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HP1 maintains protein stability of H3K9
methyltransferases and demethylases

Ryo Maeda®? & Makoto Tachibana'?”

Abstract

Di- or tri-methylated H3K9 (H3K9me2/3) is an epigenetic mark of
heterochromatin. Heterochromatin protein 1 (HP1) specifically
recognizes H3K9me2/3, contributing to transcriptional suppression
and spread of H3K9me2/3. Here, we demonstrate another role of
HP1 in heterochromatin organization: regulation of protein stabil-
ity of H3K9 methyltransferases (H3K9 MTs) and demethylases
(H3K9 DMs). We show that HP1 interaction-defective mutants of
H3K9 MTs, Suv39hl and Setdbl, undergo protein degradation. We
further establish mouse embryonic stem cell lines lacking all three
HP1 paralogs. In the HP1-deficient cells, Suv39h1, Suv39h2, Setdb1l,
and G9a/GLP complex decrease at the protein level, and the
enzymes are released from chromatin. HP1 mutants that cannot
recognize H3K9me2/3 or form dimers cannot stabilize these
enzymes, indicating that the tethering of H3K9 MTs to chromatin
is critical for their protein stability. We show that HP1 also stabi-
lizes H3K9 DMs, Jmjdla and Jmjdlb. Our study indicates that
mammalian HP1 forms a heterochromatin hub that governs
protein stability of H3K9 MTs and H3K9 DM:s.
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Introduction

The covalent modification of histone tail regions plays a central role
in regulating various nuclear events in eukaryotes (Jenuwein & Allis,
2001). Histone modification levels are regulated by the opposite
mechanisms of action of modification-depositing enzymes (“writer”)
and modification-removing enzymes (“eraser”). The input of histone
modification is recognized by “reader” proteins and is converted into
specific biological outputs, such as transcription regulation
(Wysocka et al, 2006; Margueron et al, 2009; Canzio et al, 2011).

Di- or tri-methylated H3K9 (H3K9me2/3) is preferentially
enriched in gene-poor regions of chromosomes, forming transcrip-
tionally suppressed heterochromatin (Martens et al, 2005;

Mikkelsen et al, 2007; Canzio et al, 2011; Kuroki et al, 2018).
Suv39hl is the first discovered H3K9 methyltransferase (H3K9 MT)
responsible for H3K9me3 in pericentric heterochromatin (Rea et al,
2000). Setdbl mainly catalyzes H3K9me3 at retroelement-derived
sequences (Matsui et al, 2010). We previously showed that G9a/
GLP complex is responsible for H3K9me1/2 in a wide range of chro-
mosomal regions (Tachibana et al, 2002; Tachibana et al, 2005).
H3K9me2 catalyzed by G9a/GLP complex is antagonistically
removed by two H3K9 demethylases (H3K9 DMs), Jmjdla and its
related paralog Jmjd1b (Kuroki et al, 2018).

Heterochromatin protein 1 (HP1) is a representative reader
protein of H3K9me2/3. HP1 contains two functional domains: a
chromodomain and a chromoshadow domain. The former specifi-
cally binds to H3K9me2/3 (Bannister et al, 2001; Lachner et al,
2001), and the latter is required for dimerization, which provides a
binding interface for various proteins, including transcription co-
repressors and H3K9 MTs (Aagaard et al, 1999; Cowieson et al,
2000; Thiru et al, 2004; Ivanov et al, 2007; Nozawa et al, 2010). The
protein—protein interaction between HP1 and H3K9 MTs is consid-
ered important for the H3K9me writing process; HP1 tethers H3K9
MTs to H3K9me2/3-containing chromatin through this interaction,
thereby promoting the spreading of H3K9me2/3 into the neighbor-
ing nucleosomes (Bannister et al, 2001).

Here, we show another crucial role of HP1 in mammalian hete-
rochromatin organization: HP1 regulates protein stability of H3K9
MTs. In the absence of HP1, Suv39hl/2, Setdbl, and G9a/GLP
complexes were significantly reduced at the protein level. Mutant
analysis of HP1 indicates that HP1 ensures protein stability of H3K9
MTs by tethering these enzymes to chromatin. Furthermore, we also
found that HP1 regulates protein stability of H3K9 DMs, Jmjdla and
Jmjd1b. These results indicate that HP1 forms a robust catalytic core
for H3K9 methylation and demethylation.

Results

HP1 interaction-defective Suv39hl and Setdbl proteins are
degraded via the proteasome pathway

A previous study demonstrated that Suv39h1 directly binds to HP1
(Yamamoto & Sonoda, 2003). This study showed that the N termi-
nus of Suv39hl is required for HP1 interaction, and AN-Suv39hl,
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which lacks 41 amino acids at the N terminus of Suv39hl, cannot
bind to HP1. We previously found that AN-Suv39hl still possess
H3K9 methylation activity but tended to be less expressed than wild-
type Suv39hl at the protein level, even though their mRNA was
expressed similarly (Muramatsu et al, 2016). We therefore assumed
that HP1-Suv39h1 interaction might be important for protein stabil-
ity of Suv39hl. Co-immunoprecipitation followed by immunoblot-
ting confirmed that AN-Suv39hl1 is unable to bind to HP1 (Fig 1A
and B). We next established mouse embryonic stem cell (mESC)
lines stably expressing AN-Suv39hl and wild-type Suv39hl and
compared their protein stability. Chase analyses using the protein
synthesis inhibitor cycloheximide (CHX) revealed a more rapid
decay of AN-Suv39h1 than wild-type Suv39hl (Fig 1C). The decayed
level of AN-Suv39h1 protein was blocked by the 26S proteasome
inhibitor, MG132, indicating that HP1 interaction-defective Suv39hl
undergoes protein degradation through the proteasome pathway.
Setdbl is an H3K9 MT responsible for H3K9me3 at retroelements
(Matsui et al, 2010). Other studies have found that Setdb1 indirectly
associates with HP1, showing that the SUMO-interacting motif of
the amino acid sequence from 122 to 125 in human SETDBI1 is
responsible for the HP1 interaction (Schultz et al, 2002; Ivanov et al,
2007). Despite these facts, we re-assessed the protein—protein inter-
action between Setdbl and HP1. We searched for the HP1 interac-
tion motif PXVXL in the amino acid sequence of Setdbl and found
344PMVLL348 in the Tudor domain and 617PLLVPL622 in the MBD
domain (Fig 1D). Co-immunoprecipitation followed by immunoblot-
ting revealed that the former sequence is dispensable, but the latter
sequence is required for HP1 interaction; a mutant of Setdbl
(Setdb1-3A) harboring three amino acid substitutions of
617PLLVPL622 to ALLAPA never interacted with HP1 (Fig 1E and
F). We found that Setdbl expressed in mammalian cells interacts
with recombinant HP1 but that expressed in bacteria does not
(Fig EV1A), suggesting indirect interaction between Setdbl and
HP1. Previous studies demonstrated that Setdbl wundergoes
monoubiquitination, which is required for the enzymatic activity of
Setdbl (Ishimoto et al, 2016; Sun & Fang, 2016). As shown in
Fig EV1B, mono-ubiquitinated form of Setdbl was undetectable in
Setdb1-3A. Furthermore, Setdb1-3A did not exhibit H3K9 methyla-
tion activity (Fig EV1C). These results indicate that 617PLLVPL622
of Setdbl is crucial for HP1 interaction, monoubiquitination, and
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H3K9 methylation activity. Chase analyses indicated that HP1
interaction-defective Setdb1-3A underwent protein degradation via
the proteasome pathway (Fig 1G). Collectively, these results suggest
that HP1 interaction is crucial for maintaining protein stability of
Suv39hl and Setdbl.

