Tokyo Institute of Technology), anti-H3CT pan (Merck Millipore),
and anti-FLAG antibody (M2, Sigma-Aldrich). Note that the anti-H3K9me antibody
recognizes H3K9mel, me2, and me3. The beads were incubated with 100 pl of
extract for 2 hrs at 4 °C and washed twice with ChIP buffer, twice with High Salt
buffer (ChIP buffer containing 500 mM NacCl), and twice with LiCl buffer (10 mM
Tris pH 8.0, 0.25 M LiCl, 0.5% NP-40, 0.5% Na-Deoxycholate, and 1 mM EDTA).
The beads were subsequently incubated with reverse cross link buffer (20 mM tris
pH 7.6, 1 mM EDTA, 0.8% SDS) containing 0.1 mg/ml RNase A for 30 min at 37
°C, and incubated with 0.2 mg/ml Protease K for 60 min at 55 °C. DNA cross linking
was reversed by incubating at 95 °C for 12 min. For input samples, one tenth of input
was treated with RNase and ProK, and cross links were reversed. DNA was purified
using FastGene Gel/PCR Extraction Kit (NIPPON Genetics). Both IP and input
DNA samples were quantified by real-time PCR LC96 (Roche Life Science).

Primers are listed in Table 2.
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Table 2 list of primers used in this study

KF name sequence used for
63 dh F tcagcagtccttgggaaatg ChIP, RT
64 dh R gatgcccatgttcattccac ChIP, RT
134 dgF CTGCGGTTCACCCTTAACATC ChIP, RT
135 dgR CAACTGCGGATGGAAAAAGT ChIP, RT
152 cenH dh F GCTAAGATCGATTGGTGACG ChIP, RT
153 cenH dh R AAGTTCACTGTTCTTATACACTGG ChIP, RT
221 nda2 F2 TCGCCGAAATCTTGACATTG ChIP, RT
222 nda2 R2 AATACGAGGGTATGGCACAAG ChIP, RT
225 tlh1-th2 F ATGGTCGTCGCTTCAGAAATTGC ChIP, RT
226 tlh1-tlh2 R CTCCTTGGAAGAATTGCAAGCCTC ChIP, RT
219 ura4 F GAATGGTTTGAGAAGCATACC ChIP, RT
220 ura4 R GAGTACGATATTGCTGTCCC ChIP, RT
258 gfi2 F AGGCTGTATTCCCAACATCC ChIP

259 gfi2 R ATGCCTTCTTCTTCTTCTCAG ChIP

335 vid2l proF  |AGAACAAGCGATTTCTCCGAGC ChIP

336 vid2l proR  |GGGATTTGAGCCCGCAATCA ChIP

337 vid21 orf F |AACCTTTAGTGTGCGGCCTC ChIP

338 vid21 orf R |ACAAACCTGGTGGTGTTAACCT ChIP

356 tubl GTACTGGCCCATACCGTGAT RT

357 tubl CGAATGGAAGACGAGAAAGC RT

384 mtDNA F ACCAGTACACGAACACGCATT ChIP

385 mtDNA R ATCCTTCAATCTCCCTCTCCA ChIP

392 clr4 qper F ACTGCGGGAAATTGAAGGAC RT

393 clrd gper R [GAGCAATTGCATCCAGATTG RT

394 sir2 qocr F AAACGTGAGGTTGCTAGGAG RT

395 sir2gper R |CCAAACTTGTACTTATGCCT RT

396 rrp6 qper F |JACTGAAGCTGCAAACCCGAG RT

397 p6 gper R [CTATGGGGTTTGAGGGTTCT RT

398 dhpl gper F |TACATCCGCTGACGCCCTTC RT

399 dhpl gper R [TCTTCTGGGGTTAACACCCT RT

370 nam7 R ATGCCCATGTTCATTCCACT RT

372 nam7L R GCCTTTAAATGACCGCACTAA RT

373 nam7 F TGGCTATGATTGGAAGGTTG RT
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2-5 RT-qPCR

Cells were cultured in 15 ml of YES to 1x10"7 cell/ml, harvested by centrifugation,
and stored at -80 °C. For total RNA extraction, cells were incubated with an equal
volume of acid phenol and AE buffer (50 mM sodium acetate (pH 5.2), 10 mM
EDTA, and 1% SDS) at 65 °C for 60 min. Total RNA was precipitated by EtOH
precipitation and treated with 10 U of DNase I (Takara Bio) for 60 min at 37 °C.
DNase I was removed by phenol/chloroform extraction, and 1 pg of total RNA was
reverse transcribed with PrimeScript Reverse Transcriptase (Takara Bio) using an
oligo dT(15) primer, according to the manufacturer’s protocol. For Figure S3, nam?7,
nam7-L, tubl" reverse primers were used. cDNAs were quantified by real-time PCR
LC96 (Roche Life Science). Standard curves were created using serial dilutions of
cDNA from clr4AphtIA cells. Expression levels relative to nda2” were determined
by dividing cDNA concentrations for each gene by nda2" (tubulin). RT- samples,
which were equally reacted without reverse transcriptase, were also quantified, but
signals were outside the range covered by the standard curve. Primers were listed in
Table 2.

2-6 CIr4 reintroduction

For the construction of Clr4 expression plasmids, DNA fragments containing 5xflag-
clr4* and the clr4" promoter and terminator sequences were amplified from
SPM1145 (Sadaie et al., 2004) and inserted into the Pstl/Xmal sites of pREP1 as
previously reported (Gerace et al., 2010), noting that nm¢/ promoter was removed
by Pstl/Xmal digestion. pclr4* was introduced into clr4A and clr4AphtIA cells.
Expression of Clr4 was confirmed by western blotting. pPREP1 was also introduced

as a negative control. For ChIP analysis, cells were cultured in EMM lacking leucine.

2-7 TetR-ClIr4 mediated heterochromatin silencing assay

A strain containing pnmt81-tetR-clr4 and 4xtetO-ade6 was a gift from R. Allshire
(Audergon et al., 2015). Cells were cultured in PMG liquid media overnight before
being serially diluted and spotted onto PMG low ade (7.5 mg/L adenine) plates with
or without 10 uM anhydrotetracycline and 5 mg/L thiamin (+AHT and -AHT,

respectively). Plates were incubated at 30 °C for 5 days and images were captured.
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3. Results

3-1 loss of H3K9me induces Swrl-mediated H2A.Z deposition

at the pericentromeric heterochromatin.

3-1.1 Loss of H3K9me induces H2A.Z deposition at the
pericentromeric heterochromatin.

Since localization of H2A.Z negatively corelates with that of H3K9me in many
organisms (Boyarchuk et al., 2014; Zilberman et al., 2008), I first investigated
whether Phtl, an orthologue of H2A.Z in fission yeast accumulates at
pericentromeric heterochromatin in mutants that exhibit decreased levels of
H3K9me (Figure 6A). As previously observed (Hou et al., 2010), Phtl was highly
enriched at the transcription start site (TSS) of the euchromatic gene, vid21". Lower
but significant levels of enrichment were observed at the vid21* open-reading frame
(ORF), as they were higher than those for mitochondrial DNA, where Phtlis not
supposed to exist (Figure 6B). In wild-type cells, Phtl localization at the
pericentromere and the vid21* ORF were similar. H3K9me were highly occupied at
dg and dh heterochromatic region compared to control locus, euchromatic gene
nda2* (Figure 7A). In clr4 A cells, in which H3K9 methylation was abolished (Figure
7A), Phtl enrichment was increased approximately 1.5- and 4-fold at the dg and dh
region, respectively (Figure 6A). I also detected a modest increase in Phtl
localization at the pericentromere in dcrl A cells (Figure 6A), in which total H3K9me
was reduced to approximately 50% of the wild type (Figure 7A). These results are
consistent with the previous suggestion that H2A.Z deposition negatively correlates
with that of H3K9me.

A decrease in H3K9me results in increased transcription at heterochromatin. To
exclude the possibility that increased transcription in dcrIA or clr4A cells induced
Phtl deposition, I examined Phtl localization in swi6A cells and cells over-
producing epel* (epel OP) using urgl promoter, which had reduced levels of
heterochromatic silencing but did not significantly affect H3K9me levels (Figure 7A

and B). Phtl did not accumulate at the pericentromere in these mutants (Figure 6A).
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These data suggest that loss of H3K9me, and not transcriptional de-repression,

induced Phtl accumulation at the pericentromeric region.
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Figure 6 localizations of H2A.Z at pericentromere and euchromatic
gene.

