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Heterochromatin is a highly condensed form of chromatin that silences gene transcription. Although high levels
of transcriptional activities disrupt heterochromatin, transcription of repetitive DNA elements and subsequent
processing of the transcripts by the RNAi machinery are required for heterochromatin assembly. In fission yeast,
a JmjC domain protein, Epe1, promotes transcription of DNA repeats to facilitate heterochromatin formation, but
overexpression of Epe1 leads to heterochromatin defects. However, the molecular function of Epe1 is not well un-
derstood. By screening the fission yeast deletion library,we found that heterochromatin defects associatedwith Epe1
overexpression are alleviated by mutations of the SAGA histone acetyltransferase complex. Overexpressed Epe1
associates with SAGA and recruits SAGA to heterochromatin regions, which leads to increased histone acetylation,
transcription of repeats, and the disruption of heterochromatin. At its normal expression levels, Epe1 also associates
with SAGA, albeit weakly. Such interaction regulates histone acetylation levels at heterochromatin and promotes
transcription of repeats for heterochromatin assembly. Our results also suggest that increases of certain chromatin
protein levels, which frequently occur in cancer cells, might strengthen relatively weak interactions to affect the
epigenetic landscape.
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Eukaryotic genomes contain large amounts of repetitive
DNA sequences, which are the preferred sites of hetero-
chromatin formation (Grewal and Jia 2007; Almouzni
and Probst 2011). The resulting condensed chromatin
state limits the access of the transcription and recombina-
tion machinery to restrain the harmful effects of repeti-
tive DNA on genome integrity. Heterochromatin can
also spread into neighboring genomic regions, leading to
changes in gene expression across large chromosomal
domains.

The histones within heterochromatin are usually
hypoacetylated but are methylated at histone H3 Lys9
(H3K9me), which recruits heterochromatin protein 1
(HP1) family proteins to compact chromatin (Grewal and
Jia 2007; Almouzni and Probst 2011). Therefore, histone
deacetylases (HDACs) and histone H3K9 methyltransfer-
ases are required for heterochromatin formation, whereas
histone H3K9 demethylases and histone acetyltransfer-
ases antagonize heterochromatin assembly. Given the
importance of heterochromatin in regulating gene expres-

sion and genome integrity, it is not surprising that muta-
tions or misregulation of heterochromatin factors have
been linked to human diseases. For example, loss of the
murine H3K9 methyltransferase SUV39H1/H2 leads to
chromosomal instability and increased tumor risk (Peters
et al. 2001). On the other hand, histone demethylases are
frequently overexpressed in cancer cells (Højfeldt et al.
2013; Johansson et al. 2014). For example, theH3K9 deme-
thylase JMJD2C/GASC1 is amplified in squamous cell
carcinoma, breast cancer, and medulloblastoma (Yang et
al. 2000; Cloos et al. 2006; Ehrbrecht et al. 2006; Liu
et al. 2009).

The fission yeast Schizosaccharomyces pombe has
been instrumental in delineating heterochromatin as-
sembly pathways (Grewal and Jia 2007). In this organism,
large blocks of heterochromatin are formed at pericentric
regions, subtelomeres, and the silent mating-type locus,
which share a common repetitive DNA sequence. The
formation of heterochromatin at these regions is critically
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dependent on the histone H3K9 methyltransferase Clr4.
The resulting histoneH3K9methylation serves as a signal
to recruit HP1 family proteins such as Swi6 and Chp2
(Nakayama et al. 2001; Sadaie et al. 2004). Both Swi6
and Chp2 recruit SHREC, which contains HDAC Clr3
and chromatin remodeling protein Mit1. The combined
actions of these two enzymatic activities restrict the ac-
cess of RNA polymerase II (Pol II), leading to transcrip-
tional gene silencing (Sugiyama et al. 2007; Motamedi
et al. 2008). Heterochromatin formation also requires
another HDAC, Sir2, which cooperates with SHREC to
ensure low histone acetylation levels at heterochromatin
(Shankaranarayana et al. 2003; Freeman-Cook et al. 2005;
Alper et al. 2013; Buscaino et al. 2013).
Paradoxically, transcription of the DNA repeats is re-

quired for heterochromatin assembly. These repeats are
transcribed by Pol II, leading to the production of dsRNAs
(Djupedal et al. 2005; Kato et al. 2005). Dicer (Dcr1) pro-
cesses these dsRNAs into siRNAs, which are loaded
onto the RNA-induced transcriptional silencing (RITS)
complex and guide RITS back to nascent transcripts (Ver-
del et al. 2004). RITS then recruits the Clr4 complex
(CLRC) to initiate H3K9 methylation and heterochroma-
tin assembly at DNA repeats (Zhang et al. 2008; Bayne
et al. 2010).Heterochromatic repeats are transcribedmain-
ly during the S phase of the cell cycle, suggesting that the
passage of DNA polymerase during DNA replication may
disrupt heterochromatin to allow Pol II access (Chen et al.
2008; Kloc et al. 2008). During other stages of the cell cy-
cle, Pol II access to heterochromatin is regulated by the
anti-silencing factor Epe1, which is recruited to hetero-
chromatin through its interaction with Swi6 (Zofall and
Grewal 2006; Isaac et al. 2007; Trewick et al. 2007). How-
ever, how Epe1 functions remains controversial.
Epe1was first identified as a factor that prevents hetero-

