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ABSTRACT

Heterochromatin is a key architectural feature of eu-
karyotic chromosomes critical for cell type-specific
gene expression and genome stability. In the mam-
malian nucleus, heterochromatin segregates from
transcriptionally active genomic regions and exists
in large, condensed, and inactive nuclear compart-
ments. However, the mechanisms underlying the
spatial organization of heterochromatin need to be
better understood. Histone H3 lysine 9 trimethylation
(H3K9me3) and lysine 27 trimethylation (H3K27me3)
are two major epigenetic modifications that enrich
constitutive and facultative heterochromatin, respec-
tively. Mammals have at least five H3K9 methyltrans-
ferases (SUV39H1, SUV39H2, SETDB1, G9a and GLP)

and two H3K27 methyltransferases (EZH1 and EZH2).
In this study, we addressed the role of H3K9 and
H3K27 methylation in heterochromatin organization
using a combination of mutant cells for five H3K9
methyltransferases and an EZH1/2 dual inhibitor,
DS3201. We showed that H3K27me3, which is nor-
mally segregated from H3K9me3, was redistributed
to regions targeted by H3K9me3 after the loss of
H3K9 methylation and that the loss of both H3K9 and
H3K27 methylation resulted in impaired condensa-
tion and spatial organization of heterochromatin. Our
data demonstrate that the H3K27me3 pathway safe-
guards heterochromatin organization after the loss
of H3K9 methylation in mammalian cells.
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INTRODUCTION

The eukaryotic genome is divided into two domains: eu-
chromatin and heterochromatin. Heterochromatin appears
as an electron-dense structure in an electron microscopic
image of the nucleus, which is distinct from the looser form
of euchromatin and plays essential roles in genome sta-
bility, chromosome segregation, and silencing of cell type-
specific gene expression (1). Heterochromatin is spatially
segregated from euchromatin and is frequently found in
the nuclear periphery. Recent developments in chromo-
some conformation capture techniques such as Hi-C have
revealed that euchromatin and heterochromatin form ac-
tive (A) and inactive (B) compartments, respectively (2).
Although the A/B compartments correlate well with gene
activation/repression, the molecular determinants of com-
partmental forces remain largely unknown. Furthermore,
B compartments are associated with lamina-associated do-
mains (LADs) (3-5), which interact with the nuclear lam-
ina (NL) and late replicating regions (6). Although lamin
B receptor (Lbr) knock out (KO) mouse thymocytes, which
lack both lamin A/C and LBR, exhibit detachment of hete-
rochromatin from the nuclear periphery, the A/B compart-
ment pattern remains unaffected mainly (7). Furthermore,
the depletion of RIF1, the master regulator of replication
timing (RT), had a limited effect, as we did not observe a
compartmental pattern failure parallel to the induced RT
failure (8). Thus, the NL association and RT are not essen-
tial for A/B compartment determination.

The epigenetic hallmark of heterochromatin, particularly
constitutive heterochromatin, is the trimethylation of hi-
stone H3 lysine 9 (H3K9me3). Heterochromatin protein
1 (HP1) is a reader molecule for H3K9 methylation; it
condenses chromatin (9-13) and drives B compartment
formation in Drosophila embryos (14). In mammals, at
least five enzymes—SUV39H1, SUV39H2, SETDBI, G9a
and GLP-contribute to the catalysis of H3K9 methyla-
tion. SUV39H1, SUV39H2 and SETDBI mainly catalyze
H3K9me3 formation, whereas H3K9me2 formation is reg-
ulated by all five enzymes (15,16). Recently, we investi-
gated the role of H3K9 methylation in A/B compart-
ment formation using Setdbl KO or Suv39hl/2 double KO
(DKO) mouse embryonic stem cells (mESCs) treated with
UNC0642, a G9a/GLP specific inhibitor (16). We found
that these cells maintained an overall A/B compartment
pattern regardless of the global reduction in H3K9 methy-
lation (16). However, it is still possible that H3K9 methy-
lation plays a more crucial role in A/B compartment for-
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mation because H3K9 methylation, especially that other
than H3K9me3, remained in the analyzed cells owing to
the incomplete depletion of H3K9 methylation (16). Al-
ternatively, other epigenetic modifications (s) may compen-
sate for the role of H3K9 methylation in A/B compart-
ment formation in the analyzed cells. H3K27me3 is another
silencing mark, especially for facultative heterochromatin,
such as silenced cell type-specific genes and the inactive X
chromosome (1). Although H3K27me3 and H3K9me3 nor-
mally exist separately along the chromosome, H3K27me3
invades H3K9me3-marked heterochromatin regions when
H3K9me3 is depleted by perturbing the H3K9me3 pathway
(17,18). Thus, H3K27me3 may compensate for the function
of H3K9me3 in heterochromatin organization after the loss
of H3K9 methylation.