A) Schematic of the chromosome 1 centromere. ura4” and ade6™ marker
genes were inserted in imr (imr::ura4® and dg (otr::ade6) repetitive
elements, respectively. Black bars indicate the location of primers used
in the following experiments. The primers of dg and dh are located ate
siRNA hot spot. Localization of Phtl-myc relative to histone H3 was
analyzed by chromatin immunoprecipitation quantitative PCR (ChIP-
qPCR). dg, dh, and the transcription start site (TSS) and ORF of
euchromatic gene vid21" are shown.

B) Localization of Phtl-myc at vid21* ORF relative to mtDNA analyzed
by ChIP-qPCR. Data points and error bars represent the meantSD of
three independent experiments. p-values were calculated by two-tailed
Student’s t-test; *p<0.05, **p<0.01, and ***p<0.001.
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Figure 7 Effects of Clr4, Dcrl, Swi6 and Epel for heterochromatin
assembly

A) Enrichment of H3K9me relative to H3 analyzed by ChIP-qPCR.
The euchromatic gene nda2* was used as a negative control.

B) Expression of dg and dh measured by RT-qPCR. nda2* was used
as a reference gene. Data points and error bars represent the
meantSD of three independent experiments.
calculated by two-tailed Student’s t-test; *p<0.05, **p<0.01, and
***p<0.001.

p-values were
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3-1.2 Swrl-mediated H2A.Z accumulation

The negative correlation between H2A.Z and H3K9me was well conserved but how
H2A.Z is accumulation at heterochromatic region by loss of H3K9me was unclear.
The chromatin remodeling SWR complex is known to integrate H2A.Z-H2B dimer
into nucleosomes and is required for H2A.Z deposition at TSS (Mizuguchi et al.,
2004). Swrl is a catalytic subunit of the SWR complex, which exchanges H2A-H2B
dimer for H2A.Z-H2B in an ATP-dependent manner. Thus, I next tested whether
Phtl-accumulation is mediated by the SWR complex by ChIP-qPCR analysis using
swrl* deletion mutants (Figure 8). As expected, deletion of swri™ decreased the level
of Phtl at the vid21* TSS. A slight decrease in Phtl at vid21" ORF in swriA cells
suggested partial SWR complex-dependent incorporation. As shown previously
(Buchanan et al., 2009), localization of Pht1 at the pericentromere did not change in
swrlA cells. These results suggest that Swrl-independent H2A.Z deposition may
function at the pericentromere. By contrast, the increase in Phtl at the
pericentromere observed in c/r4A cells was disrupted in clr4 Aswrl A cells (Figure 8),

suggesting that the SWR complex is required for Phtl accumulation in c/r4A cells.
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Figure 8 Swrl-mediated H2A.Z deposition at pericentromere
and TSS of euchromatic gene.

A) Localization of Phtl-myc relative to histone H3 was analyzed
by chromatin immunoprecipitation quantitative PCR (ChIP-
qPCR). dg, dh, and the transcription start site (TSS) and ORF of
euchromatic gene vid21* are shown. Data points and error bars
represent the meantSD of three independent experiments. p-
values were calculated by two-tailed Student’s t-test; *p<0.05,
**p<0.01, and ***p<0.001.
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3-1.3 Bdf1 is required for H2A.Z accumulation.

Next, I asked how the SWR complex deposits Phtl in the absence of H3K9me. Since
the SWR complex contains the bromodomain protein Bdfl, which recognizes
acetylated histones (Buchanan et al., 2009; Hou et al., 2010), Swrl-dependent Phtl
enrichment correlates with H3K14ac and H4Kl6ac (Buchanan et al., 2009).
Chromodomain protein Swi6 and Chp2 interacts with HDACs, which remove
histone acetylation including H3K14ac (Motamedi et al., 2008). Thus, while
histones are hypoacetylated in wild type heterochromatic regions, loss of c/r4*
increased H3K 14 acetylation (Figure 9A). To investigate whether bdf1™ is required
for Swrl-mediated Phtl deposition in c/r44 cells, I measured Phtl enrichment in
bdf1* mutants using ChIP-qPCR (Figure 9B). Like swriA4, loss of Bdfl decreased
the accumulation of Phtl at the pericentromere in c/r4A4 cells; however, Phtl
enrichment at vid2/" TSS was unaffected. The contribution of Bdfl in Phtl
deposition at heterochromatin and euchromatin seems to be different. These results
suggest that Bdfl is required for Swrl-mediated Phtl accumulation at
pericentromeric heterochromatin when H3K9me is decreased. However, because
Bdfl recognizes acetyl-histone H3/H4 that acetylated at different positions
(Ladurner et al., 2003), the acetylation required for this deposition is still unclear.
Taken together, these data show that loss of H3K9me induces Swrl-dependent

H2A.Z deposition at pericentromeres.
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Figure 9 loss of Bdfl abolishes H2A.Z accumulation at pericentromere.
A) Localization of H3Kl14ac relative was analyzed by chromatin
immunoprecipitation quantitative PCR (ChIP-qPCR). dg and dh are
shown.

B) Localization of Phtl-myc was analyzed by chromatin
immunoprecipitation quantitative PCR (ChIP-qPCR). dg, dh, and the
transcription start site (TSS) and ORF of euchromatic gene vid21*
relative to mitochondrial DNA are shown. Data points and error bars
represent the meantSD of three independent experiments. p-values were
calculated by two-tailed Student’s t-test; *p<0.05, **p<0.01, and
***p<0.001.
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3-2 H2A.Z represses pericentromeric ncRNA transcription at

defective heterochromatin.

3-2.1 H2A.Z suppressed pericentric ncRNA transcription in
clr4A and dcrlA cells.

To examine the effect of Phtl accumulation at pericentromeric heterochromatin on
the abundance of H3K9me, we measured ncRNA expression levels at the
pericentromere by RT-qPCR in pht1* deletion mutants (Figure 10A). phtl A cells did
not exhibit defects in silencing at the pericentromere, while in c/r4A cells and dcriA
cells, I observed an increase in dg/dh expression, which corresponded with reduced
H3K9me levels, as previously described (Volpe et al., 2002). A moderate increased
dg/dh expression was observed in swi6A cells, whereas H3K9me did not change as
previously observed (Nakayama et al., 2001). While swi6AphtIA cells did not alter
dg/dh expression levels, epistatic silencing defects were observed in clr4 Apht1A and
dcrlAphtl A cells. It is worth noting that expression level of another reference gene,
tubI* did not change in these mutants. These results suggest that Phtl accumulating
at the pericentromeric heterochromatin silences ncRNA expression in c/r4A4 and
dcrlA cells (Figure 6A). To distinguish whether Phtl-mediated silencing occurs
during or post-transcription, I analyzed RNA polymerase II occupancy by ChIP-
qPCR using an antibody against transcriptionally active Pol II (Figure 10B). This
antibody recognizes the C-terminal repeat of Rpbl, the largest Pol II subunit,
phosphorylated at the second serine, which represents elongating Pol II. Consistent
with our RT-qPCR data, Pol II occupancy was increased in clr4AphtiA and
dcrlApht1 A cells compared with c/r4A and dcr A single mutant, indicating that Phtl
represses heterochromatic transcription at low levels of H3K9me.
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Figure 10 H2A.Z transcriptionally represses expression of pericentromeric
ncRNA in clr4A and dcrlA cells.

A) Relative expression of dg, dh, and the reference gene fubl* were determined
by RT-qPCR. Expression is normalized to nda2*. B) Relative enrichment of Ser2
phosphorylated RNA polymerase II was analyzed by ChIP-qPCR. Each signal
was normalized to the gene free region between wisl and SPBC409.08, where
Pol II is depleted (Kato et al., 2013).