Establishment of HP1-deficient mESCs

To confirm the importance of HP1-H3K9 MTs interaction in ensuring
protein stability of H3K9 MTs, we aimed to elucidate whether HP1
depletion affects protein expression levels of H3K9 MTs. Mouse and
human cells have three HP1 paralogs, HP1a, HP1p, and HP1y, all of
which recognize H3K9me2/3 and form dimers (Brasher et al, 2000;
Cowieson et al, 2000; Hiragami-Hamada et al, 2011). We applied
CRISPR/Cas-mediated genome editing for these HP1 paralogs into an
mESC line, TT2. We could establish mESC lines lacking two HP1
paralogs in any combination (Fig EV2A). However, we could never
establish an mESC line lacking all three HP1 paralogs, possibly indi-
cating that complete loss of HP1 paralogs might induce growth
defects. We, therefore, created conditional triple-knockout (cTKO)
mESCs, in which endogenous HP1 paralogs were disrupted but main-
tained cellular viability by Myc-human HPI1f (hHP1f) transgene
(Fig 2A). In this line, the Myc-hHP1f} transgene can be excised in the
presence of 4-hydroxytamoxifen (40HT) by Cre-loxP recombination.
Immunoblot confirmed that HP1-cTKO cells did not possess endoge-
nous HP1 paralog proteins and that exogenous Myc-hHP1f disap-
peared 4 days after 40HT treatment (Fig EV2B). We next monitored
the cell growth of HP1-cTKO cells in the presence of 4OHT (Fig EV2C).
As expected, the number of cells increased only during the first 2 days
and then decreased, indicating that mESCs could not grow without all
three HP1 paralogs. On the other hand, mESCs without any two of the
three HP1 paralogs were viable (Fig EV2D), indicating that at least
one HP1 paralog is required for ensuring mESC viability.

HP1 regulates protein stability of Suv39h1/2, Setdbl, and G9a/
GLP complex

To elucidate how HP1 depletion influences protein stability of H3K9
MTs, we measured the protein levels of H3K9 MTs in HP1-cTKO
cells after 40HT treatment. The protein levels of Suv39hl and its

Figure 1. HP1 interaction-defective Suv39hl and Setdb1l proteins are degraded via the proteasome pathway.

A Schematic illustration of Suv39hl protein. AN-Suv39hl lacks the 41 N-terminal amino acids but contains a chromodomain.
B Co-immunoprecipitation analysis to elucidate the interaction between Suv39h1 and HP1. Whole-cell extracts of HEK293T cells expressing 3xFlag-Suv39h1 or 3xFlag-
AN-Suv39h1 were subjected to immunoprecipitation with the anti-Flag tag antibody followed by immunoblotting with the indicated antibodies. IgG represents the

heavy- or light-chain of IgG.

C Protein decay analysis of HP1 interaction-defective Suv39h1l mutant. mESC lines stably expressing 3xFlag-Suv39h1l or 3xFlag-AN-Suv39h1 were treated with CHX
and MG132 for the indicated times. p53 was used as the positive control for the protein decay analysis. Stacked bar plots show the summarized protein amounts of
Suv39hl (bottom). Data represented as mean + SD (n = 4, biological replicates). **P < 0.01 (Tukey’s honestly significant difference test).

D  Schematic illustration of Setdbl protein with putative HP1-binding motifs. Setdb1-5A and Setdb1-3A carry substitutions of amino acids from 344PMVLL348 to

AMALA and from 617PLLVPL622 to ALLAPA, respectively.

E, F Co-immunoprecipitation analysis to elucidate the interaction between Setdbl and HP1. Whole-cell extracts of HEK293T cells expressing 3xFlag-Setdbl or 3xFlag-
Setdbl mutants were subjected to immunoprecipitation with the anti-Flag tag antibody (E) or the anti-HP1p antibody (F). The immunocomplex was analyzed by

immunoblotting with the indicated antibodies.

G Protein decay analysis of HP1 interaction-defective Setdbl mutant. mESC lines stably expressing 3xFlag-Setdbl or 3xFlag-Setdb1-3A were treated with CHX and
MG132 for the indicated times. Stacked bar plots show the summarized protein amounts of Setdbl (right).

Data information: Data represented as mean + SD (n = 4, biological replicates). **P < 0.01 (Tukey’s honestly significant difference test).

Source data are available online for this figure.
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closely related paralog, Suv39h2 (O’Carroll et al, 2000), decayed
concomitantly with the decrease of Myc-HP1f (Fig 2B). Setdbl
protein also decayed with similar kinetics. We next examined the
protein levels of G9a/GLP complex and found that they similarly
decayed in the absence of HP1. In contrast to H3K9 MTs, the protein

© 2022 The Authors

EMBO reports

C
mESCs
3xFlag-Suv39h1: WT AN
MG132(h): - - - - 6 - - - - 6
CHX(h):0 2 46 6 0 2 4 6 6
Flag 50
(Suv3oh!)| T s =————— -—
p53| == —— 50
B'actin — — — S — — —— — _50
1.04 = _
22" Ml [
5305
2 g I [ wWT
01 I AN
L I
NS (p = 0.99) *
1
NS (p = 0.94) *
L 1 L |
NS (p = 0.91) o
G
mESCs
3xFlag-Setdb1: WT 3A
MG132(h): - - - - 6 - - - - 6
CHX(): 02 46 6 0246 6
Flag e ———
(Setdb?) === =T e =] 150
50
B'aCtin|-——_ _|—
1.04 .~ _
O >
S
= I I ]
g2 1o
¥ c I I
0 = 3A
| S— L
NS (p = 0.09) *x
| | L
L ] L 1

expression level of an H3K27MT Ezh2 was essentially unchanged,
indicating that protein decay in HP1-depleted cells occurs specifi-
cally in H3K9 MTs. Quantified protein levels of Suv39hl, Suv39h2,
Setdbl, G9a, and GLP were reduced to 17, 7, 31, 21, and 23%,
respectively, in HP1-cTKO cells 4 days after 40HT treatment. We
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Figure 2. HP1 regulates protein stability of Suv39h1/2, Setdbl, and G9a/GLP complex.

A Strategies to establish HP1 conditional triple-KO mESC lines named HP1-cTKO. After the disruption of HP1B/y by CRISPR/Cas, an expression construct of loxP-flanked
Myc-hHP1B was introduced into an mESC line, TT2. Next, we disrupted the HP1a allele by CRISPR/Cas and subsequently introduced an expression construct for mER
and Cre fusion protein (MerCreMer). When HP1-cTKO cells are cultured in the presence of 40HT, Myc-hHP1f transgene can be removed by Cre-loxP recombination,

thereby generating mESCs that lack HP1 completely.