Recently, Montavon et al. reported that conditional loss
of H3K9 methylation in immortalized mouse embryonic
fibroblasts (iMEFs) deficient in H3K9 methyltransferase
genes (Suv391h, Suv39h2, Setdbl, Setdb2, Ehmtl/GLP and
Ehmt2/G9a) results in the loss of heterochromatin, as ob-
served by electron microscopy (EM) (15). However, whether
H3K9 methylation is required for the spatial arrange-
ment of heterochromatin and A/B compartmentalization
in mammals remains to be discovered, as these studies did
not analyze 3D genome organization in H3K9 methylation-
depleted cells. Also, the possibility that H3K27me3 partially
compensates for the absence of H3K9me3 remains unclear.

To address whether repressive chromatin modifications
such as H3K9me2/3 and H3K27me3 play essential roles
in the spatial arrangement of heterochromatin, we indepen-
dently established SKO iMEFs (Suv391h, Suv39h2, Setdbl,
Ehmtl and Ehmt2 KOs) that completely lack H3K9 methy-
lation. Because SKO iMEFs are viable, they provide a
unique opportunity to explore the plasticity of heterochro-
matin organization in mammals. To investigate the roles
of H3K9me2/3 and H3K27me3 in the spatial organiza-
tion of heterochromatin, we performed in situ Hi-C, and
lamin A/C and lamin B1 ChIP-seq in wild type and 5KO
iMEFs treated with or without DS3201, an H3K27 methyl-
transferase inhibitor. We found that condensation and spa-
tial arrangement of heterochromatin were not greatly im-
paired in 5KO cells but underwent major changes when the
cells were treated with DS3201. Thus, the H3K27me3 path-
way compensates for the function of H3K9me2/3 in hete-
rochromatin organization after the loss of H3K9 methyla-
tion. In other words, the H3K9me?2/3-marked heterochro-
matin organization can be redundantly maintained by ei-
ther the H3K9 or the H3K 27 methylation axis in mammals.

MATERIALS AND METHODS
Cell culture

We used previously established Setdbl, Suv39hi/2 TKO
iMEFs to establish SKO iMEFs (16). Mouse embryonic
fibroblasts were maintained in Dulbecco’s modified Ea-
gle’s medium (Nacalai tesque, 08458-16) containing 10%
fetal bovine serum (Biosera, FB1061), MEM non-essential
medium and 2-mercaptoethanol (Nacalai tesque, 21417-
52). To inhibit EZH1/2 catalytic activity, IMEFs were cul-
tured for seven days with 1 wM DS3201 (Selleck, S8926).
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Establishment of 5KO and 5KO + Ringlh KO iMEFs

Setdbl/Suv39hl /2 TKO iMEFs were transfected with PL-
CRISPR.EFS.tRFP with gRNA sequences targeting SET-
domain of G%a or Glp. 2 days after the transfection, RFP
positive cells were sorted by flow cytometry (BD FAC-
SAria). From the sorted cells, SKO iMEF clones were iden-
tified using Sanger sequencing and western blotting. Fur-
ther knockout of Ringlb in 5SKO iMEFs were conducted by
similar protocols.

Ringla knockdown by shRNA

We produced a lentiviral vector expressing shRNA target-
ing Ringla by transfecting 293FT cells with shRNA vector,
psPax2, and pMD2.G using PEI. Two days later, we col-
lected the culture supernatant and then used it to transduce
5KO-Ringlb KO iMEFs at MOI = 2. Following selection
with 7 wg/ml BSD for 3 days, we collected the cells.