B) Relative expression levels of dg and dh were measured by RT-qPCR. nda2*
was used as a reference gene. Data points and error bars represent the meantSD
of three independent experiments. p-values were calculated by two-tailed
Student’s t-test; *p<0.05, **p<0.01, and ***p<0.001.
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3-2.2 Swrl is partially required for transcriptional repression

in clr4A cells.

Because Phtl accumulates in c/r44 cells in a SWR complex-dependent manner
(Figure 8), I next analyzed the contribution that the SWR complex plays in Phtl-
dependent silencing. RT-qPCR of ncRNA transcripts of dg/dh repeats showed that
ncRNA expression levels in c/r4 Aswri A cells were increased compared with cl/r4A4
cells (Figure 11), but this was less significant than in c/r4Apht1 A cells. These results
indicate that the Swrl-mediated Phtl accumulation is partially required for Phtl-
mediated silencing. Taken together, these data demonstrate that H2A.Z is actively

incorporated into dysfunctional heterochromatic regions to suppress transcription.
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Figure 11 Swrl is partially required for H2A.Z-mediated
transcriptional repression in c/r4A cells.

A) Relative expression levels of dg and dh were measured by RT-qPCR.
nda2* was used as a reference gene. Data points and error bars
represent the meantSD of three independent experiments. p-values
were calculated by two-tailed Student’s t-test; *p<0.05, **p<0.01, and
***p<0.001.
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3-3 H2A.Z facilitates RNAi-independent heterochromatin

assembly.

3-3.1 H2A.Z is required for RNAi independent

heterochromatin assembly at the pericentromere.

Although RNAi mutants significantly decrease H3K9me levels at pericentromeric
heterochromatin, intermediate levels of H3K9me are maintained by an RNAi-
independent pathway. Since loss of phtl* conferred synergistic silencing defects in
derlA cells (Figure 10A), I hypothesized that phtI™ is required for RNAi-
independent H3K9 methylation, so I next examined H3K9me levels in these cells
using ChIP-qPCR (Figure 12). phtl A cells exhibited a modest increase in H3K9me
compared with wild-type cells, as previously described (Zofall et al., 2009). dcriA
cells retained 40% of H3K9me at both dh and dg repeats; however, the introduction
of pht1Aabolished H3K9me. swi6Apht 1A cells did not change H3K9me level, which
did not show synergistic silencing defects. These data suggest that pht/™ is required
for RNAi-independent heterochromatin maintenance.
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Figure 12 Loss of Phtl abolishes RNAi-independent H3K9me in dcrlA cells
at pericentromere.

Relative enrichment of H3K9me at dg, dh, and nda2* was analyzed by
ChIP-qPCR. Enrichment was normalized to H3, and nda2+ was used as a
negative control. Data points and error bars represent the meantSD of
three independent experiments. p-values were calculated by two-tailed
Student’s t-test: *p<0.05, **p<0.01, and ***p<0.001.
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3-3.2 H2A.Z is not required for de novo heterochromatin
formation.

ncRNAs transcribed from dg and dh repeats at the pericentromere target RNAi
factors and provide substrates for siRNA synthesis during RNAi-dependent
heterochromatin formation. Importantly, this RNAi-dependent system is required
for de novo formation of heterochromatin (Hall et al., 2002). As described above, I
saw no evidence that Phtl is involved in RNAi-dependent heterochromatin
formation; however, it was possible that regulation of ncRNA transcription by Phtl
in the absence of H3K9me may play a role in de novo formation of heterochromatin.
To test this assumption, I reintroduced the c/r4" gene, under a native promoter and
terminator, into clr4A cells using pclr4™ plasmids to test de novo heterochromatin
formation (Figure 13). H3K9me was completely restored in phtl A cells, suggesting
that suppression of ncRNA transcription by Phtl in the absence of H3K9me is not
required for the establishment of heterochromatin. As the establishment of
heterochromatin is RNAi-dependent, these data support our suggestion that Phtl is

not involved in RNAI.
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Figure 13 H2A.Z is not required for de novo heterochromatin formation.
Enrichment of H3K9me was analyzed by ChIP-qPCR. pclr4* plasmid was
introduced into clr4A strain and clr4AphtlA strain. SFLAG-Clr4 was
expressed under the control of its native promoter and terminator, and
expression was confirmed by western blotting. The empty vector pREP1 was
also introduced into wild-type, clr4A, and clr4AphtIA cells. Data points and
error bars represent the meantSD of three independent experiments. p-
values were calculated by two-tailed Student’s t-test: *p<0.05, **p<0.01, and
***p<0.001.
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3-3.3 H2A.Z directly involved in RNAi-independent

heterochromatin assembly.

Because phtl™ regulates euchromatic genes, it is possible that loss of Phtl reduces
the expression of factors involved in RNAi-independent heterochromatin formation,
resulting in the observed decrease in H3K9me in dcriA cells. Therefore, I next
measured the expression of clr4*, sir2*, rrp6™, and dhpl*, which are required for
the maintenance of H3K9me in RN Ai mutants (Buscaino et al., 2013; Chalamcharla
et al., 2015; Ragunathan et al., 2015; Reyes-Turcu et al., 2011; Tucker et al., 2016).
The expression of these genes was unaltered by the disruption of derl™ and pthl*
(Figure 14), suggesting a direct role for pht/™ during H3K9me assembly.
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Figure 14 Deletion of Phtl does not decrease other silencing factors.
Expression of clr4*, sir2*, rrp6*, and dhpl” was analyzed by RT-qPCR.
nda2* was used as a reference gene. Data points and error bars represent
the meantSD of three independent experiments.
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3-3.4 H2A.Z acts in parallel with 3°-5’ exonuclease, Rrp6.

The 3°-5" exonuclease Rrp6, like Phtl, is required for RNAi-independent H3K9
methylation (Reyes-Turcu et al., 2011). Moreover, both phti A cells and rrp6A4 cells
have transcription termination defects in euchromatin (Zofall et al., 2009). To
examine whether Phtl and Rrp6 function together to control heterochromatic
ncRNA transcription, I examined the expression of nam7 ncRNA, which is located
at pericentromeric repeats. Non-coding gene, nam?7 produces transcripts containing
Mmil binding sequence (Touat-Todeschini et al., 2017). Since Mmil recruits Rrp6,
which is a catalytic subunit of exosome and degrades the transcripts, nam?7
expression is suppressed by Rrp6 redundantly with Dcrl and Clr4 (Touat-
Todeschini et al., 2017). Therefore, loss of Rrp6 generates nam?7 read-thorough
transcripts in clr4A cells (Touat-Todeschini et al., 2017). I found a significant
accumulation of nam7 read-through transcripts in c/r4 Arrp6A cells (Figure 15A). By
contrast, these transcripts did not accumulate in clr4AphtiA cells (Figure 15A),
suggesting that Phtl does not perform the same function as Rrp6 in controlling
transcription at the pericentromere. I also confirmed that loss of pht/™ did not affect
Rrp6 protein level or heterochromatic localization (Figure 15B, C). Taken together,
these results suggest that Phtl acts in parallel with Rrp6 for RNAi-independent

heterochromatin assembly.
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Figure 15 Deletion of pht1* did not affect the function or localization of
Rrpé6.

A) Schematic of nam7 and nam?7 read-though transcripts (nram?7-L). The
two thin arrows represent the locations of primer used for reverse
transcription. Expression of nam7, nam7-L, and tub1* (loading control)
were analyzed by strand-specific RT-PCR. RT+ and RT- indicate the
presence and absence of reverse transcriptase. M indicates the DNA
ladder marker.

B) The protein levels of Rrp6-13myc and tubulin were detected by
western blotting. Anti-myc antibody and anti-tubulin antibody were
used.