chromatin from expanding outside of its normal boundar-
ies (Ayoub et al. 2003). Loss of Epe1 also results in the
formation of ectopic heterochromatin islands and even al-
lows heterochromatin to persist through cell divisions
without initiation signals (Zofall et al. 2012; Audergon
et al. 2015; Garcia et al. 2015; Ragunathan et al. 2015;
Wang et al. 2015). Epe1 contains a JmjC domain, which
is commonly the catalytic domain of histone demethy-
lases (Klose et al. 2006). Introducing pointmutationswith-
in the JmjC domain that are predicted to affect histone
demethylase activity, such as the H297A mutation, re-
sults in phenotypes similar to epe1Δ (Trewick et al. 2007;
Audergon et al. 2015; Ragunathan et al. 2015; Wang et al.
2015), consistent with the idea that Epe1 functions as a
H3K9 demethylase. However, no in vitro demethylase ac-
tivityhasbeendetected for Epe1 (Tsukada et al. 2006), rais-
ing the possibility that Epe1modulatesH3K9methylation
indirectly. Indeed, overexpression of theH297Amutant of
Epe1 disrupts heterochromatin similarly to overexpres-
sion of wild-type Epe1 (Zofall and Grewal 2006; Trewick
et al. 2007), demonstrating that Epe1 can affect hetero-
chromatin stability independently from its putative deme-
thylase activity.
Interestingly, loss of Epe1 also rescues heterochromatin

defects caused by deletions of HDACs such as Clr3 or

Sir2 (Ayoub et al. 2003; Aygün et al. 2013; Wang et al.
2013), suggesting that Epe1 counteracts the function of
HDACs. However, the exact mechanism by which Epe1
regulates HDACs is unknown. In this study, we found
that mutants in the SAGA histone acetyltransferase
complex alleviated the effects of Epe1 overexpression on
heterochromatin stability. We also found that Epe1 asso-
ciates with SAGA and recruits SAGA to heterochromatin
to promote histone acetylation, which in turn promotes
Pol II transcription.

Results

Epe1 overexpression affects heterochromatin integrity

All previous attempts to examine the effects of Epe1 over-
expression used plasmid-borne Epe1 (Zofall and Grewal
2006; Trewick et al. 2007). To minimize the effects of po-
tential plasmid copy number variations and facilitate ge-
netic screens with the deletion library, we replaced the
endogenous epe1+ promoter with an nmt41 promoter,
which can be induced by the removal of thiamine from
the growthmedium (EMM).We then examined the effects
of Epe1 overexpression on heterochromatin integrity by
measuring the silencing of reporter genes inserted within
the pericentric repeat region (otr:ura4+) or the silent mat-
ing-type region (Kint2::ura4+) (Fig. 1A; Allshire et al. 1995;
Grewal and Klar 1997). In wild-type cells, the silencing of
these reporter genes results in cells that grow weakly on
medium without uracil but grow well on medium con-
taining 5-fluoroorotic acid (5-FOA), which is toxic to
Ura4-expressing cells. Overexpression of Epe1 leads to de-
fective silencing of the reporter genes, as indicated by in-
creased growth on medium without uracil and decreased
growth on 5-FOA-containing medium (Fig. 1B). In addi-
tion, ChIP (chromatin immunoprecipitation) analyses
showed that H3K9 trimethylation (H3K9me3) and Swi6
levels decrease at the endogenous dh and cenH repeats
when Epe1 is overexpressed, accompanied by increased
levels of dh and cenH transcripts (Fig. 1B). These results
confirm that the silencing defects are due to compromised
heterochromatin.

A genetic screen for suppressors of the effects of Epe1
overexpression on heterochromatin stability

To further understand the mechanism by which Epe1 reg-
ulates heterochromatin formation, we performed a screen
with the fission yeast deletion library to identify muta-
tions that alleviate silencing defects caused by Epe1 over-
expression (Fig. 2A). We constructed a query strain
containing the otr::ura4+ reporter and nmt41-epe1+ and
crossed it with a mutant library containing ∼3500 nones-
sential gene deletions. The resulting haploid cells, each
containing otr::ura4+, nmt41-epe1+, and a single gene
deletion, were grown on medium without thiamine and
containing 5-FOA to measure cell growth (Fig. 2B). Muta-
tions of three subunits of the SAGA histone acetyltrans-
ferase complex—gcn5Δ, ada3Δ, and tra1Δ (Helmlinger
et al. 2008)—were among the top hits of gene deletions
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that rescued the silencing defects associated with Epe1
overexpression (Supplemental Fig. S1).