Native ChIP and crosslinked ChIP

Native ChIP assays were performed as described previously
(16). Mouse monoclonal antibody against H3K9me3 (2F3),
H3K9me2 (6D11), H3K27me3 (1E7), lamin A/C (3A6-
4C11, eBioscience) and lamin B1 (B-10, sc-374015, Santa
Cruz) were used.

H2AK119 monoubiquitylation (H2Aub) carrier assisted
ChIP-seq (CATCH-seq)

H2Aub CATCH-seq libraries were prepared as previously
described (Zhu et al., 2021) with some modifications.
Briefly, 2000 MEFs per sample were used for library con-
struction. Cells were permeabilized by Nuclei EZ lysis
buffer supplemented with 0.1% Triton, 0.1% deoxycholate,
complete EDTA-free protease inhibitor cocktail and 1 mM
phenylmethanesulfonyl fluoride on ice. For each sample,
800 S2 Drosophila culture cells were added for a spike-in
normalization purpose. Chromatin was fragmented in situ
by 2 U/pl MNase (M0247S, NEB) at 37C for 7.5 min. The
reaction was stopped by adding 1/10 volume of 100 mM
EDTA and diluted in the freshly prepared immunoprecipi-
tation buffer. As an input, 5% of the chromatin lysate was
taken. Then, 30 ng of annealed I-Scel carrier DNA was
added to each sample. The forward and reverse strands of
the carrier DNA were as follows:
/SAmMC6/Gtagggataacagggtaattagggataacagg

gtaattagggataacagggtaattagggataacagggtaattagggat
aacagggtaattagggat aacagggtaat*c/3AmMO/ and
/SAmMC6/Gattaccctgttatccctaattaccetgttatecctaattacectg
ttatccctaattacectgttateectaattaccetgttatcectaattaccetgttatee
cta*c/3AmMO/, respectively, where asterisks represent
phosphorothioate bonds. The oligos were synthesized by
Integrated DNA Technologies. For each immunoprecipita-
tion reaction, 0.5 wl of rabbit monoclonal anti-H2AK119
monoubiquitylation antibody (Cell Signaling, #8240) con-
jugated to precleared Dynabeads Protein A and G mixture
was used. After immunoprecipitation at 4°C overnight,
the chromatin-Dynabeads were washed by the low and
high salt wash buffers, and the chromatin was eluted in
the freshly prepared ChIP elution buffer at 65C for 1 h.

DNA was recovered by phenol-chloroform extraction
followed by ethanol precipitation. Adaptor ligation was
pre-formed by NEBNext Ultra I DNA Library Prep Kit
for Illumina (E7645, NEB) in a half scale of the manufac-
turer’s instruction, and the libraries were purified by 1.8x
SPRIselect beads (B23318, Beckman Coulter). The DNA
was amplified by KAPA Hifi 2X mater PCR mix (KK2605)
for 14 PCR cycles with indexing primers. After purification
with 0.9x SPRIselect beads, the samples were digested
by I-Scel (5 U/ul, NEB, R0694) 37C for 2 h followed
by heat inactivation at 65°C for 20 min and purified by
0.9x SPRIselect beads. The second amplification was not
performed. The libraries were sequenced on a HiSeq X.

Western blot analysis

Western blot analysis was performed as described previ-
ously (16). Briefly, cells were suspended in RIPA buffer
(50 mM Tris—HCI (pH 8.0), 420 mM NaCl, 0.5% sodium
deoxycholate, 0.1% Sodium dodecyl sulfate, 1% NP-40)
and sonicated. The extract was incubated for 30 min on
ice, and then incubated at 95°C for 5 min. The extract
was loaded and run on SDS-PAGE gel as standard pro-
tocols. For histone proteins, intensity was analyzed by
OdysseyR CLx Imagins System(LI-COR). Anti-lamin B1
(12987-1-AP, Proteintech), anti-lamin A /C (3A6-4C11, Di-
agenode), anti-H2Aub (D27C4), anti-Ring1 B (monoclonal
antibody kindly gifted from Dr Koseki, RIKEN), anti-
RinglA (#2820, CST) were used.