C) The localization of Rrp6-13myc at dg, dh, and tubI” was analyzed by
ChIP-qPCR. Data points and error bars represent the meantSD of three
independent experiments. p-values were calculated by two-tailed
Student’s z-test: *p<0.05, **p<0.01, and ***p<0.001.
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3-3.5 H2A.Z facilitates RNAi independent heterochromatin
assembly at the mat locus

I have shown that phtl™ contributes to the RNAi-independent maintenance of
H3K9me at pericentromeric heterochromatin and suppresses heterochromatic
ncRNA transcription in the absence of H3K9me. Next, I examined whether Phtl
functions in a similar way at the mat locus heterochromatin, where RNAI is
dispensable for heterochromatin assembly due to the presence of an Atfl/Pcrl-
dependent heterochromatin assembly system (Jia et al., 2004). I first tested the
silencing of a ura4 marker gene, inserted into the mat locus heterochromatin
(kint2::ura4 ), by spot assay on 5-Fluoroorotic Acid (5-FOA) containing media or
media lacking uracil (-URA) (Figure 16A). Since kint2::ura4 is transcriptionally
silenced by heterochromatin, wild-type cells can grow on 5-FOA-containing plates
but could not form colonies in the absence of uracil. By contrast, c/r4A cells were
sensitive to 5-FOA and could grow on -URA plates. As RNA1 is not essential for
heterochromatin maintenance at the mat locus, dcriA cells exhibited 5-FOA
resistance. Loss of phtl* did not affect silencing of kint2::ura4" in wild-type and
clr4A cells. Interestingly, dcrlAphtl A cells exhibited moderate 5-FOA sensitivity
and increased growth on -URA plates compared with dcriA cells. These results
suggest that Phtl is also required for RNAi-independent heterochromatic silencing

at the mat locus.

To provide quantitative data for these observations, I next measured kint2::ura4
expression by RT-qPCR (Figure 16B). I also analyzed the expression of native
ncRNA transcribed from cenH, which are highly homologous to the dg/dh repeats
at the pericentromere (Figure 16B). Loss of pht1* did not affect ura4™ expression in
wild-type or clr4A cells, while cenH ncRNA expression increased 2.2-fold when
pht1™ was disrupted in a clr4A background, suggesting that the suppressive effects
of Phtl are specific for heterochromatic repeats. As previously reported (Hall et al.,
2002), kint2::ura4" expression was increased 5-fold in dcrl A cells. Consistent with
the spot assays in Figure 16A, dcrlAphtl A cells exhibited 3- to 5-fold higher ura4*
mRNA expression than dcrlA cells. Loss of phtl* also caused a 15- to 40-fold
increase in cenH RNA expression in dcrlA cells, as a stimulatory effect similar to
that on pericentromeric dg/dh ncRNA (Figure 10A).
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I next analyzed the occupancy of transcribing RNA polymerase II by measuring
Rpb1 phosphorylated at CTD Ser2 using ChIP-qPCR (Figure 16C). While loss of
pht1™ in wild-type cells did not affect the amount of active RNA polymerase II at
either kint2::ura4” or cenH, loss of phtl* in dcrlA or clr4A cells led to increased
occupancy of active RNA polymerase II, correlating with increased transcription.
These results indicate that the accumulation of these transcripts in phtIA cells was,
at least in part, a result of increased transcription. These results suggest that Phtl1 is

required for transcriptional gene silencing at the mat locus when Clr4 or Derl is lost.

The data presented above suggests that loss of Phtl might affect H3K9me levels at
the mat locus in dcrlA cells, as observed at pericentromeric heterochromatin. To
confirm this hypothesis, I performed H3K9me ChIP-qPCR (Figure 16D). As
reported previously (Jia et al., 2004), H3K9me levels were maintained in dcr/ A cells
due to the Atfl/Pcrl-dependent heterochromatin formation system. While H3K9me
at kint2::ura4" and cenH were unaffected by the loss of phtl™ in wild-type cells,
H3K9me levels decreased in dcrl Apht1A cells at both loci (Figure 16D), suggesting
that pht1™ is required for efficient H3K9me maintenance in the absence of RNA..

In addition, I note that loss of phtI™ did not affect the expression of marker genes
inserted into pericentromeric heterochromatin (imr.:ura4) in dcriA and clr4A cells
(Figure 17). In dcriA cells, H3K9me on the marker gene is abolished at
pericentromeric heterochromatin but retained at the mat locus (Figure 16D). Thus,
the different effects of Phtl loss on expression of marker genes at these loci may
reflect a difference in H3K9me occupancy. In other words, H3K9me might be

required for Phtl-mediated repression in dcrlA cells.
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Figure 16 H2A.Z is required for RNAi-independent heterochromatin assembly at
the mat locus.

A) Schematic of the mat locus in fission yeast. The ura4* marker gene was inserted
into cenH (kint2::ura4"). The two black bars indicate the location of primers used
in the following experiments. cenH primers are located at cenH specific region.
Ten-fold serial dilutions of the indicated strains were spotted onto YES media
(N/S), 0.1% SFOA containing media, and media lacking uracil (-URA). Plates
were cultured for 3 days at 30 °C.

B) Relative expression of kint2::ura4* and cenH measured by RT-qPCR. nda2*
was used as a control. Expression was normalized to wild type.

C) Relative enrichment of Ser2 phosphorylated RNA polymerase II at
kint2::ura4* and cenH analyzed by ChIP-qPCR. Each signal was normalized to a
gene free region.

D) Relative enrichment of H3K9me at kint2::ura4* and cenH analyzed by ChIP-
qPCR. Each signal was normalized to H3. Data points and error bars in B-D
represent the meantSD of three independent experiments. p-values were
calculated by two-tailed Student’s 7-test: *p<0.05, **p<0.01, and ***p<0.001.
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Figure 17 Loss of Phtl did not affect imr::ura4 expression.

Expression of imr::ura4* was analyzed by RT-qPCR. nda2" was used as
a reference gene. Data points and error bars represent the meantSD of
three independent experiments. p-values were calculated by two-tailed
Student’s z-test: *p<0.05, **p<0.01, and ***p<0.001.
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3-3.6 H2A.Z is required for sub-telomeric gene silencing.

Loss of Pht1 has been reported to be involved in the silencing of sub-telomeric genes
without affecting H3K9 methylation (Zofall et al., 2009). However, the mechanism
for this remains unclear. Therefore, I next investigated Phtl function in the sub-
telomeric region. I first measured the expression of the subtelomeric genes #/41" and
tlh2* (Figure 18A). t/h1" and t/h2" is located at chromosome I and II, respectively.
It is worth noting that the primers represent +1 nucleosome, where homologous
region of t/h1" and tlh2*, thus I could not distinguish between /21" and t/h2*. Since
tlh1/2* contain sequences homologous to pericentromeric repeats, RNAI is able to
act upon these genes (Kanoh et al., 2005). However, it has been shown that RNA1
mutants do not significantly affect silencing because the telomeric DNA-binding
protein Tazl protein recruits Clr4 to the telomeric region, and H3K9me is
maintained by Clr4 self-propagation (Wang et al., 2016). On the other hand, loss of
Swi6 significantly decreases telomeric silencing (Kanoh et al., 2005). In pht1 A cells,
tlh1/2" mRNA levels were increased nearly 10-fold as reported before (Zofall et al.,
2009). Although dcril* disruption did not affect #/hl/2" expression, additive
silencing defects were observed in dcriAphtlA cells. A similar defect was seen in
clr4Apht1 A cells. While swi6A cells increased t/h1/2* expression, swi6AphtIA did
not. I next measured RNA Pol II occupancy in these cells (Figure 18B). While no
difference in Pol II occupancy was observed in dcrl A cells, occupancy rose 1.7-fold
in phtlAcells and 3.2-fold in dcri Apht1 A cells. A slight increase in Pol II occupancy
was observed in clr4Apht1 A cells compared with clr4A cells, while swi6A as well as
swioAphtIA cells exhibited same occupancy. These data suggest that Phtl
participates in transcriptional gene silencing at sub-telomeric heterochromatin in
both wild-type cells and dcriAlclr4 A cells but not swi6A cells.

Next, I asked whether Phtl affects H3K9 methylation at subtelomeres (Figure 18C).
While pht1” disruption caused silencing defects, the level of H3K9me was slightly
increased. H3K9me was retained in dcri A cells at a similar level to the wild type,
but decreased in dcrlAphtlA cells. While swi6A cells decreased H3K9me, loss of
Pht1 did not affect H3K9me in swi6A cells. These results indicate that Phtl plays a
critical role in telomeric gene silencing and is required for efficient RNAi-

independent H3K9me maintenance.
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Figure 18 H2A.Z is required for subtelomeric silencing.

A) Relative expression of #/h1/2* was measured by RT-qPCR. Primers
are located at the homologous region of /1" and t/h2*, which represent
+1 nucleosome. nda2* was used as a reference gene.