B Protein expression levels of H3K9 MTs and histone modification levels in HP1-cTKO cells were monitored by immunoblotting. The intensities were quantified using
Image) software and summarized on the right. The thin gray line and bold colored line show individual data and means of the experimental replicates (n > 3,

biological replicates), respectively.

C Comparison of H3K9me3 levels between HP1-deficient cells and Suv39h/Setdbl-deficient cells. The establishment of #33-6-SuvDKO is described in Fig S2. H3K9me
levels were quantified using Image) software and summarized at the bottom; the horizontal line represents the mean intensity of each cell. More than 75 nuclei were

counted for each staining. **P < 0.01 (Tukey’s honestly significant difference test).

D Electron microscopy images of HP1-cTKO cells in the absence of 40HT (left) and the cells treated with 40HT for 4 days (right). Boxes represent enlarged images.

Source data are available online for this figure.

Table 1. Mutated alleles for HP1-DKO and HP1-cTKO mESCs.

Line Target Allele Sequence Mutation
HP1/y-DKO HP1B WT allele GTTTGGAGCCAGAGCGGATTATTGGAGCTACTGACT -
Slolne G2 KO allelel GTTTGGAGCCAGAGC-------=---~- TACTGACT ~13 bp
KO allele2 GTTTGGAGCCAGAGC------—----- TACTGACT ~13 bp
HP1y WT allele TACTGGACCGTCGTGTAGTGAATGGGAAGGTGGAGT -
KO allelel TACTGGACCGTCGTGTAGT--ATGGGAAGGTGGAGT —2bp
KO allele2 TACTGGACCGTCGTGTAG-==-------- GTGGAGT ~11 bp
HP1u/y-DKO HP1x WT allele AGCAAAGCAATGATATCGCTCGGGGCTTTGAGAGAG
dion 65 KO allelel AGCAAAGCAATGATATCG----GGGCTTTGAGAGAG —4bp
KO allele2 AGCAAAGCAATGATATCGCCTCGGGGCTTTGAGAGA +1 bp
HP1y WT allele TACTGGACCGTCGTGTAGTGAATGGGAAGGTGGAGT -
KO allelel TACTGGACCGTCGTGTAGT--ATGGGAAGGTGGAGT —2bp
KO allele2 TACTGGACCGTCGTGTAG-==-------- GTGGAGT ~11 bp
HP1a/B-DKO HP1x WT allele AGCAAAGCAATGATATCGCTCGGGGCTTTGAGAGAG -
A - KO allelel AGCAAAGCAATGATATCG----GGGCTTTGAGAGAG —4 bp
KO allele2 AGCAAAGCAATGATATCG-----—- CTTTGAGAGAG —7bp
HP1B WT allele GTTTGGAGCCAGAGCGGATTATTGGAGCTACTGACT -
KO allelel GTTTGGAGCCAGAGC-==nnn--==-- TACTGACT ~13 bp
KO allele2 GTTTGGAGCCAGAGC------—---—- TACTGACT ~13 bp
HP1-cTKO HP1x WT allele AGCAAAGCAATGATATCGCTCGGGGCTTTGAGAGAG -
Lt KO allelel AGCAAAGCAATGATATCG-TCGGGGCTTTGAGAGAG ~1bp
KO allele2 AGCAAAGCAATGATATCG-TCGGGGCTTTGAGAGAG ~1bp
HP1B WT allele GTTTGGAGCCAGAGCGGATTATTGGAGCTACTGACT -
KO allelel GTTTGGAGCCAGAGC--=nmnmmenn TACTGACT ~13 bp
KO allele2 GTTTGGAGCCAGAGC------------ TACTGACT ~13 bp
HP1y WT allele TACTGGACCGTCGTGTAGTGAATGGGAAGGTGGAGT -
KO allelel TACTGGACCGTCGTGTAGT--ATGGGAAGGTGGAGT —2bp
KO allele2 TACTGGACCGTCGTGTAG--=-------- GTGGAGT ~11 bp

Underlines in WT alleles represent the PAM sequence.

simultaneously monitored H3K9me levels in HP1-cTKO cells, reveal-
ing that H3K9me3 and H3K9me2 decreased concomitantly with the
decay of H3K9 MT proteins (Fig 2B). In contrast, the modification
levels of H3K9mel, H3K9ac, and H3K27me3 were essentially
unchanged following HP1 depletion. To examine the functional
redundancy between the HP1 paralogs, we established HP1-cTKO
cells carrying an additional transgene of Flag-tagged HP1

© 2022 The Authors

(Fig EV2E). Protein stability of H3K9MTs was maintained in cTKO
cells expressing any one of the HP1 paralogs even after 40HT treat-
ment, confirming that all HP1 paralogs exhibit the ability to ensure
protein stability of H3K9MTs. Intriguingly, the ability of HPla to
stabilize Suv39hl is partial.

To address the cause of reduced H3K9 MT proteins, we examined
those mRNA expression levels in HP1-cTKO cells after 40HT

EMBO reports  23:e53581|2022 5 of 16
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treatment. RT-qPCR indicated that the mRNA expression levels of
Suv39hi/2 and Setdbl were not decreased by HP1 depletion
(Fig EV2F), confirming that Suv39h1/2 and Setdbl decay at the
protein level. We found that the mRNA levels of G9a and GLP were,
respectively, reduced to approximately 50 and 75% in HP1-cTKO
cells, 4 days after 40HT treatment. However, as shown in Fig 2B,
the decreased levels of G9a/GLP proteins were more prominent than
those of G9a/GLP mRNAs, indicating that G9a/GLP complex also
undergoes protein destabilization in the absence of HP1.

The present findings strongly suggest that reduced H3K9me2/3
in HP1-deficient cells is caused by the massive decay of H3K9 MT
proteins. To evaluate this notion, we established an mESC line (#33-
6-SuvDKO) lacking H3K9 tri-methyltransferases, Suv39hl/2 and
Setdb1 (Fig EV3A), and compared their H3K9me3 levels with those
in HP1-depleted cells (Fig 2C). As expected, H3K9me3 levels in
HP1-deficient mESCs were comparable to those in mESCs lacking
Suv39h1/2 and Setdbl. These results indicate that HP1 depletion
phenocopies Suv39h/Setdbl depletion in terms of H3K9me3
hypomethylation.

A previous study showed that Suv39h1 regulates protein stability
of HP1 in mouse fibroblast (Raurell-Vila et al, 2017). However, in
mESCs, protein expression level of HP1p in #33-6-SuvDKO cells was

Ryo Maeda & Makoto Tachibana

comparable to that in wild-type cells (Fig EV3B), indicating that
HP1 regulates protein stability of H3K9 MTs but not vice versa. To
further address this, protein expression of HP1 in H3K9 MTs-
deficient mESCs was examined by immunofluorescence (Fig EV3C).
Although nuclear distributions of HP1 were altered by the loss of
H3K9 MTs, HP1 intensities in the whole nucleus were almost
unchanged by the loss of H3K9 MTs. Thus, it is likely that H3K9
MTs might not regulate protein stability of HP1 in mESCs.