To confirm these findings, we constructed an otr::ura4+

nmt41-epe1+ gcn5Δ strain. Serial dilution analyses con-

firmed that gcn5Δ alleviates silencing defects of otr::
ura4+ associated with Epe1 overexpression (Fig. 2C).
Moreover, H3K9me3 and Swi6 levels at dh repeats are par-
tially restored in nmt41-epe1+ gcn5Δ cells, accompanied
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Figure 1. Overexpression of Epe1 leads to defective gene silencing. (A) Schematic diagram of the reporter genes used. Bars indicate the
positions of PCR fragments used in ChIP analyses. (B, left) Tenfold serial dilution analyses of the indicated yeast strains grown on the in-
dicated media to measure the expression of ura4+ reporter genes. (Right) The first two panels show ChIP analyses of H3K9me3 and Swi6
levels at repetitiveDNAelementswithin pericentric (dh) andmating-type regions (cenH), normalized to act1+. The last panel shows quan-
titative RT–PCR (qRT–PCR) analysis of the dh and cenH transcripts, normalized to act1+.
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Figure 2. A genetic screen for mutations that alleviate the effects of Epe1 overexpression on heterochromatin integrity. (A) Workflow to
introduce otr::ura4+ and nmt41-epe1+ into the deletion library. (B) A representative image of cells grown on medium without thiamine
and containing 5-FOA. Each square represents quadruplicates of colonies of the same genotype. The box indicates the position of
gcn5Δ. (C, left) Tenfold serial dilution analyses of the indicated yeast strains grown on the indicated media to measure the expression
of the otr::ura4+ reporter gene. (Right) The first two panels show ChIP analyses of H3K9me3 and Swi6 levels at pericentric dh repeats,
normalized to act1+. The last panel shows qRT–PCR analysis of dh transcript, normalized to act1+. (D) Western blot analysis to measure
the levels of HA-tagged Epe1. A nonspecific band served as a loading control. (E) Coimmunoprecipitation analyses of Epe1 and Swi6. The
immunoprecipitation was performed with Flag-agarose beads, and Western blot analyses were performed with Flag and Swi6 antibodies.
(F ) ChIP analyses of HA-Epe1 levels at pericentric dh repeats, normalized to act1+.
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by a reduction in dh transcript levels (Fig. 2C). The rescue
is not limited to pericentromeric heterochromatin, as
gcn5Δ also alleviated silencing defects of Kint2::ura4+ at
the mating-type region when Epe1 is overexpressed (Sup-
plemental Fig. S2).
One possiblemechanism bywhich SAGAmutants alle-

viate heterochromatin defects caused by Epe1 overexpres-
sion is through reducing Epe1 protein levels because the
SAGA histone acetyltransferase complex is required for
transcriptional regulation of diverse genes (Helmlinger
et al. 2008;Wang et al. 2012).Moreover, Epe1 levels at het-
erochromatin are regulated by the Cul4–Ddb1 E3 ubiqui-
tin ligase (Braun et al. 2011), which might be under the
control of SAGA.However,Western blot analyses showed
that gcn5Δ has no effect on Epe1 protein levels (Fig. 2D),
thus ruling out these possibilities.
It is also possible that gcn5Δ rescues Epe1 overexpres-

sion by affecting Epe1 recruitment to heterochromatin.
Epe1 interacts with Swi6, and this interaction is required
for the localization of Epe1 to heterochromatin (Zofall and
Grewal 2006; Isaac et al. 2007; Trewick et al. 2007). Coim-
munoprecipitation analysis showed that Epe1 maintains
interaction with Swi6 in gcn5Δ cells (Fig. 2E). Moreover,
ChIP analyses showed that the levels of Epe1 at pericen-
tric dh repeats even slightly increase in gcn5Δ cells (Fig.
2F). Such an increase could be attributed to increased lev-
els of Swi6 at heterochromatin in these cells. Thus, gcn5Δ
does not rescue Epe1 overexpression by affecting its inter-
action with Swi6 or disrupting the recruitment of Epe1 to
heterochromatin.

The acetyltransferase activity of SAGA is critical
for the effects of Epe1 overexpression on
heterochromatin stability

SAGA has two enzymatic activities: acetylation and deu-
biquitination. Gcn5 acts as the catalytic subunit within
the acetyltransferase module, which also contains Ada2
and Ada3, whereas Upb8, Sgf73, Sgf11, and Sus1 form
the deubiquitination module, with Ubp8 catalyzing the
deubiquitination of H2B (Koutelou et al. 2010). We found
that mutations in the acetyltransferase module, such as
ada2Δ and ada3Δ, alleviate silencing defects associated
with Epe1 overexpression (Fig. 3A), but mutations of the

deubiquitination module (ubp8Δ and sgf11Δ) or other
components such as the SPT module (spt3Δ and spt8Δ)
have no effects (Fig. 3B). The effects of these mutations
on histone acetylation and ubiquitinationwere confirmed
by Western blot analyses of H3K9 acetylation (H3K9ac)
and H2B monoubiquitination (Supplemental Fig. S3).
To further examine the role of the histone acetyl-

transferase activity in regulating the effects of Epe1 over-
expression, we obtained a strain containing an E191Q
mutation in gcn5+ at its endogenous chromosomal locus.
This mutation impairs the enzymatic activity of Gcn5 in
vitro and in vivo (Supplemental Fig. S3; Helmlinger et al.
2008). Similar to gcn5Δ, the gcn5-E191Qmutation also al-
leviates the effects of Epe1 overexpression on the silencing
of otr::ura4+ (Fig. 3A), demonstrating that the histone ace-
tyltransferase activity of SAGA is critical for the effects of
Epe1 overexpression on heterochromatin stability.

SAGA regulates Epe1 function independently of Epe1’s
putative demethylase activity

The H297A mutation within the JmjC domain of Epe1 is
expected to abolish its putative demethylase activity. In-
deed, cells with Epe1-H297A show phenotypes similar to
epe1Δ, suggesting that Epe1 functions as a demethylase
(Trewick et al. 2007; Audergon et al. 2015; Ragunathan
et al. 2015; Wang et al. 2015). However, no in vitro deme-
thylase activity has been detected for Epe1. Therefore,
whether the H297A mutation affects Epe1 enzymatic
activity is not proven, and it remains possible that thismu-
tation affects Epe1 function inunexpectedways.Nonethe-
less, we generated nmt41-epe1-H297A at the endogenous
epe1+ locus. Overexpression of Epe1-H297A in this con-
text results in silencing defects, as indicated by increased
growth on medium without uracil and increased levels of
dh transcripts (Supplemental Fig. S4A). However, the si-
lencing defects are milder compared with overexpression
of wild-type Epe1, as indicated by relatively robust growth
of nmt41-epe1-H297A cells onmedium containing 5-FOA
even though the mutant is overexpressed at levels similar
towild-type Epe1 (Supplemental Fig. S4A,B). These results
suggest that Epe1 likely has demethylase activity-depen-
dent as well as demethylase-independent functions.