B) Relative enrichment of Ser2 phosphorylated RNA polymerase II at
tlh1/2* was analyzed by ChIP-qPCR. Each signal was normalized to a
gene free region.

C) Relative enrichment of H3K9me at #/h1/2* was analyzed by ChIP-
qPCR. Each signal was normalized to H3. Data points and error bars
represent the meantSD of three independent experiments. p-values were
calculated by two-tailed Student’s #-test: *p<0.05, **p<0.01, and
***p<0.001.
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3-4 H2A.Z facilitates RNAi-independent heterochromatin

assembly by antagonizing Epel-mediated demethylation.

3-4.1 H2A.Z is not directly involved in RNAi-independent
heterochromatin assembly.

I have shown that phtI™ is required for RNAi-independent maintenance of H3K9me
at all heterochromatin loci. H3K9me can be maintained by Clr4 self-propagation via
the chromodomain of Clr4 in the absence of RNAi (Ragunathan et al., 2015). Thus,
I tested whether Phtl is involved in Clr4-mediated self-propagation of H3K9me
using an artificial heterochromatin formation system and a TetR-Clr4 fusion protein.
In this system, TetR fused Clr4 binds to a tetO::ade6" locus and establishes ectopic
heterochromatin in the absence of anhydrotetracycline (-AHT), resulting in the red
colony formation on low adenine media (Audergon et al., 2015; Ragunathan et al.,
2015). Addition of AHT releases TetR::Clr4 from tetO::ade6”. Epel, which
functions as an eraser of H3K9me, removes H3K9me and the colonies become white.
However, in epelA cells, H3K9me is maintained through Clr4-mediated self-
propagation and some cells keep their red color (Audergon et al., 2015). Therefore,
to assess contribution of Phtl, I examined whether loss of phti* affected the
maintenance of ectopic heterochromatin at tetO. :ade6". In the absence of AHT, both
wild-type and phtIA cells formed red colonies (Figure 19), indicating that Phtl is
not involved in the establishment of heterochromatin by TetR-Clr4. When these red
colonies were transferred to media containing AHT, both wild-type and phtIA
colonies became white. Furthermore, epe/A and epelA phtIA cells exhibited a red
colony phenotype, suggesting that pht/* is not required for the maintenance of
ectopic heterochromatin in epelA cells (Figure 19). These results indicate that pht1*
is not directly involved in Clr4-mediated self-propagation of heterochromatin.

46



® O
tetR ;‘ i 9;;;

tetO  ade6* +AHT tet0  ade6*

-AHT +AHT

ontiafl X LR
S O 00 @ F
epelAphtiAf o L

4xtetO::ade6

Figure 19 H2A.Z was not required for TetR-Clr4 mediated
heterochromatin assembly.

Schematic of establishment and maintenance of heterochromatin at
4xtetO::ade6*. TetR-Clr4 were released by the addition of
anhydrotetracycline (AHT) and repressed by the addition of thiamine.
Five-fold dilutions of the indicated strains were spotted onto PMG low
ade media (containing 7.5 mg/L adenine) with or without 10 pM AHT and
5 mg/L thiamin (+AHT or -AHT, respectively). Plates were incubated for
5 days at 30 °C. otr::ade6* and ade6™ strains were used as controls for red
and white colony formation, respectively.
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3-4.2 H2A.Z inhibits Epel-mediated H3K9 demethylation,

which is required for H3K9me maintenance.

As mentioned above, Epel erases H3K9me, and the maintenance of H3K9me relies
on a balance between “writer” and “eraser”. For example, while RNAi mutants show
silencing defects caused by a decrease in H3K9me, loss of epel™ in RNAI deficient
cells restores H3K9 methylation and silencing, indicating that H3K9me at
pericentromere could be maintained without RNAi in the absence of “eraser”
(Trewick et al., 2007; Zofall and Grewal, 2006). Since Phtl did not directly enhance
Clr4 self-propagation (Figure 19), I wondered whether Phtl maintains H3K9me in
the absence of RNAi by repressing Epel-dependent H3K9 demethylation. To
elucidate this, I made epelAdcriAphtiA triplet mutants. Since loss of epel™
bypasses silencing defects in RNAi deficient cells, epe/AagolA cells generate a
variegated phenotype on low adenine plates, which is identical to epelA phenotype
(Sorida et al., 2019). In this study, I found that epel/AdcriIA cells also exhibited this
variegated phenotype (Figure 20) and became SFOA resistant, indicating that loss
of epel™ suppresses the silencing defects of deriA. epelAderiAphtl A cells also
generated variegated colonies, suggesting that otr::ade6 is still silent in some
colonies (Figure 20). For further investigation, I obtained two clones: a SFOA
sensitive (#1) and a SFOA resistant clone (#2) (Figure 20). While epelAdcr1AphtiA
cells still showed variegated phenotype like epelA cells, epelAdcr1Apht1A#2 cells
exhibited more silent red colonies than epel/AdcriAphtIA#1 cells, which was in
agreement with SFOA sensitivity (Figure 20).

I measured H3K9me levels in these clones by ChIP-qPCR (Figure 21). As
previously observed, I found that epel/AdcriA double deletion restored H3K9me at
dg/dh to an almost wild-type level. H3K9me at imr::ura4* was completely lost in
dcrlA cells but partially restored by further disruption of epel ™. Consistent with the
spot assays, H3K9me at imr::ura4®™ was completely abolished in
epelAdcr1Apht1A#I clone but was restored in clone epelAdcr1Apht]1 A#2. H3K9me
at dg/dh regions was increased 5-fold in epelAdcriAphtIA#1 compared with
dcr1AphtIA cells, while H3K9me loading was fully restored in epelAdcriApht1A#2
cells. Although levels of H3K9me were variable, epelAdcriAphtIA cells restored
H3K9me at dg/dh, suggesting that epel™ is responsible for the depletion of H3K9me
in dcrlAphtIA cells. Although it was still possible that Phtl regulates epel
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expression level and affects H3K9me, loss of derI* and/or pht1* did not affect epel™
mRNA levels (Figure 22). Therefore, these results suggest that loss of Phtl directly
enhances the function of epel* as an eraser of H3K9me. Taken together, Phtl
facilitates RNAi-independent heterochromatin assembly by suppressing Epel-

mediated demethylation.

wild type

dacria

derildphtia
epelddcria
epelAdcridphtia #1
epelddcridphtia #2
clr4a §

epelddcria

epelAdcridphtia #1  epelAdcridphtia #2
— ~
- T 4

Figure 20 variegated phenotypes of epelAdcr1AphtlA cells.

Five-fold dilutions of the indicated strains were spotted onto YES media,
SFOA containing media, and YES media without adenine (low ade).
Plates were cultured for 3 days at 30 °C. To clearly see the variegated
phenotype, dcrIA, epelA, epelAdcrlA, epelAdcriAphtIA #1, and
epelAdcrIAphtIA #2 strains were streaked on low ade plates (lower

panels).
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Figure 21 epelAdcriAphtIA
pericentromere.
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Localization of H3K9me at dg, dh, imr::ura4*, and nda2* was
analyzed by ChIP-qPCR. nda2* was used as a negative control.
Data points and error bars represent the meantSD of three

independent experiments. p-values were calculated by two-tailed

Student’s z-test: *p<0.05, **p<0.01, and ***p<0.001.
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Figure 22 loss of derl™ and/or phtI* does not affect epel™ mRNA level.
Expression of epel* relative to nda2® measured by RT-qPCR. Data
points and error bars represent the meantSD of three independent

experiments.
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3-5 H2A.Z facilitates subtelomeric gene repression by

inhibiting Epel-mediated transcription.

3-5.1 H2A.Z inhibits transcription activation of Epel.