Mass spectrometry analysis for histone modifications

Histones were prepared by the acid-extraction method
as previously described (16). The samples were subjected
to SDS-PAGE and stained with Coomassie blue. The
protein bands corresponding to histone H3 were excised
from the gel and were digested with Achromobacter
protease I (Lys-C) in gel. The digests were performed
nano-liquid chromatography-tandem mass spectrometry
using EASY-nLC 1200 liquid chromatography (Thermo
Fisher Scientific) connected to Q-Exactive HFX mass spec-
trometer equipped with nanospray ion source (Thermo
Fisher Scientific). Peptides containing the digests were
separated with a linear gradient of 0-100% B buffer in A
buffer (A:0.1% formic acid, B:80%acetonitrile/0.1%formic
acid) for 20 min with a reversed-phase column (NTCC
analytical column, CI18, ¢75 pm x 150 mm, 3 pm;
Nikkyo Technos, Japan). MS and MS/MS data were
acquired using a data-dependent TOP 10 method. Protein
quantification was performed with Proteome Discov-
erer 2.4. (Thermo Fisher Scientific) using a sequence
database search node as a MASCOT program 2.7 (Matrix
Science) with following parameters, Database: Histone
130611 (66 sequences; 15002 residues), Enzyme: Lys-C/P,
Variable modifications: Acetyl (Protein Nterm), Oxida-
tion (M),Gln—pyro-Glu (N-term Q),Acetyl (K),Methyl
(K),Trimethyl (K),Dimethyl (K), Mass values: Monoiso-
topic, Protein Mass: Unrestricted, Peptide Mass Tolerance:
+15 ppm, Fragment Mass Tolerance: £30 mmu, Max
Missed Cleavages: 3, Instrument type: ESI-TRAP. Protein
methylation rates were obtained from peak areas of selected
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ion chromatograms that are the tetra charged protonated
molecules at m/z 381.9706 (Q5 pyro-Glu, K9monomethyl
and K14Actryl), m/z 385.4745 (QS pyro-Glu, K9dimethyl
and KIl14Actryl), and m/z 388.9784 (Q5 pyro-Glu,
K9trimethyl and K14Actryl) of ‘QTARKSTGGKAPRK’-
related peptides and at m/z 604.3548 (K23Acetyl
and K27monomethyl), m/z 609.0267 (K23Acetyl
and K27dimethyl), and m/z 613.6985 (K23Acety and
K27trimethyl) of ‘QLATKAARKSAPATGGVK -related
peptides using Qual Browser (Thermo xcalibur 4.1.50,
Thermo Fisher Scientific) with +15-ppm width.

Indirect immunofluorescence

Cells were grown on p-Dish 35 mm dish high (ibidi) and
were fixed with 4% PFA (Electron Microscopy Sciences)
in PBS (FUJIFILM Wako) containing 250 mM HEPES-
NaOH (pH 7.4, Nacalai Tesque) + 0.1% Triton X-100
(Nacalai Tesque) at room temperature for 10 min, followed
by permeabilization with 1% Triton X-100 in PBS contain-
ing Blocking One P (Nacalai Tesque) at room tempera-
ture for 30 min. The processed cells were incubated with
primary lamin A/C Monoclonal Antibody (1:5000, 3A6-
4Cl11, eBioscience), primary lamin B1 Monoclonal Anti-
body (1:100, B-10, sc-374015, Santa Cruz) and primary
lamin A polyclonal antibody (1:2000, 323-10), which was
kindly provided by Dr Robert D. Goldman in Northwestern
University in PBS containing 10% Blocking One P at 4°C
overnight. After washes with PBS containing 0.05% Tween
20 (FUJIFILM Wako) three times, the cells were incubated
with 1 wg/ml Hoechst 33342 (1:10 000, Thermo Fisher Sci-
entific) and Donkey anti-Mouse IgG (H + L) Highly Cross-
Adsorbed Secondary Antibody, Alexa Fluor 488 (1:1000,
Thermo Fisher Scientific) and Alexa Fluor 568 (1:1000,
Thermo Fisher Scientific) in PBS containing 10% Blocking
One P. After washing three times, 2 ml of PBS was added to
the dish.