A B Figure 3. The acetyltransferase activity of
SAGA is required for Epe1 function. Ten-
fold serial dilution analyses of the indicated
yeast strains grown on the indicated media
to measure the expression of the otr::ura4+

reporter gene. (A) The effects of deletion of
the SAGA acetyltransferase module. (B)
The effects of deletion of the SAGA deubi-
quitination and SPT modules.
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Interestingly, when overexpressed from a plasmid,
nmt41-epe1-H297A affects heterochromatin similar to
the overexpression of wild-type nmt41-epe1+, confirming
previous findings (Supplemental Fig. S5A; Trewick et al.
2007 ).We reasoned that the plasmids are present inmulti-
ple copies in the cell, leading to higher Epe1 levels and
stronger silencing defects. Indeed, when overexpressed
fromaplasmid, epe1 transcripts levels are about four times
higher than those overexpressed from the endogenous
chromosomal locus (Supplemental Fig. S4C). Given the
more robust silencing defects of plasmid-borne Epe1-
H297Aon5-FOA-containingmedium,which is our prima-
ry assay for heterochromatin silencing, we examined the
effects of gcn5Δ on Epe1-H297A overexpression using
plasmids.

We found that gcn5Δ rescues silencing defects of plas-
mid-borne nmt41-epe1+, although the rescue is weaker
compared with when Epe1 is overexpressed at the endog-
enous location. Moreover, gcn5Δ strongly rescues nmt41-
epe1-H297A (Supplemental Fig. S5), suggesting that
SAGA contributes to Epe1 function mainly independent
of Epe1’s putative demethylase activity.

SAGA associates with overexpressed Epe1

To further examine the mechanism by which overexpres-
sion of Epe1 affects heterochromatin integrity,we generat-
ed a Flag-tagged version of Epe1 driven by the nmt41
promoter at the endogenous epe1+ locus and performed
affinity purification of overexpressed Flag-Epe1. Interest-
ingly, mass spectrometry analysis of associated proteins
identified many components of the SAGA complex (Fig.
4A; Supplemental Tables S1, S2). The association is specif-
ic, as no SAGA-specific components were identified in a
control purification of cell lysateswithout any Flag-tagged

proteins (Supplemental Table S1) or several mass spec-
trometry analyses of affinity-purified Flag-Clr4 complex
under the same purification conditions (data not shown).
Further coimmunoprecipitation analysis confirmed that
Flag-Epe1 interacts with Gcn5-myc when Epe1 is overex-
pressed. Moreover, the interaction was not affected by
treatment of cell lysates with ethidium bromide or benzo-
nase, suggesting that Epe1–SAGA interaction is not
mediated by DNA/RNA (Fig. 4B; Supplemental Fig. S6).
This interaction suggests that Epe1 might recruit SAGA
to heterochromatin to affect heterochromatin integrity.
Indeed, ChIP analyses showed that Gcn5 is enriched at
dh repeats when Epe1 is overexpressed (Fig. 4C).

Interestingly, the majority of SAGA components still
interact with Epe1 in gcn5Δ cells (Fig. 4A), suggesting
that other components of SAGA mediate the interaction
between SAGA and Epe1. We reasoned that if the Epe1–
SAGA interaction contributes to the effects of Epe1 over-
expression on heterochromatin, then amutation in a com-
ponent of SAGA that mediates its interaction with Epe1
would alleviate silencing defects associated with Epe1
overexpression as well. Our genetic screen for suppressors
of Epe1 overexpression identified one SAGA subunit dele-
tion that does not affect histone acetyltransferase activity,
tra1Δ. We generated a tra1Δ nmt41-epe1+ strain and found
that it indeed alleviates the effects of Epe1 overexpression
on the silencing of otr::ura4+ (Fig. 4D). Tra1 is required
for the recruitment of SAGA to certain gene promoters
by transcription activators but has little effect on the com-
position of the SAGA complex in S. pombe (Koutelou
et al. 2010; Helmlinger et al. 2011). To test whether
Tra1 mediates the interaction between Epe1 and SAGA,
we performed coimmunoprecipitation of Gcn5-myc and
overexpressed Flag-Epe1 in a tra1Δ background. Indeed,
we found that the interaction between Epe1 and Gcn5 is
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Figure 4. Epe1 associates with SAGA.
(A) Mass spectrometry analyses of purified
protein complexes. The spectral count (left)
and the sequence coverage of each protein
(right) are indicated. (B) Coimmunoprecipita-
tion analyses of Epe1 and Gcn5. The lysates
were treated with benzonase before immu-
noprecipitation was performed with Flag-
agarose beads. Western blot analyses were
performed with Flag and myc antibodies.
(C ) ChIP analyses of Gcn5 levels at pericen-
tric dh repeat, shown as ChIP/input normal-
ized to the no tag control. (D) Tenfold serial
dilution analyses of the indicated yeast
strains grown on the indicatedmedia tomea-
sure the expression of the otr::ura4+ reporter
gene.
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reduced in tra1Δ cells (Fig. 4B). Moreover, ChIP analysis
showed that Gcn5 localization to pericentric heterochro-
matin is also reduced in tra1Δ cells when Epe1 is overex-
pressed (Fig. 4C).