Epel has a transcription activation domain at its N-terminus to prevent ectopic
heterochromatin formation (Sorida et al., 2019), and overexpression of Epel
increases transcription at heterochromatic regions (Aygun et al., 2013; Trewick et
al., 2007). Thus, I considered whether loss of pitI* could also enhance transcription
activation by Epel. To analyze this, I overexpressed Epel from a urgl™ promoter
(epel OP) and measured dg/dh expression by RT-qPCR (Figure 23A). epel OP
phtlA cells exhibited an epistatic increase in ncRNA expression. Using ChIP-qPCR,
I found that Ser2 phosphorylated RNA Pol II loading was also synergistically
increased in these cells (Figure 23B). Because it was still possible that this
synergistic increase of Pol II occupancy is caused by the decrease of H3K9me, |
measured H3K9me levels in these cells. However, the levels of H3K9me did not
change (Figure 23C), suggesting that loss of H3K9 methylation was not the cause of
this synergistic increase in transcription. Taken together, these results show that Phtl

represses transcription activation by epel™.
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Figure 23 H2A.Z antagonizes Epel-mediated transcription.

A) Expression of dg and dh relative to nda2* was measured by RT-qPCR.
B) Relative enrichment of Ser2 phosphorylated RNA polymerase II at dg
and dh was analyzed by ChIP-qPCR. Each signal was normalized to a
gene free region.

C) Relative enrichment of H3K9me at dg and dh was analyzed by ChIP-
qPCR. Each signal was normalized to H3. nda2* was used as a negative
control. Data points and error bars represent the meantSD of three
independent experiments. p-values were calculated by two-tailed
Student’s 7-test: *p<0.05, **p<0.01, and ***p<0.001
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3-5.2 Epel is responsible for the derepression of subtelomeric
gene in phtIA cells.

At subtelomeric heterochromatin (¢h/1/2), loss of Phtl caused transcriptional
activation (Figure 18). Thus, I wondered whether epel™ is required for
transcriptional activation in phtIA cells. If this were the case, loss of epel/™ would
suppress tlhl1/2" expression in phtIA cells. To elucidate this, I measured t/h1/2*
expression by RT-qPCR in various epel " and pht1™ disruption mutants (Figure 24A).
epel AphtlA cells showed decreased tlh1/2" expression compared with phtIA cells,
suggesting that Epel is responsible for transcriptional activation at subtelomeric
heterochromatin in the absence of pht/™. Furthermore, I confirmed that H3K9me
levels did not change in epelAphtIA cells, indicating that changes in #/hl/2"
expression were not due to changes in the level of H3K9me (Figure 24B).
Furthermore, disruption of pht/™ did not alter the localization of 3Flag-Epel at the
tlh1/2" locus, suggesting that Pht1 suppressed the function of Epel (Figure 24C). In
conclusion, Phtl is required for subtelomeric gene silencing by repressing Epel-

mediated transcription.
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Figure 24 loss of Epel restored the derepression of subtelomeric
PhtlA cells.

A) Expression of t/h1/2" relative to nda2* measured by RT-qPCR.

gene in

B) Relative enrichment of H3K9me at t/h1/2* and nda2* analyzed by ChIP-

qPCR. Each signal was normalized to H3.

C) Localization of 3FLAG-Epel at t/h1/2 and nda2* was measured by ChIP-
qPCR. Data points and error bars in B-H represent the meantSD of three
independent experiments. p-values were calculated by two-tailed Student’s
t-test: *p<0.05, **p<0.01, and ***p<0.001. Data points in C represent the

average of % input from two independent experiments. Error bars represent

+SD.
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3-6 The N-terminal region of Phtl is required for

transcriptional repression in c/r4A cells.

3-6.1 H2A.Z represses pericentromeric ncRNA in clr4A cells
independently of H3K14ac and H3K4me.

I have shown that Phtl maintains gene silencing by repressing Epel-dependent
H3K9me removal in dcr/A cells. However, this silencing mechanism is not
applicable in c/r4A cells because the localization of Epel depends on H3K9me
(Zofall and Grewal, 2006). To understand this mechanism, I next measured two
euchromatic markers: H3K 14 acetylation and H3K4 methylation (Figure 25A, B).
Loss of Clr4 increased both H3K 14ac and H3K4me3 as observed previously (Noma
et al., 2001; Yamada et al., 2005). However, no cumulative increase in these active
modifications was seen in clr4éAphtiA cells, suggesting that Phtl-dependent

repression of transcription in c/r44 was independent of H3K 14ac and H3K4me3.
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Figure 25 H2A.Z suppresses transcription without affecting H3K14ac
and H3K4me3.

A-B) Localization of H3K14ac (A) and H3K4me3 (B) at dh, dh, and
nda2* was analyzed by ChIP-qPCR. Data points and error bars
represent the meantSD of three independent experiments. p-values
were calculated by two-tailed Student’s #-test: *p<0.05, **p<0.01, and
***p<0.001.
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3-6.2 N-terminus of H2A.Z is essential for transcriptional
repression in clr4A cells.

Acetylation of the N-terminal lysine of H2A.Z is a well conserved modification
(Giaimo et al., 2019). In fission yeast, N-terminal mutations can both positively and
negatively affect the expression of various genes (Kim et al., 2009). Thus, I
speculated that the Pht]1 N-terminus is required for the repression of pericentromeric
ncRNA in clr4A cells. To investigate this, we introduced three different mutations
into the Phtl N-terminus in a wild-type and c/r4A4 background: deletion of N-
terminal residues (AN), acetylation mimetic mutant (4KQ), and an acetylation
negative mutant (4KR) (Figure 26A). Western blot shows that the protein levels of
these myc-tagged Phtl mutants were equivalent (Figure 26B). Moreover, we found
that these mutations did not affect localization to vid2 1" TSS and ORF (Figure 26C).
As with wild-type Phtl, the localization of Pht1AN, Pht1(4KQ), and Pht1(4KR) at
dh was increased in a c/r4A background (Figure 26C), demonstrating that these N-
terminal mutations did not affect the regulation of Phtl localization at defective
heterochromatin. This is consistent with the previous observation that Swrl
recognizes C-terminal helix of H2A.Z (Hong et al., 2014). Next, I analyzed the effect
that these Phtl N-terminal mutants had on the expression of d2 ncRNA (Figure 26D).
While these mutants did not affect dh ncRNA expression in a wild-type background,
pht1 AN, pht1(4KQ), and phtl(4KR) increased dh expression in clr4A cells, though
the extent of the increase was smaller than in c/r4Apht 1A cells. These results suggest
that the N-terminal region of Phtl is required for H3K9me independent silencing, at
least in part. Interestingly, similar silencing defects were observed in both
clr4 Apht1(4KQ) and clr4 Apht1(4KR) cells, suggesting that the change in charge that
occurs upon acetylation is not crucial for its function. Because, in mammal,
methylation at N-terminus of H2A.Z are reported (Binda et al., 2013), other
modifications on N-terminus of Phtl may exist. Although precise effects of N-
terminal mutations are unclear, at least, similar expression pattern in phtl(4KQ) and
pht1(4KR) cells were observed in euchromatic gene expression pattern (Kim et al.,
2009), suggesting that mechanisms for ncRNA repression in c/r4A cells might be
identical to euchromatic gene regulation. Taken together, these data show that the
N-terminus of Phtl is required for Phtl-medated silencing of heterochromatic

ncRNA at pericentromeres in the absence of H3K9me.
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Figure 26 N-terminal region of H2A.Z is required for transcriptional
repression in clr4A.

A) N terminal amino acids of phtI*, pht1AN, phtl1(4KQ), and phtl1(4KR) are
shown.

B) Protein levels of Pht1-myc and H3 were analyzed by western blotting. Anti-
myc antibody and anti-H3 antibody were used.

C) Localization of Phtl-myc analyzed by ChIP-qPCR. Signals were
normalized to H3.

D) Relative expression levels of dh were measured by RT-qPCR. nda2* was
used as a reference gene. Data points and error bars in C—D represent the
meantSD of three independent experiments. p-values were calculated by two-
tailed Student’s #-test: *p<0.05, **p<0.01, and ***p<0.001.
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3-6.3 N-terminus of Phtl is not involved in RNAI-
independent heterochromatin assembly and subtelomeric

gene repression.