Fluorescence microscopy

Cells were observed using a confocal microscope, which is
Ti-E (Nikon) equipped with Dragonfly 200 (Andor) and
an oil immersion objective lens (CFI HP Plan Apochro-
mat VC 100x Oil, NA = 1.4, Nikon) and operated by built-
in software Fusion ver. 2.3.0.45 (Andor). The images were
collected with an EMCCD camera (iXon Life 888, Andor)
with 10% 405 nm laser transmission, 500 ms, and 30% 488-
nm laser transmission, 300 ms. For z-stack image acqui-
sition, optical sections including a region of the NL were
taken at 0.6-pm intervals. Enlarged lamin meshes were au-
tomatically detected using Aivia’s 3D cell analysis recipe in
Aivia verion 10.5 (SVision Technologies), and the results
were validated by visual inspection. First, a random for-
est pixel classifier for detecting enlarged meshes was trained
by selecting enlarged meshes and removing background
signals in the lamin channel of five images of SKO #55
iMEF, and deselecting normal meshes in the lamin chan-
nel of five images of WT iMEF. Then, this classifier was
used to generate the confidence channel with a range be-
tween O (least likelihood of belonging) and 255 (most like-
lihood of belonging). Next, the Hoechst and confidence
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channels were used to generate object sets of nuclei and
meshes, respectively with the recipe parameters including
image smoothing filter size in morphological smoothing: 5
and fill holes size: 250 wm? for nuclei, and cells/vesicles di-
ameter: 6—30 pm/0.6—1 pm and min edge to center dis-
tance: 6 pm/0.4 pm for nuclei/meshes. Then, nuclei with
one or more meshes were counted in all the images.

Chromocenter analysis

Identification and analysis of chromocenters were automat-
ically conducted by NODeJ (19) by the following options:
-ex=1,-gy =1, -gz=0.5, -max = 500, -min = 5, -f = 1.5,
-isF, -isG. More than 50 cells were used for the analysis for
each sample.

EM imaging and data analysis

Cells were fixed with 2.5% glutaraldehyde and 2%
paraformaldehyde in 0.1M HEPES buffer (pH 7.4) at room
temperature for 1 h and then at 4°C. After washing five
times with 0.15 M sodium cacodylate buffer, they were
postfixed with 1% osmium tetroxide in the same buffer
at 4°C for 1 h and then washed five times with Milli-Q
water. Cells were further incubated in 1% uranyl acetate
at 4°C for 1 h, washed five times with Milli-Q water, and
dehydrated with an ethanol series (20, 50, 70, 90 and 99.5%
for 5 min each and twice in 100% for 10 min) followed by
infiltration with Epon 812 resin (TAAB). Polymerization
was performed at 60°C for 72 h. Samples were cut using
an EM UCT7 ultramicrotome (Leica Biosystems). Sections
60nm in thickness were stained with uranyl acetate and
lead nitrate. Electron micrographs were acquired using a
field emission scanning electron microscope JSM-7900F
and JSM-IT700HR (JEOL) at 7kV.

Electron-dense heterochromatin regions in nuclei were
analyzed using ImageJ version 1.53c (https://imagej.nih.
gov/ij/). EM images were Gaussian blurred (sigma 2) and
electron-dense heterochromatin was selected by threshold-
ing based on the intensity levels (87-141, depending on
the images) and the size (>400 pixels). Nucleolar regions
were often selected together with heterochromatin and were
manually excluded, since they can be distinguishable from
heterochromatin based on their larger size and the pres-
ence of different components, including granular compo-
nent that shows slightly less electron density than hete-
rochromatin and dense fibrillar component that shows simi-
lar electron density to heterochromatin but often associated
with less dense fibrillar components. The nuclear envelope
was difficult to separate from the perinuclear heterochro-
matin and so included in heterochromatin area. The ratio
of heterochromatin area respect to the nuclear area, which
was selected manually, was determined for 10 cells.

Visualization of major satellite by TALE probe

A plasmid vector for EGFP-tagged TALE probe target-
ing Major satellite was used. The TALE probe targets (T)
GATTTTCAGTTTTCT sequence (20). We established sta-
ble WT (#3-12) and 5KO (#55) iMEFs expressing the
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TALE probe using PiggyBac system. The cells were incu-
bated with 10 pg/ml Hoechst 33342 (1:2000, Dojinbo) and
observed by FV3000 (Olympus).