Overexpressed Epe1 recruits SAGA to acetylate histones
at heterochromatin regions

Epe1 promotes the localization of Pol II to heterochroma-
tin (Zofall and Grewal 2006). Given that histone acetyla-
tion is frequently associated with active transcription
(Pokholok et al. 2005), a plausible hypothesis is that over-
expressed Epe1 recruits SAGA to heterochromatin to
acetylate histones to promote Pol II-mediated transcrip-
tion, which could disrupt heterochromatin. SAGA acety-
lates a number of lysines on histones, including H3K9 and
H3K14 (Nugent et al. 2010). ChIP analyses showed that
bothH3K9ac andH3K14ac levels at pericentric dh repeats
increase when Epe1 is overexpressed (Fig. 5A,B). Consis-
tent with the idea that Gcn5 mediates these acetylation
events, H3K9ac and H3K14ac levels are reduced in
gcn5Δ nmt41-epe1+ cells (Fig. 5A,B). Furthermore, ChIP
analysis with an antibody against Pol II CTD (C-terminal
domain) phosphorylated at Ser2, which represents the
elongating form of Pol II, showed that when Epe1 is over-
expressed, Pol II levels increase at heterochromatin but re-
duce in gcn5Δ nmt41-epe1+ cells (Fig. 5C). The Pol II ChIP
data are consistent with dh transcripts levels, which in-
crease when Epe1 is overexpressed and decrease in
gcn5Δ nmt41-epe1+ cells (Fig. 2C). Altogether, these re-
sults support the idea that overexpressed Epe1 recruits
SAGA to heterochromatin to promote histone acetylation
and transcription of the underlying repeats, leading to het-
erochromatin defects.

SAGA interacts with Epe1 at normal expression levels

To examine the interaction between endogenous Epe1
and SAGA, we obtained a strain that carries myc-tagged
Spt7, which is a component of the SAGA complex, at
the endogenous chromosome locus (Helmlinger et al.
2008). We detected a specific interaction between Epe1-
Flag and Spt7-myc under benzonase treatment to disrupt
interactionmediated by nucleic acids. (Fig. 6A).Moreover,
the interaction is reduced in tra1Δ cells, consistent with
the idea that Tra1 mediates the interaction between

Epe1 and SAGA. However, we note that the interaction
is much weaker compared with overexpressed Epe1.
ChIP analyses indicated that bothGcn5 and Spt7 are local-
ized at heterochromatin, and their levels are reduced in
epe1Δ cells (Fig. 6B), consistent with the idea that Epe1 re-
cruits SAGA to heterochromatin.

SAGA counteracts HDAC Sir2 to regulate
heterochromatin stability

Epe1 counteracts HDACs Clr3 and Sir2 in heterochroma-
tin assembly (Ayoub et al. 2003; Zofall and Grewal 2006;
Wang et al. 2013). Both sir2Δ and clr3Δ result in strong si-
lencing defects of the imr::ura4+ reporter inserted at peri-
centric heterochromatin, but the defects are alleviated in
sir2Δ epe1Δ and clr3Δ epe1Δ cells (Fig. 6C; Supplemental
Fig. S7). We found that sir2Δ gcn5Δ partially restores si-
lencing of imr::ura4+, although gcn5Δ clr3Δ does not
(Fig. 6C; Supplemental Fig. S7). ChIP analyses showed
that both H3K9ac and H3K14ac and Ser2 phosphorylated
form (Ser2P) of Pol II levels at dh repeats increase in sir2Δ
cells yet decrease in sir2Δ gcn5Δ cells (Fig. 6D–F). Consis-
tent with these data, dh transcript levels also increase in
sir2Δ cells and decrease in sir2Δ gcn5Δ cells (Fig. 6G).
ChIP analysis also showed that H3K9ac and H3K14ac lev-
els at dh repeats increase in clr3Δ cells yet decrease in
clr3Δ gcn5Δ cells (Supplemental Fig. S8) even though
gcn5Δ could not rescue the silencing defects of clr3Δ (Sup-
plemental Fig. S7), suggesting that Clr3might deacetylate
other histone residues important for heterochromatin for-
mation that are not acetylated by SAGA. Alternatively,
the acetylation levels in gcn5Δ clr3Δ might still be above
the threshold for proper heterochromatin formation.
We also found that epe1-H297A partially rescues the si-

lencing of imr::ura4+ in sir2Δ cells and that epe1-H297A
gcn5Δ completely rescues silencing defects of sir2Δ, simi-
lar to epe1Δ cells (Supplemental Fig. S7). These results
demonstrate thatwhen Epe1 is expressed at normal levels,
it may function as both a demethylase and a recruiter of
SAGA to counteract the effects of HDAC Sir2 at hetero-
chromatin to promote transcription of repeats.