Next, we used scanning electron microscopy to examine how the
depletion of HP1 and the resulting loss of H3K9 MT proteins influ-
ence nuclear architecture (Fig 2D). We referred to HP1-cTKO cell
nuclei before and after 40HT treatment as control nuclei and HP1-
depleted nuclei, respectively. Control nuclei exhibited a typical
smooth oval shape. In contrast, HP1-depleted nuclei exhibited
severely distorted shape. Control nuclei had intensely stained hete-
rochromatic regions and weakly stained euchromatic regions that
were distributed mutually exclusively. Notably, the heterochromatic
regions preferentially accumulated along with the envelope in
control nuclei. In contrast, we could find neither typical heterochro-
matin structure nor typical euchromatin structure in HP1-depleted
nuclei; HP1-depleted nuclei were uniformly stained with intermedi-
ate intensity between typical heterochromatic regions and typical
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Figure 3. HP1 regulates subcellular localization of H3K9 MTs.

A Schematic illustration of the subcellular fractionation of mESCs. Fractions S1, S2, and P are mainly composed of cytosolic proteins, nuclear soluble proteins, and
chromatin-bound proteins, respectively. The fractionating protocol is described in the materials and methods.
B Subcellular distribution of H3K9 MTs in the HP1-cTKO cells was examined by immunoblotting. a-Tubulin, Ezh2, and histone H3 were used as representative markers
for each fraction. Stacked bar plots show the abundance ratios of H3K9 MTs among the three fractions (right).

Source data are available online for this figure.

6 of 16

EMBO reports  23: e53581 | 2022

© 2022 The Authors



Ryo Maeda & Makoto Tachibana

euchromatic regions of control nuclei. These results indicate that
HP1 plays a fundamental role in maintaining heterochromatic and
euchromatic regions in mESCs.

HP1 regulates subcellular localization of H3K9 MTs

To further address the mode of action of HP1-mediated protein
integrity regulation of H3K9 MTs, we examined subcellular localiza-
tion of H3K9 MTs in the presence and absence of HP1. We prepared
three subcellular fractions from mESC lysates and examined their
protein compositions (Fig 3A and B). Fractions S1, S2, and P mainly
comprise cytosolic proteins, soluble proteins, and
chromatin-bound insoluble proteins, respectively (Kappes et al,
2001). We found that most Suv39hl/2 proteins (> 90%) were
detected in fraction P in the presence of HP1. However, in the
absence of HP1, the proportion of chromatin-bound Suv39hl was
drastically reduced (~25%). These results indicate that Suv39h1 was
released from chromatin by HP1 depletion. A previous study
showed that Setdbl is a cytoplasmic/nuclear shuttling protein
(Timms et al, 2016). We found that ~40% of Setdbl was localized
in the nucleus (fractions S2+P) in the presence of HP1, whereas the
proportion of nuclear localized Setdbl was reduced to less than
10% by HP1 depletion, indicating that HP1 ensures nuclear localiza-
tion of Setdbl. Dominant proportion of G9a (> 60%) was detected
in fraction P in the presence of HP1. However, HP1 depletion led to
a drastic reduction in this proportion (~25%), indicating that HP1
anchors G9a to chromatin. In contrast to H3K9 MTs, subcellular
localization of H3K27MT Ezh2 remained almost unchanged by HP1
depletion. Taking these results together, we concluded that HP1
specifically confines H3K9 MTs to chromatin.

nuclear

HP1 ensures protein stability of H3K9 MTs by confining them
to chromatin

We then dissected the molecular functions of the chromodomain
and chromoshadow domain of HP1 in protein stability regulation of
H3K9 MTs. We generated expression constructs of HP1f mutants
(Fig 4A), one of which harbored a V23M substitution in the chro-
modomain that abolishes the binding affinity to H3K9 methylation
(Bannister et al, 2001), and the other harbored an I161E substitution
in the chromoshadow domain that abolishes dimerization (Brasher
et al, 2000). Co-immunoprecipitation followed by immunoblotting
indicated that HP1p (V23M) formed dimers and interact with
Suv39hl and Setdbl, but could not bind to H3K9me3 (Fig 4B). We
found that HP1B (I161E) lost all of these abilities (Fig 4B and
summarized in Fig 4A). Previous studies demonstrated that
automethylated G9a at ARKT motif binds to chromodomain of HP1
(Chin et al, 2007; Sampath et al, 2007). However, we found that
HP1f (V23M) still binds to G9a/GLP complex (Fig 4C). We there-
fore propose that G9a/GLP complex binds to HP1 both in an
automethylation-dependent manner and an automethylation-
independent manner. Accordingly, a previous study demonstrated
that HP1 dimerization is required for its binding to G9a/GLP
complex (Nozawa et al, 2010). Similarly, we also found that
dimerization-defective HP1p (I161E) lost its binding ability to G9a/
GLP complex (Fig 4C).

We next established a series of HP1-cTKO lines expressing essen-
tially equal amounts of wild type, V23M, or I161E of Flag-HP1pB
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(Fig 4D), and then incubated them with 40HT to excise the previ-
ously introduced Myc-hHP1f transgene. The protein levels of
Suv39h1/2, Setdbl, and G9a/GLP complex were maintained in the
HP1-cTKO line expressing wild-type Flag-HP1B even after 4OHT
treatment, whereas those were decayed in the HP1-cTKO lines
expressing Flag-HP1B mutants (Fig 4E). Thus, we concluded that
not only HP1-H3K9 MT interaction but also HP1-H3K9me2/3 inter-
action is crucial for maintaining protein stability of H3K9 MTs.

Cell viability analysis demonstrated that the HP1-cTKO line
expressing wild-type Flag-HP1fB was viable even after 40HT treat-
ment, whereas those expressing Flag-HP1f (V23M) or (I161E) were
not (Fig EV4A), indicating that HP1-H3K9me2/3 interaction is
crucial for ensuring cellular viability. As shown in Fig EV4B, the
proportion of chromatin-bound H3K9 MTs was almost unchanged
in the HP1-cTKO line carrying an additional transgene of wild-type
Flag-HP1p after 40HT treatment. In contrast, those proportions were
drastically reduced in the HP1-cTKO line carrying an additional
transgene of Flag-HP1ff mutants after 4OHT treatment. These results
indicate that H3K9me2/3-HP1 interaction and HP1 dimerization are
crucial for ensuring protein stability of H3K9 MTs.

HP1 stabilizes H3K9 DMs, Jmjdla and Jmjd1b, at the protein level

Jmjdla is an H3K9 DM that catalyzes H3K9me2 demethylation
(Yamane et al, 2006). We previously demonstrated that the H3K9me2
levels are correctly tuned through methylation by G9a/GLP complex
and demethylation by Jmjdla and its related paralog, Jmjd1b (Kuroki
et al, 2018). If HP1 plays a fundamental role in the tuning of
H3K9me2, HP1 might also be involved in the protein stability regula-
tion of Jmjdla/b. To validate this hypothesis, we first examined
protein—protein interaction between HP1 and Jmjdla/b (Fig 5A).
Intriguingly, co-immunoprecipitation followed by immunoblotting
indicated that endogenous HP1p interacts with endogenous Jmjdla
and Jmjd1lb. We then performed protein decay analysis using HP1-
cTKO cells (Fig 5B). Immunoblot showed that Jmjdla/b protein
decayed in HP1-cTKO cells after 40HT treatment concomitantly with
the decrease of Myc-HP1f. Quantified protein levels of Jmjdla and
Jmjd1b were, respectively, reduced to 8% and 5% in HP1-cTKO cells
4 days after 40HT treatment. RT-qPCR indicated that the mRNA
levels of Jmjdla and Jmjdib were essentially unchanged by HP1
depletion (Fig EV5A), indicating that HP1 stabilizes Jmjdla/b at the
protein level. Protein stability analysis using cTKO cells carrying an
additional transgene of Flag-tagged HP1 confirmed that all HP1 para-
logs exhibit the ability to ensure protein stability of Jmjdla/b
(Fig EV5B). The proportion of chromatin-bound Jmjdla/b was also
reduced in HP1-cTKO cells after 40HT treatment (Fig EV5C).