Preparation of ChIP-seq library

The ChIP DNA was fragmented by Picoruptor (Diagen-
ode) for 10 cycles of 30 s on, 30 s off. Then, ChIP library was
constructed by KAPA Hyper Prep Kit (KAPA BIOSYS-
TEMS) and SeqCap Adapter Kit A (Roche) according to
manufacturer instructions. The concentration of the ChIP-
seq library was quantified by KAPA Library quantifica-
tion kit (KAPA BIOSYSTEMS). ChIP sequencing was per-
formed on a HiSeq X platform (Illumina). We performed
two biological replicates for ChIP-seq and correlation be-
tween replicates was described in Supplementary Table 1.

Preparation of RNA-seq library

500 ng of total RNA was used for RNA-seq library con-
struction. RNA-seq library was constructed by KAPA
mRNA Hyper Prep Kit (KAPA BIOSYSTEMS) and Se-
qCap Adapter Kit (Roche) according to manufacturer in-
structions. The concentration of the RNA-seq library was
quantified by KAPA Library quantification kit (KAPA
BIOSYSTEMS). mRNA sequencing was performed on a
HiSeq X platform (Illumina). We performed two biological
replicate for RNA-seq and correlation between replicates
was described in Supplementary Table 1.

Preparation of Hi-C library

Hi-C experiments were performed as previously described
(21,22), based on Dpnll enzyme (4-bps cutter) using 2 x 10°
fixed cells. Hi-C libraries were subject to paired-end se-
quencing (150 base pair (bp) read length) using HiSeq
X Ten. Detailed protocol for HiC-seq library preparation
is available at Protocols.io (https://www.protocols.io/view/
iconhi-c-protocol-ver-1-0-4mjgudn). We performed two bi-
ological replicates for Hi-C seq and correlation between
replicates was described in Supplementary Table 1.

Preparation of WGBS library

500 ng of genomic DNA was sheared by sonication to
100-500 bp using a Covaris S220 and purified by AMPure
XP beads (Agencourt Bioscience Corp.). Genomic DNA li-
braries were constructed as ChIP-seq library. After adapter
ligation, the DNA was treated with sodium bisulfite using
EZ DNA Methylation GOLD kit (ZYMO RESEARCH)
following the manufacturer’s instructions. Enrichment for
adapter-ligated DNA was carried out through 10 PCR cy-
cles using Pfu Turbo Cx Hotstart DNA polymerase (Agi-
lent). The concentration of the WGBS library was quanti-
fied by KAPA Library quantification kit (KAPA BIOSYS-
TEMS). Paired-end DNA sequencing (2 x 150 bp) was
then performed using the Illumina Hi-Seq X plat form (II-
lumina). We performed two biological replicate for WGBS
and correlation between replicates was described in Supple-
mentary Table 1.

Hi-C data analysis

Hi-C data processing was done by using Docker for 4DN
Hi-C pipeline (v43, https://github.com/4dn-dcic/docker-
4dn-hic). The pipeline includes alignment (using the mouse
genome, mm10) and filtering steps. After filtering valid Hi-
C alignments, .Aic format Hi-C matrix files were generated
by Juicer Tools (23) using the reads with MAPQ >10. The
A/B compartment (compartment score) profiles (in 250 kb
bins) in each chromosome (without sex chromosome) were
calculated from . Hic format Hi-C matrix files (intrachromo-
somal KR normalized Hi-C maps) by Juicer Tools (23) as
previously described (24). We averaged Hi-C PCl1 values in
each 250 kb bin from two biological replicates for the down-
stream analysis. TAD boundaries were identified as previ-
ously reported (25). Chromatin loops were identified by SIP,
Significant Interaction Peak caller, v1.6.1 (26) with the fol-
lowing parameters: -norm KR -g 0.5 -min 2.0 -max 2.0 -mat
2000 -d 5 -res 40 000 -sat 0.01 -t 2800 -nbZero 6 -factor 1
-fdr 0.015 -del true -cpu 1 -isDroso false. We used GEN-
OVA tools (27) for producing aggregate TAD plots, insula-
tion analysis and pyramid plots. We also used Juicer Tools
(23) for producing interaction matrix and Pearson correla-
tion matrix.