Discussions

Although heterochromatin represses transcription, the
formation of heterochromatin at repetitive DNA ele-

A B C Figure 5. SAGA regulates histone acetyla-
tion and Pol II access at heterochromatin
when Epe1 is overexpressed. (A–C ) ChIP
analyses of the levels of H3K9ac, H3K14ac,
and the Ser2 phosphorylated form (Ser2P)
of Pol II at the pericentric dh repeat, shown
as ChIP/input normalized to wild type.
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ments requires transcription of repeats. These transcripts
serve as scaffolds for the recruitment of chromatin-
modifying activities and a source for the production of
siRNAs. Multiple mechanisms have evolved to promote
transcription within heterochromatin. For example, in
plants, the transcription of the repeats is mediated by
two specialized RNA polymerases: Pol IV, which initi-
ates small RNA biogenesis, and Pol V, which generates
scaffold transcripts for the recruitment of chromatin
factors (Haag and Pikaard 2011). However, Pol II tran-
scribes the repeats in other organisms, indicating the
existence of special mechanisms to overcome the re-
pressive effects of heterochromatin. For example, in flies,
the HP1 homolog Rhino recruits a transcription factor
Moonshiner to heterochromatin to initiate Pol II-depen-
dent transcription of the underlying repeats (Andersen
et al. 2017). In fission yeast, Swi6 recruits the JmjCdomain
protein Epe1, which promotes Pol II-mediated tran-
scription of repeats (Zofall and Grewal 2006). However,
the mechanisms of Epe1 function are unknown and
controversial.

Epe1 protein levels are controlled by Cul4–Ddb1-
mediated ubiquitylation and subsequent degradation by
the proteasome (Braun et al. 2011). Compromising
Cul4–Ddb1 or overexpression of Epe1 leads to elevated
transcription of repeats and heterochromatin defects
(Zofall and Grewal 2006; Trewick et al. 2007; Braun
et al. 2011), suggesting that a tight control of Epe1 levels
is essential for promoting transcription within hetero-
chromatin without disrupting heterochromatin structure.
We found that when Epe1 is expressed at normal levels, it
weakly associates with SAGA. SAGA counteracts HDAC
Sir2 to promote histone acetylation and Pol II-mediated
transcription of repeats, generating sufficient amounts of
transcripts for RNAi-mediated heterochromatin assem-
bly without destabilizing heterochromatin (Fig. 7). When
Epe1 is overexpressed, it recruits higher levels of SAGA
to heterochromatin. This in turn leads to high levels of
histone acetylation and Pol II transcription, which disrupt
heterochromatin.

We noticed that when overexpressed from its endoge-
nous chromosome location, the silencing defects in
nmt41-epe1+ cells is stronger than those in nmt41-epe1-
H297A cells, indicating that Epe1’s putative demethylase
activity also contributes to the effects of Epe1 overexpres-
sion on heterochromatin. On the other hand, when ex-
pressed at higher levels through a multicopy number
plasmid, nmt41-epe1-H297A caused silencing defects
similar to those in nmt41-epe1+. However, gcn5Δ alleviat-
ed silencing defects in nmt41-epe1-H297A better than
those in nmt41-epe1+, suggesting the SAGA regulates
Epe1 function independently fromEpe1’s putative histone
demethylase activity, although we could not rule out the
possibility that SAGA also regulates Epe1’s putative
demethylase activity. We found that neither recombinant
Gcn5 nor purified SAGA complex acetylates recombinant
Epe1 in an in vitro acetyltransferase assay (Supplemental
Fig. S9). It remains possible that SAGA regulates Epe1
demethylase activity by acetylating histones to provide a
better substrate for Epe1. However, we were unable to
test such possibilities given the difficulties in detecting
Epe1 enzymatic activity in vitro (Tsukada et al. 2006;
Zofall and Grewal 2006; Trewick et al. 2007).
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Figure 6. SAGA counteracts the effects of
HDAC Sir2. (A) Coimmunoprecipitation
analyses of Epe1-Flag and Spt7-myc. The
lysates were treated with benzonase before
immunoprecipitation was performed with
Flag-agarose beads. Western blot analyses
were performed with Flag and myc anti-
bodies. (B,D,E,F ) ChIP analyses of SAGA
components, H3K9ac, H3K14ac, and Pol
II Ser2P at the pericentric dh repeat, shown
as ChIP/input normalized to wild type.
(C ) Tenfold serial dilution analyses of the
indicated yeast strains grown on the indi-
cated media to measure the expression of
the imr::ura4+ reporter gene. (G ) qRT–
PCR analysis of the dh transcript, normal-
ized to act1+.

Figure 7. Model for the function of Epe1 at heterochromatin.
Epe1 demethylates H3K9, competes withHDACClr3 for binding
to Swi6, and recruits SAGA to counteract HDAC Sir2. The com-
bined activities lead to higher levels of histone acetylation at het-
erochromatin, which promotes transcription of the underlying
DNA repeats.
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Similar to epe1Δ, gcn5Δ partially rescues sir2Δ. Howev-
er, gcn5Δ does not phenocopy epe1Δ inmany other assays.
For example, unlike epe1Δ, we did not observe significant
heterochromatin spreading into a reporter gene inserted
near pericentric heterochromatin (IRC1::ura4+) in gcn5Δ
cells (data not shown). It should be noted that in budding
yeast, SAGA components are required for the proper for-
mation of heterochromatin boundaries (Kamata et al.
2014, 2016). The difference in the requirement of SAGA
for heterochromatin boundary function in fission yeast
and budding yeast could be due to the different chromatin
machineries involved in the formation of heterochroma-
tin, with the fission yeast requiring histone H3K9methyl-
ation andHP1proteins for heterochromatin assembly, and
SAGA functions in boundary formation might be substi-
tuted by other histone acetyltransferases such as Mst1
(Wang et al. 2013). In addition, unlike epe1Δ, gcn5Δ does
not rescue the defects of RNAimutants in pericentric het-
erochromatin function (Trewick et al. 2007; Reddy et al.
2011). This discrepancy could be due to other functions
of Epe1, such as its putative histone demethylase activity
(Trewick et al. 2007; Audergon et al. 2015; Ragunathan
et al. 2015). Consistent with this idea, the epe1-H297A
gcn5Δ behaved similarly to epe1Δ in suppressing sir2Δ,
suggesting that the putative demethylase activity and
SAGA recruitment are independent functions of Epe1
(Supplemental Fig. S7). We also found that, unlike epe1Δ,
gcn5Δ could not rescue the silencing defects associated
with clr3Δ. Moreover, neither epe1-H297A nor epe1-
H297A gcn5Δ could rescue clr3Δ (Supplemental Fig. S7).
These results can be explained by the fact that Epe1
directly competeswithClr3 for localization toheterochro-
matin (Shimada et al. 2009). Therefore, our results are con-
sistent with those of others, showing that Epe1 functions
through multiple mechanisms to regulate heterochroma-
tin formation: SAGA recruitment, competition with
Clr3 for binding to Swi6, and possibly histone demethyla-
tion (Fig. 7).While the putative demethylase activity is im-
portant for the function of Epe1, the SAGA–Epe1
interaction also plays important roles in heterochromatin
regulation.
While ourdata suggest adirect roleof Epe1 in the recruit-