I hypothesized that the silencing mechanisms of Phtl in c/r4A and dcriA cells are
different. To confirm this, I measured the effect the N-terminus of Phtl had on
heterochromatin assembly in dcriA cells and transcriptional repression of t/h1/2".
phtIAN did not affect H3K9me at pericentormeres in dcrlA cells (Figure 27).
Furthermore, phti AN, phtl(4KQ), and phtl(4KR) did not exhibit de-repression
activity at the #/h1/2" loci (Figure 28). These results show that the N-terminus of
Phtl is not required for the suppression of Epel-mediated demethylation and

transcription activation.
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Figure 27 The N-terminus of Phtl is not required for Epel-mediated
demethylation.

A) Localization of H3K9me at dg, dh, and nda2* was analyzed by ChIP-qPCR.
Each signal was normalized to H3. nda2* is used as a negative control. Data
points and error bars represent the meantSD of two independent
experiments. p-values were calculated by two-tailed Student’s #-test: *p<0.05,
**p<0.01, and ***p<0.001.
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Figure 28 The N-terminus of Phtl is not required for Epel-mediated
transcription activation.

Expression of t/h1/2* in Phtl N-terminal mutants was analyzed by RT-qPCR.
nda2* was used as a reference gene. Data points and error bars represent the
meantSD of three independent experiments. p-values were calculated by two-
tailed Student’s #-test: *p<0.05, **p<0.01, and ***p<0.001.
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4. Discussion

As well as histone modifications, histone variants are important for the diverse
nature of the chromatin functions. Several amino acids are distinct in histone variants,
and while canonical histones are only synthesized during S phase, histone variants
are expressed throughout the cell cycle, resulting in specific functions in many
biological processes (Martire and Banaszynski, 2020). For example, H3 variant,
CENPA has a specific function in kinetochore formation (De Rop et al., 2012), and
H2A variant, H2A.X is required for DNA damage responses (Bonisch and Hake,
2012). Histone variant H2A.Z is one of the most evolutionally conserved histone
variants and plays important roles. While its role in euchromatic gene regulation is
well studied, functions in heterochromatin are poorly understood. In this study, I
have shown that H2A.Z plays multiple roles at heterochromatic regions, as
summarized in Figure 29. In wild-type cells, a low level of H2A.Z occupies at
heterochromatic regions, which represses Epel-dependent transcription at
subtelomeric heterochromatin and represses transcription induced by Epel-
overexpression at pericentromeric heterochromatin (Figure 29A). When RNAi-
dependent heterochromatin formation is lost, H2A.Z 1is incorporated into
pericentromeric heterochromatin and facilitates RN Ai-independent heterochromatin
assembly not by direct involvement in Clr4 self-assembly but by repressing Epel-
dependent demethylation. H2A.Z is also required for efficient RNAi-independent
heterochromatin assembly at mat locus and subtelomere (Figure 29B). When
H3K9me is completely abolished by the loss of Clr4, H2A.Z is incorporated into
heterochromatin in a SWR complex-dependent manner and represses Pol II-
dependent transcription at pericentromeric repeats (Figure 29C). Taken together,
these findings provide new aspects of H2A.Z in the maintenance of heterochromatin
integrity.
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Figure 29 The roles of H2A.Z for the maintenance of heterochromatic
integrity.

A) In wild-type cells, H2A.Z is poorly enriched at heterochromatin.
H2A.Z suppresses Epel-mediated transcription at subtelomere and also
inhibits transcription induced by Epel-overexpression.

B) In RNAi-deficient cells, H2A.Z accumulates at pericentromeres and
is required for the maintenance of H3K9me. As H2A.Z was not directly
involved in Clr4 self-assembly, H2A.Z facilitates RNAi-independent
H3K9me by suppressing Epel-mediated demethylation.

C) In clr4A cells, the SWR complex promotes H2A.Z accumulation at
pericentromeres. This accumulating H2A.Z suppresses Pol II
dependent-ncRNA transcription in c/r4A cells but not ura4* marker gene
expression inserted at heterochromatic region. The N-terminus of

H2A.Z is required for this suppression.
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4-1 Mechanisms for the deposition of H2A.Z at

heterochromatic regions.

The negative correlation between H2A.Z and H3K9me/DNA methylation is a
conserved feature of H2A.Z in higher eukaryotes (Boyarchuk et al., 2014; Zilberman
etal., 2008). However, how loss of H3K9me induced H2A.Z deposition was unclear.
I find that this negative correlation is also conserved in fission yeast and have shown
that loss of H3K9me induced Swrl-mediated H2A.Z deposition at pericentromeric
heterochromatic regions (Figure 8). Also, I show that a component of the SWR
complex, Bdfl, is required for this accumulation (Figure 9B). Since Bdf1 recognizes
acetylated histone tail, Bdfl would recognize the increased level of histone
acetylation associated with the loss of heterochromatin and mediates H2A.Z
deposition. This could explain why H2A.Z occupancy at dg and dh are different;
H3K14ac level at dh in clr4A cells are higher that dg (Figure 9A). Since high level
of histone acetylations reflects TSS sites of euchromatic gene (Pokholok et al., 2005),
the differences observed in dg and dh might be caused by the relative positions of
primers to potential TSS in heterochromatic region. Interestingly, as previously
observed in budding yeast, loss of Bdfl does not affect H2A.Z localization at TSS
of euchromatic gene because Bdf2, which is not a component of SWR complex,
alternatively functions (Raisner et al., 2005). In fission yeast, Bdf1 is not required
for H2A.Z enrichment at TSS of vid21" suggesting that Bdf2 contributes for SWR
complex recruitment instead of Bdf1. Moreover, since Swc2 recognizes nucleosome
free DNA at TSS (Ranjan et al., 2013; Yen et al., 2013), it is also possible that Swc2
alternatively recruits SWR complex to TSS of vid21" in the absence of Bdfl.

In contrast to the accumulation of H2A.Z seen at compromised heterochromatin, low
levels of H2A.Z are maintained at wild-type heterochromatin by a Swrl-independent
pathway. I show that H2A.Z at wild-type heterochromatin suppresses Epel-
dependent transcriptional activation (Figure 23), which suggests that the low level
of H2A.Z at heterochromatin has a functional role. Actually, H2A.Z is randomly
deposited at gene body (Hardy et al., 2009). One possible mechanism of Swrl-
independent H2A.Z deposition is a FACT-mediated deposition pathway. FACT, a
H2A-H2B histone chaperone, is required for the H2A.Z deposition in budding yeast
(Mahapatra et al., 2011). A recent paper shows that fission yeast FACT localizes at

heterochromatin and is required for heterochromatic silencing through the
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maintenance of H2A-H2B dynamics (Takahata et al., 2021). Thus, FACT might
actively contribute to H2A.Z deposition at heterochromatic region. Another
possibility is passive nucleosome assembly: histone chaperone independent
nucleosome assembly has been reported (Newhart et al., 2013), and recent
biochemical analysis has shown that H2A.Z-containing nucleosomes can be
assembled more readily than canonical nucleosomes (Chen et al., 2019). These data
raise the possibility that small amounts of H2A.Z are incorporated non-

enzymatically into nucleosomes on replicated DNA at heterochromatic regions.

4-2 Functions of H2A.Z for heterochromatin assembly.

In this study, I showed a novel function of H2A.Z for H3K9me maintenance in the
absence of RNAI. Since N-terminus of Phtl is not involved in RNAi-independent
heterochromatin assembly (Figure 27), the requirement of Phtl in heterochromatin
assembly is completely different from euchromatin roles of Phtl. Although
derlAphtIA cells decreased H3K9me, H2A.Z is not required for TetR-Clr4
mediated artificial heterochromatin assembly, suggesting that H2A.Z does not
directly enhance Clr4 self-propagation. Many factors including Rrp6 are required
for RNAi-independent H3K9me assembly (Buscaino et al., 2013; Chalamcharla et
al., 2015; Reyes-Turcu et al., 2011; Shipkovenska et al., 2020; Tucker et al., 2016),
but the data in this study suggests that H2A.Z does not function in RNAi-
independent H3K9me maintenance with Rrp6 (Figure 15).