We next elucidated whether HP1B (V23M) and (I161E) could
maintain the protein levels of Jmjdla/b. As shown in Fig 5C, wild-
type HP1p rescued the protein decay of Jmjdla/b, but HP1p (V23M)
and (I161E) could not. This series of experiments indicates that HP1
ensures protein stability of Jmjdla/b by tethering these enzymes to
chromatin.

H3K9me2/3 is required for maintaining protein stability
of Jmjdla/b

We hypothesized that Jmjdla/b might be destabilized in mESCs that
completely lack H3K9me2/3, as it was expected that HP1 could no
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Figure 4. HP1 ensures protein stability of H3K9 MTs by confining them to chromatin.

A Schematic illustration of HP1 mutants used in this study. V23M and I161E mutants lose the ability to bind H3K9me3 and to form dimers, respectively.

B, C Elucidation of protein—protein interaction between HP1 and H3K9 MTs by co-immunoprecipitation analysis. Whole-cell extracts of HEK293T cells expressing HA-
HP1B mutants with epitope-tagged H3K9 MTs and HP1f were subjected to immunoprecipitation with the anti-HA tag antibody. The immunocomplex was
analyzed by immunoblotting with the indicated antibodies. The intensities were quantified using Image| software, normalized, and shown on the top.

D Strategy to establish mESCs solely expressing mutated HP1 (left). We introduced expression constructs for 3xFlag-hHP1p (wild type or mutants) into HP1-cTKO
cells and then deleted the formerly introduced wild-type Myc-hHP1p transgene by 40HT treatment.

E Evaluation of HP1B mutants for maintaining H3K9me2/3 and ensuring protein stability of H3K9 MTs. H3K9me2/3 levels and the protein levels of H3K9 MTs in HP1-
CTKO lines expressing 3xFlag-hHP1B mutants were compared before and after 40HT treatment. The intensities were quantified with Image] software and are
summarized on the right. Data represented as mean + SD (n > 3, biological replicates). *P < 0.05, **P < 0.01 (Welch’s test).

Source data are available online for this figure.

longer confine Jmjdla/b to chromatin in the absence of H3K9me2/3
(Fig 6A). To evaluate this hypothesis, we established an mESC line
(3S1G), in which Suv39h1/2, Setdbl, and G9a are designed to be
disrupted in the presence of 40HT (Fig 6B). Importantly, Jmjdla/b
proteins decayed massively in 3S1G cells after 40HT treatment, in
which H3K9m2/3 was virtually undetectable due to the loss of
Suv39hl/2, Setdbl, and G9a (Fig 6C). On the other hand, the
protein levels of Jmjdla/b maintained in mESCs lacking Suv39h1/2
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and Setdbl, in which H3K9me2 was maintained but H3K9me3 was
depleted. Similarly, the protein levels of Jmjdla/b also maintained
in mESCs lacking G9a, in which H3K9me2 was depleted but
H3K9me3 was maintained. These results suggest that H3K9me2/3 is
crucial for the protein stability regulation of Jmjdla/b and that
either modification is sufficient for this regulation. In the model
shown in Fig 6A, HP1 might be released from chromatin when

H3K9me2/3 was abolished. To address this, we compared
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Figure 5. HP1 stabilizes H3K9 DMs, Jmjdla and Jmjd1b, at the protein level.

A Elucidation of protein—protein interaction between HP1 and Jmjdla/b by co-immunoprecipitation analysis. Whole-cell extracts of wild-type mESCs and HP1p-
deficient mESCs were subjected to immunoprecipitation with the anti-HP1p antibody. The immunocomplex was then analyzed by immunoblotting with the

indicated antibodies.

B Protein expression levels of Jmjdla/b in HP1-cTKO cells were monitored by immunoblotting. The intensities were quantified using Image) software and summarized
on the right. The thin gray line and bold colored line show individual data and the mean of experimental replicates, respectively.

C Evaluation of HP1B mutants for ensuring protein stability of Jmjd1a/b. The protein levels of Jmjd1a/b in HP1-cTKO lines expressing 3xFlag-hHP1p mutants were
compared before and after 40HT treatment. The intensities were quantified with Image] software and summarized on the right. Data represented as mean + SD

(n > 3, biological replicates). *P < 0.05, **P < 0.01 (Welch’s test).

Source data are available online for this figure.

subcellular localization of HP1 in wild-type TT2 cells and 40HT-
treated 3S1G cells (Fig 6D). We found that HP1 proteins were
detected predominantly in chromatin-bound fraction in TT2 cells.
Strikingly, 40HT treatment resulted in a dramatic reduction in the
proportion of chromatin-bound HP1. These results further support
the importance of HP1-mediated tethering of Jmjdla/b to chromatin
for ensuring protein stability of Jmjd1a/b.

Finally, we examined cell viability of mESCs lacking H3K9 MTs.
mESCs lacking Suv39h1/2, Setdbl, and G9a exhibited severe growth
defects similar to those lacking HP1a/B/y (Fig EV5SD), indicating

Figure 6. H3K9me2/3 is required for maintaining protein stability of Jmjd1a/b.

the importance of the H3K9 MTs-HP1-H3K9me2/3 axis for mESC
viability.

Discussion

Our findings indicate that mammalian HP1 is not just a simple
reader of H3K9me2/3 but forms an essential hub for heterochro-
matin organization. A previous study showed that artificial tethering
of HP1 on transcriptionally active chromatin could generate ectopic

A A model of HP1-mediated protein stability regulation of Jmjd1a/b. In wild-type cells, HP1 tethers Jmjdla/b to chromatin through HP1-H3K9me2/3 interaction. We
speculated that HP1 might be released from chromatin in Suv39h/Setdb1/G9a-deficient cells since H3K9me2/3 might be absent in these cells. In this situation, HP1

might no longer ensure protein stability of Jmjdla/b.

B Strategy to establish Suv39h/Setdb1/G9a-deficient mESCs. By disrupting G9a alleles in the #33-6-SuvDKO line by CRISPR/Cas, we established an mESC line, 351G,
which carries the conditional knockout alleles for Setdb1 and conventionally knocked out alleles for Suv39h and G9a.
C Impact of Suv39h/Setdb1/G9a depletion on HP1-mediated protein stability regulation of Jmjdla/b. Jmjdla/b was destabilized in mESCs lacking Suv39h/Setdb1/G9a,

even though HP1 was present.