ment of SAGA to heterochromatin to regulate transcrip-
tion of repeats, SAGA might regulate heterochromatin
assembly through additionalmechanisms. So far,we ruled
out the effects of SAGAmutations on Epe1 expression lev-
els, Epe1–Swi6 interaction, and Epe1 localization to het-
erochromatin (Fig. 2). SAGA regulates diverse cellular
processes. In budding yeast, the gcn5 mutant delays the
cell cycle, and cells accumulate at theG2/M phase (Zhang
et al. 1998; Burgess et al. 2010), raising the possibility that
cell cycle delay indirectly alleviates the effects of Epe1
overexpression. In fission yeast, cdr1Δ and cdr2Δ cause
cell cycle delay at G2/M (Breeding et al. 1998). We found
that these two mutants (which were confirmed to be cor-
rect in the strains) did not suppress Epe1 overexpression
in our genetic screen. Furthermore, serial dilution analy-
ses of cdr1Δ nmt41-epe1+ and cdr2Δ nmt41-epe1+ strains
showed that cdr1Δ and cdr2Δ could not rescue Epe1 over-
expression (Supplemental Fig. S10). Therefore, it is unlike-

ly that the rescue of Epe1 overexpression observed in
SAGA mutants is through misregulation of cell cycle
progression.
We showed previously that Epe1 associateswith bromo-

domainproteinBdf2,which is required for the formationof
proper heterochromatin boundaries (Wang et al. 2013).
Consistent with this finding, our mass spectrometry anal-
ysis of protein associated with overexpressed Epe1 also
contains Bdf2 (Supplemental Table S1). Moreover, ChIP
analysis showed that Bdf2 levels are higher at pericentric
regions when Epe1 is overexpressed (Supplemental Fig.
S11A), consistent with the fact Epe1 associates with
Bdf2. However, bdf2Δ does not rescue silencing defects
caused by Epe1 overexpression (Supplemental Fig. S11B).
Therefore, although Bdf2 is recruited to heterochromatin
byoverexpressed Epe1, it does not contribute to the silenc-
ing defects caused by Epe1 overexpression. This might be
due to the ability of histone acetylation to directly regulate
transcriptionmachinerywithout help frombromodomain
proteins.
Based on sequence homology, Epe1 belongs to the

KDM2 family of histone demethylases (Klose et al.
2006). Like Epe1, mammalian KDM2A, which demethyl-
atesH3K36, also associates withHP1 proteins and localiz-
es to heterochromatin regions. However, unlike Epe1,
KDM2A represses transcription within heterochromatin
rather than promoting transcription (Frescas et al. 2008).
JmjC domain demethylases have been shown to have

functions independent of their enzymatic activities. For
example, JmjD1A, a H3K9 demethylase, interacts with
the SWI/SNF complex to mediate long-range chromatin
interaction to activate gene expression (Abe et al. 2015).
In addition, KDM2B recruits Polycomb-repressive com-
plex 1 (PRC1) toCpG islands through its CxxC-ZF domain
(He et al. 2013). Furthermore, Drosophila histone deme-
thylase KDM4A has nonenzymatic roles in controlling
heterochromatin integrity and position effect variegation
(PEV) (Colmenares et al. 2017). All of these findings high-
light that, like Epe1, other JmjC domain proteins also
function through mechanisms that are independent of
their demethylase activity.
Histone H3K9 demethylases are frequently overex-

pressed in cancer cells (Højfeldt et al. 2013; Johansson
et al. 2014). While the changes in their levels are expected
to alter the epigenetic landscape of these cancer cells
through histone demethylation, it is also possible that
the overexpression of proteins enhances their interactions
with other chromatin regulators. Such enhanced interac-
tions might also contribute to changes in epigenetic
landscape during tumorigenesis. Therefore, it would be
interesting to examine whether mammalian H3K9 deme-
thylases would significantly change their protein interac-
tions when overexpressed.