Epel is an eraser of H3K9me in vivo. The balance between H3K9me deposition and
Epel-dependent demethylation determines the levels of H3K9me at both
heterochromatin and euchromatin (Sorida et al., 2019). I have shown that Epel is
responsible for the depletion of H3K9me in dcrlAphtIA cells at pericentromeres.
This suggests that loss of H2A.Z in RNAi-deficient cells alters the competition
between RNAi-independent H3K9 methylation and Epel-mediated demethylation,
resulting in the depletion of H3K9me at pericentromeres. By contrast, a decreased,
but significant, level of H3K9me is retained at mat locus and subtelomeric
heterochromatin in dcriAphtIA cells, where Atfl/Pcrl-dependent and Tazl-
dependent heterochromatin maintenance systems function, respectively. I believe
that these H3K9me maintenance systems are sufficient to resist Epel-mediated
demethylation in the absence of H2A.Z. In addition, loss of Phtl in swi6A cells did
not alter H3K9me (Figure 12, 18). Since localization of Epel depends on Swi6
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(Zofall and Grewal, 2006), Phtl could not function in swi6A cells. This could also
explain why loss of Phtl in dcr /A cells did not increase imr::ura4 expression (Figure
17), where H3K9me were abolished in dcriA cells (Figure 21). Furthermore, as
previously reported (Zofall et al., 2009), loss of Phtl slightly increased H3K9me at
all heterochromatic loci (Figure 12, 16, 18). Since loss of Epel considerably
decreases siRNA (Trewick et al., 2007), Epel-mediated transcription might be
processed by RNAi pathway. In other words, Epel might be involved in the
initiation of RNAI. Thus, I speculate that this slight increase of H3K9me is an effect

of enhancement of RNAI.

Loss of H2A.Z does not affect Epel localization at heterochromatin and H2A.Z
appears to directly inhibit Epel-dependent demethylation. Epel has a JmjC histone
demethylase catalytic domain, and many studies have shown that Epel induces
H3K9me demethylation in vivo in a JmjC domain-dependent manner (Audergon et
al., 2015; Ragunathan et al., 2015; Raiymbek et al., 2020; Sorida et al., 2019;
Trewick et al., 2007). However, no enzymatic activity has been attributed to Epel
in vitro (Raiymbek et al., 2020; Tsukada et al., 2006). Moreover, mutations in the
JmjC domain affect the Epel-Swi6 interaction (Raiymbek et al., 2020; Sorida et al.,
2019), which makes it difficult to interpret experiments with JmjC domain mutants.
Thus, it is still unclear whether Epel itself has enzymatic activity or not. It is possible
that suppression occurs because H2A.Z-containing nucleosomes are poor substrates
for Epel-dependent demethylation. The crystal structures of homo- and heterotypic
H2A.Z nucleosomes (H2A.Z/H2AZ and H2AZ/H2A, respectively) are quite similar
but local differences are observed, and H2A.Z also enhances negative charge of the
nucleosome surface, indicating the different protein interactions (Suto et al., 2000).
H2A.Z enhances chromatin fiber compaction in vitro (Fan et al., 2004) and the
deposition of H2A.Z on the genome has been shown to change chromatin
accessibility (Berta et al., 2021). Indeed, H2A.Z is shown to promote H3K27
trimethylation and repress H3K4 trimethylation in plants (Dai et al., 2017). These
properties may affect the recognition of substrates by the Epel-mediated

demethylation machinery.

I have also shown that H2A.Z suppresses Epel-mediated transcription at
subtelomeres (Figure 23). Furthermore, this suppression mechanism is independent
of N-terminus (Figure 28), suggesting that it is different from the mechanism in

euchromatin. It is possible that H2A.Z impedes Pol II progression initiated by Epel
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as H2A.Z acts as a barrier for transcription and inhibits Pol II transcription in vivo
(Chen et al., 2019; Mylonas et al., 2021). Moreover, it is also possible that Epel
removes H3K9me through histone turnover associated with transcription (Aygun et
al., 2013), and that H2A.Z suppresses Epel-mediated demethylation by suppressing
Epel-mediated transcription. Further investigation is required to understand the
mechanism by which Epel demethylates in vivo, and how H2A.Z inhibits Epel-

mediated demethylation and transcriptional activation.

Heterochromatin is dynamically regulated during cell cycle. While RNAI is required
for H3K9 di-methylation, self-propagation is responsible for the transition from
H3K9me?2 to H3K9me3 (Al-Sady et al., 2013; Jih et al., 2017), suggesting that both
pathways are required for proper maintenance of heterochromatin. However, in
principle, RNAi and Clr4 self-propagation could not occur at the same time because
the requirement of RNA Pol II is completely different from each other; RNAi
requires transcription, but self-propagation is inhibited by transcription (Audergon
et al., 2015), suggesting that they work in different cell cycle stages. While Epel
antagonizes Clr4 self-propagation (Audergon et al., 2015), Epel enhances siRNA
formation which is required for RNAi pathway (Trewick et al., 2007). Thus,
regulation of Epel is essential for controlling RNAi and Clr4 self-propagation.
Therefore, H2A.Z may regulate the balance between RNAi pathway and Clr4 self-
propagation through controlling the function of Epel. Indeed, the deposition of
H2A.Z is cell cycle dependent; for example, H2A.Z is accumulated at subtelomeric
heterochromatin in M phase in mouse trophoblast stem cells (Nekrasov et al., 2012).
It would be interesting to elucidate the requirement of H2A.Z and also Epel for the

heterochromatin assembly during cell cycle.

4-3 H2A.Z compensates for the loss of H3K9me.

I have shown that loss of H2A.Z induces an increase in transcription from
heterochromatic repeats when H3K9me is depleted by the loss of Clr4. Interestingly,
this repression is not observed at marker genes inserted into the heterochromatin
(Figure 16, 17), suggesting that this repression is heterochromatic repeat specific. I
also found that the N-terminal region of H2A.Z is required for this repression. Since
the N-terminal region of H2A.Z has been shown to be involved in the regulation of
euchromatic genes in fission yeast, this mechanism of H2A.Z-dependent

transcriptional repression in c/r4A cells may partly overlap with that of euchromatic
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gene regulation. Interestingly, both KQ and KR mutants increased ncRNAs
transcribed from pericentromeric repeats in c/r44 cells, and expression patterns of
euchromatic genes in KQ and KR mutants are very similar (Kim et al., 2009),
supporting the idea that H2A.Z functions at heterochromatic repeats in a similar way
to at euchromatin genes. H2A.Z has various post translational modifications
(Giaimo et al., 2019). In addition to the acetylation, N-terminus lysine is methylated,
which has a repressive role (Binda et al., 2013), while acetylation is an active mark
(Millar et al., 2006; Valdés-Mora et al., 2012). Therefore, I speculate that the
repressive role of Phtl in c/r4A cells might be mediated by methylation as both KQ
and KR mutants disrupts the effects of methylation. However, at this stage, detailed

effects of N-terminus of Phtl in heterochromatin and euchromatin are still unclear.

In mammals, loss of H3K9 or DNA methylation induces PRC recruitment and leads
to the accumulation of methylated H3K27 to maintain gene silencing at the
pericentromere (Puschendorf et al., 2008; Saksouk et al., 2014). This indicates that
cells potentially have compensatory mechanisms. H2A.Z-dependent transcriptional
repression at pericentromeric repeats might represent this compensatory mechanism
in fission yeast, which does not have H3K27me and PRC. Constitutive
heterochromatin often forms on repeated sequences. Repeated sequences facilitate
homologous recombination, which would cause genome instability. Active
transcription in the repeated sequences could further increase the probability that
recombination occurs; indeed, a recent study in fission yeast has shown that
transcription at pericentromeric repeats induces homologous recombination,
resulting in gross chromosomal rearrangements in the absence of heterochromatin
(Okita et al., 2019). Moreover, it has been reported that H2A.Z inhibits homologous
recombination in human cells (Alatwi and Downs, 2015). Thus, deposition of H2A.Z
and H2A.Z-dependent repression might contribute to genome stability by
suppressing chromosomal rearrangements associated with compromised

heterochromatin.

H2A.Z is essential for development in ES cells and Xenopus laevis (Faast et al.,
2001; Ridgway et al., 2004); however, details are scarce. H2A.Z localizes at
pericentromeres during ES cell differentiation (Rangasamy et al., 2003), suggesting
that this essential role of H2A.Z in development might involve heterochromatic
silencing. The findings in this study may have important implications for the

understanding of the developmental role played by H2A.Z in other organisms.
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