D Functional evaluation of H3k9me2/3 for confining HP1 to chromatin. Subcellular localizations of HP1a, B, and y in TT2 and mESCs lacking Suv39h/Setdb1/G9a were
compared. a-Tubulin, Ezh2, and histone H3 were used as representative markers for each fraction.

Source data are available online for this figure.
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heterochromatin (Hathaway et al, 2012), which supports our
results. Fission yeast contains an HP1 ortholog Swi6 and a Suv39hl
ortholog Clr4, serving as a good model for understanding hete-
rochromatin organization (Jih et al, 2017). However, in contrast to
mammals, Swi6 depletion does not reduce H3K9me3 in fission yeast
(Jih et al, 2017). This fact indicates that H3K9 methylation by Clr4
is achieved independently of Swi6. Accordingly, artificial tethering
of Swi6 on transcriptionally active chromatin could not generate
ectopic heterochromatin in fission yeast (Rani et al, 2019). We
therefore speculate that the function of HP1 as the master organizer
of heterochromatin might have evolved in higher eukaryotes.

Intriguingly, in contrast to H3K9me2/3 levels, H3K9mel level
was maintained in mESCs lacking HP1. A previous study demon-
strated that H3K9mel is produced in the cytoplasm by Prdm3 and
Prdm16 (Pinheiro et al, 2012). As HP1 localizes in nucleus, it is
plausible that HP1 depletion might not affect H3K9mel-producing
pathway in cytoplasm.

Our present study indicates that HP1 paralogs act redundantly in
terms of maintaining heterochromatin and ensuring cell viability in
mESCs. On the other hand, genetic studies have suggested paralog-
specific functions of HP1. HP1pB-deficient mice exhibit distorted
neurogenesis and die around the neonatal period (Aucott et al,
2008). Germ cell development is dysregulated in HP1y-deficient
mice; the proliferation of primordial germ cells lacking HP1y is
defective (Abe et al, 2011), and HP1y-deficient male germlines
cannot complete meiosis (Takada et al, 2011). It has been shown
that the post-transcriptional modification of HP1 occurs in a
paralog-specific manner. For example, phosphorylation of the N
terminus of HP1a strengthens affinity for H3K9me3-modified nucle-
osomes and plays a vital role in phase separation (Hiragami-
Hamada et al, 2011; Larson et al, 2017; Strom et al, 2017). Phospho-
rylation of the HP1y chromoshadow domain might play a role in the
DNA damage repair response (Akaike et al, 2015). It is plausible
that these paralog-specific modifications of HP1 might be crucial in
cells other than mESCs. Unlike mESCs, previous study has shown
that mouse embryonic liver cell lines lacking all HP1 paralogous are
viable (Saksouk et al, 2020), suggesting the distinct role of HP1 in
ensuring cell viability between cell types.

The most important finding in our study is that HP1 comprehen-
sively regulates protein stability of enzymes involved in H3K9me2/3
dynamics. The next important step for understanding the biological
significance of this finding is to uncover the protein degradation
machinery of these enzymes. Because Mdm2 and Dcafl3 are impli-
cated in the ubiquitin—proteasome-dependent degradation of
Suv39hl (Bosch-Presegué et al, 2011; Zhang et al, 2018), multiple
E3 ubiquitin ligases might be involved in Suv39hl1 protein degrada-
tion. A previous study demonstrated, APC/C®" is involved in the
degradation of G9a/GLP in senescent cells (Takahashi et al, 2012);
thus, it may be worth investigating the relationship between HP1
and cellular senescence. To date, very little is known about the
molecular mechanisms of protein degradation of H3K9 DMs. Many
studies have shown that H3K9me2/3 is dynamically re-organized
during mammalian development (Rao et al, 2017; Nicetto & Zaret,
2019). Furthermore, aberrant H3K9me2/3 levels were frequently
observed in cancer (Saha & Muntean, 2021) and neural diseases
(Ryu et al, 2006; Chase et al, 2013). Thus, we propose that the
molecular machinery facilitating protein degradation of H3K9 MTs
and/or H3K9 DMs possibly contributes to the dynamic organization
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of heterochromatin during mammalian development and disease
onset.

Materials and Methods
Cell culture

mESCs were maintained in Dulbecco’s Modified Eagle’s Medium
(Nacalai Tesque, Japan) containing 10% knockout SR (Invitrogen,
USA), 1% fetal calf serum, 1% sodium pyruvate (Gibco, Carlsbad,
CA, USA), 1% Minimum Essential Medium Non-Essential Amino
Acids (Gibco), and 10° U/ml of leukemia-inhibiting factor. We
maintained 293T cells in Dulbecco’s Modified Eagle’s Medium
containing 10% fetal calf serum, 1% sodium pyruvate (Gibco), and
1% Minimum Essential Medium Non-Essential Amino Acids
(Gibco). For conditional knockout of HP1 or Setdbl, mESCs were
cultured in the presence of 800 nM 40HT. To investigate protein
stability of Suv39h1l and Setdbl, the cells were treated with 50 pg/
ml cycloheximide alone or in combination with 5 pM MG132.

Plasmids

For construction of mammalian expression vectors, cDNA of HP1a/-
B/v, Suv39hl, Setdbl, G9a, GLP, and ubiquitin was inserted into
pCAG-IRES-blasticidin or puromycin vector with epitope tag
sequence by DNA assembly technology using NEBuilder HiFi DNA
Assembly Master Mix (New England BioLabs, USA). For construc-
tion of knockout vectors, gRNA sequence of these genes was
inserted into pX330 vector. For construction of bacterial expression
vectors, cDNAs of HP1f and Setdbl (575-1308) were inserted into
pET28a and pGEX4T2 vector, respectively.

Immunoblotting

Cell lysates were dissolved in 1x sodium dodecyl sulfate (SDS) sample
buffer (62.5 mM Tris-HCI, 2% SDS, 5% sucrose, 5% 2-mercaptoethanol,
and bromophenol blue), sonicated, and boiled for 5 min. The lysate
was resolved by SDS polyacrylamide gel electrophoresis and transferred
to nitrocellulose membranes. Nonspecific protein binding was blocked
with 5% skim milk/TBST (10 mM Tris-HCl, 150 mM NaCl, 0.1%
Tween-20) for 30 min at 27°C, then the membranes were probed
with primary antibodies in Signal enhancer HIKARI (Nacalai) at 4°C
overnight. The membranes were then incubated with HRP-conjugated
antibodies against mouse, rabbit, and rat IgG in 5% skim milk/TBST at
4°C for 2 h, then visualized using enhanced chemiluminescence Kkits
(PerkinElmer Life and Analytical Sciences, USA).