Materials and methods

Fission yeast strains and genetic analyses

Yeast strains containing nmt41-HA-epe1, nmt41-Flag-epe1,
Gcn5-myc, and Gcn5-Flag were generated by a PCR-based
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module method (Bahler et al. 1998). Deletion strains such as
ada2Δ, ada3Δ, tra1Δ, ubp8Δ, sgf11Δ, spt3Δ, spt8Δ, cdr1Δ, and
cdr2Δwere derived from the Bioneer deletion library, and the ab-
sence of the gene-coding regions was confirmed by PCR analyses.
Plasmid-borne nmt41-epe1+ and nmt41-epe1-H297A were con-
structed by cloning the Epe1 ORF into the pREP41-MHN vector
and were transformed into yeast cells by electroporation. All oth-
er strains were constructed by genetic crosses. A list of yeast
strains used is in Supplemental Table S3. For serial dilution plat-
ing assays, 10-fold dilutions of a mid-log-phase culture were plat-
ed on the indicated media and grown for 3–4 d at 30°C.

Screen for suppressors of Epe1 overexpression

The query strain (nmt41-epe1+-natMX6 otr:ura4+-hphMX6) was
crossed with a library of strains that contain individual gene dele-
tions marked with kanMX6 cassette using a Singer RoToR HDA
pinning robot as described previously (Roguev et al. 2007). The
desired haploid progenies, which contain nmt41-epe1+-natMX6
otr:ura4+-hphMX6 and a single gene deletion, were selected and
pinned first onto EMM plates for 1 d to induce nmt41 expression
and subsequently pinned onto EMM plates supplemented with
100 µg/mL FOA to measure growth.

ChIP analyses

ChIP experiments were performed as described previously (Shan
et al. 2016). The antibodies used were H3K9me3 (Active Motif,
39161),M2 Flag (Sigma, A2220), H3K9ac (Upstate Biotechnology,
07-352),H3K14ac (UpstateBiotechnology, 07-353), andH3K9me2
(Abcam, 115159). HA antibody was a kind gift from Dr. Michael
Keogh. Pol II Ser2P antibody was a kind gift from Dr. James Man-
ley. DNA serial dilutions were used as templates to generate a
standard curve of amplification for each pair of primers, and the
relative concentration of target sequence was calculated accord-
ingly. An act1 fragment was used as reference to calculate the en-
richment of ChIP overwhole-cell extract forH3K9me3, Swi6, and
Bdf2. For all other ChIP experiments, ChIP/input at the specified
locus was used to calculate enrichment levels. A list of DNA oli-
gos used is in Supplemental Table S4.

RNA analyses

RNA was extracted from log-growth phase yeast cultures using
MasterPure yeast RNA purification kit (Epicentre). RT-qPCR
analyses were performed with Power SYBR Green RNA-to-CT
one-step kit (Thermo Fisher Scientific) in a StepOne Plus real-
time PCR system (Applied Biosystems). RNA serial dilutions
were used as templates to generate the standard curve of amplifi-
cation for each pair of primers, and the relative concentration of
target sequence was calculated accordingly. An act1 fragment
served as a reference to normalize the concentrations of samples.
The concentration of each target inwild typewas arbitrarily set to
1 and served as a reference for other samples. A list of DNAoligos
used is in Supplemental Table S4.

Coimmunoprecipitation, Western blotting, and mass
spectrometry analysis

Immunoprecipitation of Flag-tagged Epe1 was performed as de-
scribed previously (Wang et al. 2016). Briefly, 2 L of exponentially
growing cells was harvested and washed first with PBS buffer and
then with 2× HC buffer (300 mM HEPES-KOH at pH 7.6, 1 mM
EDTA, 100 mM KCl, 20% glycerol, 5 mM 2-mercaptoethanol,
0.1% NP40, protease inhibitor cocktail [Roche]). Cells were

then pushed through a syringe into liquid nitrogen to create
flash-frozen cell balls. The frozen cells were blended using a
household blender in the presence of dry ice. After the dry ice sub-
limed, the lysateswere resuspended in 1×HCbufferwith 250mM
KCl and incubated for 30 min on a rotator at 4°C. The lysate was
cleared by centrifugation at 20,000g for 1 h. The supernatant was
incubated with M2 Flag-agarose beads (Sigma, A2220) overnight.
For mass spectrometry analysis, the beads were washed eight
times with 1× HC containing 250 mM KCl. Bound proteins
were eluted with 200 µg/mL 3xFlag peptides followed by TCA
precipitation. MudPIT (multidimensional protein identification
technology) mass spectrometry analysis was performed as de-
scribed previously (Wang et al. 2014). For coimmunoprecipitation
experiments, the beads were washed four times with 1× HEMN
containing 100 mMKCl. For benzonase treatment, 250 U of ben-
zonase and 1.5mMMgCl2 were added to the lysate and incubated
togetherwith Flag beads for 2 h at 4°C. The total and immunopre-
cipitated portions were resolved by SDS-PAGE followed byWest-
ern blot analysis with Myc (Santa Cruz Biotechnology, A14) and
Flag (Sigma, F7425) antibodies. Another antibody used for West-
ern blot was HA (Roche, 3F10).

Acetyltransferase assay

HeLa histone octamers or recombinant GST-Epe1 were incubat-
ed with recombinant GST-Gcn5 or Flag-Gcn5 complex purified
from yeast cells in the presence of 3H-labeled acetyl-CoA in his-
tone acetyltransferase reaction buffer (50 mM Tris at pH 8.0,
0.1 mM EDTA, 1 mM DTT, 50 mM KCl) for 1 h at 30°C. The re-
actions were then subjected to SDS-PAGE. The gel was stained
with Coomassie and dried. The dried gel was fluorographed
with EN3HANCE (PerkinElmer).
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