Generation of HP1-deficient mESCs

To establish HP1 double-knockout mESC lines, pX330 plasmids
containing gRNA of HP1p or HP1y and 50 ng pCAG-puro (which
confers puromycin resistance) were introduced into mESCs using
Lipofectamine 2000 (Invitrogen). Twenty-four hours after transfec-
tion, the cells were re-plated and cultured in the presence of 1 pg/ul
puromycin for 24 h. After treatment for ~2 weeks, candidate colonies
were isolated and identified by genomic sequencing and immunoblot-
ting. HP1B/a-deficient cells were generated by introduction into
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HP1B-deficient cells with the pX330 plasmid containing gRNA of
HP1la. HP1y/a-deficient cells and HP1vy/B-deficient cells were gener-
ated by introduction into HP1y-deficient cells with pX330 plasmid
containing gRNA of HP1a and HP1p, respectively. To establish HP1
triple-knockout mESC line, loxP-pCAG-Myc-HP1B-loxP vector and
pCAG-hygromycin were introduced into HP1y/B-deficient cells. After
100 pg/pl hygromycin selection, HP1y/f-deficient cells stably
expressing Myc-HP1p were established. Cells were then transfected
with the pX330 plasmid containing gRNA of HP1p to disrupt endoge-
nous HP1p alleles. After isolation of endogenous HP1a/B/y-deficient
cells (containing loxP-Myc-HP1B-loxP sequence), cells expressing
merCremer were established by introduction with pCAG-merCremer-
IRES-zeocin vector and 100 pg/pl zeocin selection.

Generation of H3K9 MTs-deficient mESCs

Setdb1 conditional knockout mESCs were generated in a previous
study (Matsui et al, 2010). We established Setdbl, Suv39hl, and
Suv39h2 triple-knockout mESC line (#33-6-SuvDKO), by transfecting
Setdbl conditional knockout mESCs with pCAG-puro pX330 plas-
mids containing gRNA of Suv39h1 and Suv39h2. After 1 ug/ul puro-
mycin selection for 24 h and subsequent treatment, candidate
colonies were isolated and identified by genomic sequencing and
immunoblotting. Suv39h/Setdb1/G9a-KO cells were generated by
introduction into #33-6-SuvDKO with triple multiplex pX330 plas-
mids containing gRNA of G9a. After 1 pg/ul puromycin selection for
24 h and subsequent treatment, candidate colonies were isolated
and identified by immunoblotting. Mutated alleles for Suv39h1 and
Suv39h2 in H3K9 MTs-deficient mESCs are summarized in Table 2.

Immunofluorescence

Cells were fixed with 4% paraformaldehyde in PBS (pH 7.4) for
10 min. After permeabilization and blocking nonspecific protein

Table 2. Mutated alleles for H3K9 MTs-KO mESCs.
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binding with IF buffer (PBS, 0.5% Triton X-100, 2% skim milk) for
30 min, cells were incubated with primary antibodies in IF buffer at
4°C overnight. Cells were then incubated with Alexa Flour-
conjugated antibodies against mouse, rabbit, and rat IgG and DAPI
in IF buffer at 4°C for 2 h. Cells were then observed with a confocal
laser scanning microscope (LSM700, Carl Zeiss, Germany) and
imaged using ZEN software on an LSM700 microscope. ImageJ was
used to process the images, and quantitative intensity values were
visualized using R software (ver. 3. 5. 1).

Transmission electron microscopy

Cells were prefixed overnight with 2.5% glutaraldehyde in 0.15 M
phosphate buffer (pH 7.4). After removing the supernatant, the
pellet was embedded in 2% agarose and cut into pieces. The
samples were then post-fixed with 1% osmium tetroxide for 6 h,
dehydrated in a graded ethanol series, and embedded in epoxy resin
(Nisshin EM, Japan). Ultrathin sections were cut using a diamond
knife on an ultramicrotome (Leica EM UC7, Leica, Austria). The
sections were stained with uranyl acetate for 20 min and lead
acetate for 5 min. The specimens were observed under a Hitachi H-
7500 electron microscope at an accelerating voltage of 80 kV.

Preparation of recombinant protein

Preparation of recombinant protein was performed as described
previously (Rea et al, 2000). Briefly, the bacterial expression vectors
were introduced into E. coli strain BL21. The expression of recombi-
nant proteins was induced by 0.4 mM isopropyl 1-thio-b-D-
galactopyranoside. The recombinant proteins were solubilized in
RIPA buffer (20 mM Tris pH 7.5, 500 mM NaCl, 5 mM EDTA, 1%
NP-40, 0.5% sodium deoxycholate, and protease inhibitor (PI)
mixture (Roche, Switzerland)) by sonication. GST-tagged and His-
tagged proteins were purified using Glutathione Magnetic Agarose

Line Target Allele Sequence Mutation
Suv39h/Setdb1-KO Suv39h1 WT allele CTGCAGGACCTGTGCCGACTAGCCAAGCTTTCT -
Glolie SRS KO allele CTGCAGGACCTGTGCC------- AAGCTTTCT —8bp
Suv39h2 WT allele CTACTACATTAACGAGTACAGGCCAGCTCCCGG -
KO allelel CTA--=====mmmmmmmme e AAGCTCCCGG —21+1 bp
KO allele2 CTA--=====mmmmmmmm o AAGCTCCCGG —21+1 bp
Suv39h/Setdb1 Suv39h1 WT allele CTGCAGGACCTGTGCCGACTAGCCAAGCTTTCT -
é f::e";gl c KO allele CTGCAGGACCTGTGCC-------- AAGCTTTCT —8 bp
Suv39h2 WT allele CTACTACATTAACGAGTACAGGCCAGCTCCCGG -
KO allelel CTA--======mmmmmmmm e AAGCTCCCGG —21 +1 bp
KO allele2 CTA--=====mmmmmmmm e AAGCTCCCGG —21+1bp
G9a WT allele GAGGGGCAGCCCAAAGTGCACCGAGCCCGGAAA -
KO allele Not determined
G9a WT allele AGATGTCGGCCAAAAGGAGGAAGCTGAACTCTGG —
KO allele Not determined
G9a WT allele AGGAGAGCTCATCTCTGATGCCGAGGCTGATGT -
KO allele Not determined

Underlines in WT alleles represent the PAM sequence.
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Beads (Thermo Fisher Scientific, USA) and TALON Magnetic Beads
(Takara Bio, Japan), respectively.

Immunoprecipitation

We suspended cells in micrococcal nuclease (MNase) buffer
(20 mM Tris-HCI pH 8.0, 5 mM NacCl, 2.5 mM CaCl,, 1 mM MgCl,,
and PI mixture) and digested the cells with MNase (Takara Bio) at
37°C for 10 min to extract nucleosome-bound proteins. After adding
4x volume of IP buffer (50 mM Tris-HCI pH 8.0, 150 mM NaCl,
10 mM EDTA, 10% glycerol, 0.1% Nonidet P-40, and PI mixture),
the cell extracts were sonicated. Supernatants obtained by centrifu-
gation were incubated with complexes comprising anti-Flag or HA
antibody and Dynabeads Protein G (VERITAS, Japan) at 4°C for 2 h.
The precipitates were boiled for 5 min in SDS sample buffer. The
denatured protein extract was analyzed by immunoblotting.

In vitro pull-down assay

Bacteria cells and 293T cells expressing Setdbl (575-1308) were
lysed with RIPA buffer, followed by sonication. The extracts were
incubated with complexes comprising His-HP1f and TALON
Magnetic beads at 4°C for 2.5 h. The precipitates were boiled for
5 min in SDS sample buffer. The denatured protein extract was
analyzed by immunoblotting.

HMT activity assay

HMT activity assay was performed as described previously (Tachi-
bana et al, 2001). Briefly, 3xFlag-Setdbl purified from HEK293T
were mixed with recombinant GST-fused N-terminal tail of histone
H3, 160 uM S-adenosylmethionine in HMT buffer (50 mM Tris-HCl
pH8.8, 5 mM MgCl,, and 4 mM DTT). The mixtures were incubated
at 25°C for 60 min. The reaction products were boiled for 5 min in
SDS sample buffer and subjected to immunoblotting.

RT-qPCR

Total RNA was extracted using the AllPrep DNA/RNA Mini Kit (Qia-
gen, Netherlands). cDNA was synthesized using ReverTra Ace qRT-
PCR RT Master Mix (Toyobo, Japan) and amplified using TB Green
Premix Ex Taq II Tli RNase H plus (Takara). The primers used are
listed in Table 3.

Subcellular fractionation

Subcellular fractionation was performed as described previously
(Kappes et al, 2001) with some modifications. First, cells (without
freezing) were suspended in hypotonic buffer S1 (10 mM Hepes-
KOH pH 7.9, 10 mM KCl, 0.34 M sucrose, 1.5 mM MgCl,, 0.5% NP-
40, and PI mixture) and incubated on ice for 10 min. After centrifu-
gation at 1,000 g for 5 min, the supernatant was collected. This
process was repeated once again, and the supernatant was collected
as fraction S1. The pellet was then suspended in high-salt buffer S2
(10 mM Hepes-KOH pH 7.9, 450 mM NaCl, 0.34 M sucrose, 3 mM
EDTA, 0.2 mM EGTA, and PI mixture) and incubated at 4°C for
20 min with vortexing. After centrifugation at 12,000 g for 5 min,
the supernatant was collected. This process was repeated once
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Table 3. RT-qPCR primers.

Primer Sequence (5'—>3')
Suv39h1l_RT_1F AATCGACTGCGCGTCCC
Suv39hl_RT_1R TCCGCCATCTTTCTCCACAG
Suv39hl_RT_2F TAGAAGCTGGGGTTGAGTTGC
Suv39h1l_RT_2R TAAGGGGCCCCAAATAGGAA

Suv39h1_RT_3F GTTCTCTCTGTACCCCTCAGC

Suv39hl_RT_3R ACTCAACCCCAGCTTCTAACC

Suv39h2_RT_1F CAGACTCCATTGACCACAGCC

Suv39h2_RT_1R AGCTCCGTTTCCTGACACTTC

Suv39h2_RT_2F AACCCAATGTAAATGTGGAGCC

Suv39h2_RT_2R TGAGCTCCGTTTCCTGACACT

Suv39h2_RT_3F GAGTGGGTAGGCCTTTGGAC
Suv39h2_RT_3R GGCAGAGCTGAGGAGTTCAC
Setdbl_RT_1F CGCTGCAATTGTGACCCAAA
Setdbl_RT_1R ACAGCTGTAGTCGAACCTGC
Setdbl_RT_2F CAACCAACATGGCTTCCGTG
Setdb1_RT_2R GGCCTAGGTTGCCTTCAAGT
Setdbl_RT_3F AGTTTAAGCCCATGGAGCCC
Setdb1_RT_3R CGTGATTGTGCAAGTTGGCT
G9a_RT_1F CATCCCTGTCCGGGTTTTCA
G9a_RT_1R TCGGTCACCGTAGTCAAAGC
G9a_RT_2F CAAGATTGACCGCATCAGCG
G9a_RT_2R GGTCTCCCGCTTAAGGATGG
G9a_RT_3F GATCTACGGTTCCCACGCAT
G9a_RT_3R GTCACCGTAGTCAAAGCCCA
GLP_RT_1F AGTCTCAGTTCGCAGGTGTG
GLP_RT_1R CGATATCCCTGCTCACCGTC
GLP_RT_2F CAGGATGACGGTGGATGGAC
GLP_RT_2R TAGACAGCAGCAGCTTCACC
GLP_RT_3F TGACTGCTCCTCTAGCACCT
GLP_RT_3R GATCAAGGGTGGTTCTGCCA
Jmjdla_RT_1F GGAAGAACTGCCAACAGGGT
Jmjdla_RT_1R TGTGTGGGCATCAGGTTCTC
Jmjd1a_RT_2F TGGGAATGTCAACAAGGAGA
Jmjdla_RT_2R CAGGTGTCAAGATGGTGCTG
Jmjdla_RT_3F GAGCCACAGTCGGAGACTTC
Jmjd1a_RT_3R CGGCCAGTCCTTAAGTTTCA
Jmjd1b_RT_1F GGTGCCCCAGGACCTAGCG
Jmjd1b_RT_1R AAGTGAGCCTTCCAGCAGAA
Jmjd1b_RT_2F AAACAGAAAGGCAGCTGGTCGC
Jmjd1b_RT_2R CAAATCCAGAAGAGGCCAGACTA
Jmjd1b_RT_3F CCCCTGTTTTCTCTTCATCCT
Jmjd1b_RT_3R TTCTACCACTGAGGCGATGAT

again; the supernatant was collected as the fraction S2. The pellet
was dissolved in SDS sample buffer containing 450 mM NaCl and
shared by sonication, and the fraction was collected as fraction P.
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After 3 M NaCl was added to the S1 fraction samples to adjust the
concentration of NaCl, 4xSDS sample buffer was added to the S1
and S2 fraction samples, and all fraction samples were boiled for
5 min and analyzed by immunoblotting.

Antibodies

We used the following antibodies: rabbit anti-HP1a (BMP001; MBL,
Japan), rabbit anti-HP18 (BMP002; MBL), mouse anti-HP1y (MA3-
054; Thermo Fisher Scientific), rabbit anti-Suv39h1l (#8729; Cell
Signaling Technologies (CST), USA), rabbit anti-Suv39h2 (LS-
C116360; LSBio, USA), rabbit anti-Setdb1 (11231-1-AP; Proteintech,
USA), rabbit anti-Ezh2 (#5246; CST), mouse anti-H3K9mel
(CMA306 (Kimura et al, 2008)), mouse anti-H3K9me2 (CMA317
(Hayashi-Takanaka et al, 2011)), mouse anti-H3K9me3 (CMA318
(Hayashi-Takanaka et al, 2011)), mouse anti-H3K9ac (CMA305
(Kimura et al, 2008)), rabbit anti-H3K27me3 (07-449; Millipore,
USA), rat anti-H3 (clone 1G1 (Maehara et al, 2015)), rat anti-H3
(CE-039A; CosmoBio, Japan), mouse anti-Myc (#2276; CST), mouse
anti-Flag (F3165; Sigma-Aldrich, USA), rat anti-HA (11867423001;
Sigma-Aldrich), mouse anti-Tyl (C15200054; Diagenode, USA),
mouse anti-V5 (R960-25; Thermo Fisher Scientific), mouse anti -
actin (A1978; Sigma-Aldrich), and rat-anti o-Tubulin (ab6160;
Abcam, USA).

Statistical analysis

Data were analyzed by Welch’s t-test and Tukey’s honestly signifi-
cant difference test using R software.

Data availability

This study does not include any data deposited in external reposito-
ries.

Expanded View for this article is available online.
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