Identification of TAD boundary

Insulation score was calculated in each 40 kb bin by GEN-
OVA tools, then local minimum search within 120 kb was
performed. We assigned 40-kb bins with local minimum to
TAD boundaries if the score differences between bins lo-
cal minimum and bins with local maxima was greater than
0.3. In this condition, we got a high reproducibility of TAD
boundary between biological replicates (>88%).

Clustering of genomic regions by chromatin modifications

Logy(ChIP/Input) of H3K9me3 in WT iMEFs and
H3K27me3 in WT and 5KO iMEFs, and average DNA
methylation levels in WT and 5KO iMEFs were calculated
in each 250 kb bin. Next, each bin was classified to A or
B compartment using Hi-C PC1 values from WT iMEFs.
k-means clustering with k£ = 5 was performed on A and B
compartment, independently by kmeans function in R.

Interaction between TAD type

We assigned the cluster that occupies the most space to
the TAD. The observed/expected values of interaction fre-
quency between 40 kb bins were obtained by Dump func-
tion in Juicer Tools (23). The observed /expected values were
averaged for each TAD combination. Then, we further aver-
aged the values for each TAD type combination to produce
heatmap in Figure 3C.

ChIP-seq analysis

Adaptor sequences and low quality bases in reads were
trimmed using Trim Galore version 0.3.7 (http://www.
bioinformatics.babraham.ac.  uk/projects/trim_galore/).
Then trimmed reads were aligned to the mouse GRCm38§
genome assembly using bowtie version 0.12.7 (28) with
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default parameters. Duplicated reads were removed using
samtools version 0.1.18 (29).

RNA-seq analysis

Adaptor sequences and low quality bases in reads were
trimmed using Trim Galore version 0.3.7 (http://www.
bioinformatics.babraham.ac.  uk/projects/trim_galore/).
To calculate RPM values in each 250 kb bin, trimmed
reads were aligned to the mm10 genome build using bowtie
version 0.12.7 with —m 1. Duplicated reads were removed
using samtools version 0.1.18. The number of mapped
reads in each 250 kb bin was counted by featureCounts
(30), then, RPM values in each 250 kb bin was calculated.
To identify differentially expressed genes or repeats, the
trimmed reads were mapped to the mouse GRCm38
genome assembly using TopHat (v2.1.1) with —g 1 (31).
After read mapping, the number of reads mapped in genes
or repeats was counted by TEtranscripts (v1.4.11) with
default parameters) (32). We performed two biological
replicates for RNA-seq and identified DE genes and repeats
by DESeq2 (adj. P-value < 0.05, FC > 2) (33).

WGBS analysis

Adaptor sequences and low quality bases in reads were
trimmed using Trim Galore version 0.3.7 (http://www.
bioinformatics.babraham.ac.  uk/projects/trim_galore/).
The trimmed reads were mapped to the mouse GRCm38
genome assembly using Bismark v0.14.1 with single-end
and non-directional mapping parameters (34). The methy-
lation level of each CpG site was calculated as follows:
number of methylated reads/number of total reads. To
calculate DNA methylation levels in each 250 kb bin, we
averaged the DNA methylation levels of CpG sites within a
bin. We performed two biological replicates for WGBS and
averaged methylation levels between the replicates in each
250-kb bin was used for the downstream analysis.

Visualization of NGS data

The Integrative Genomics Viewer (IGV) (35) was used to vi-
sualize NGS data. For Hi-C contact matrix and correlation
matrix, we used Juicer Tools (23).

Statistical analysis

All methods for statistical analysis and P-values in this
study are described in each figure legend and included in
each figure, respectively.

RESULTS

Establishment of H3K9 methylation complete deficient
iMEFs

We previously established Setdbl, Suv39hl and Suv39h2
triple-KO (TKO) iMEFs lacking H3K9me3 (16). To estab-
lish a cell line with complete loss of H3K9 methylation, we
introduced Cas9 and gRNAs targeting exon 26 of Ehmtl
and Ehmt2, which encode the SET domain of GLP or G9a,
respectively, into TKO iMEFs (Supplementary Figure Sla)
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and isolated four clones with compound mutations for all
five H3K9 methyltransferases (5 KO iMEFs). Western blot
and DNA sequencing analyses validated Eimtl and Ehmit2
KO (Supplementary Figure S1b, c¢). We confirmed that
H3K9 methylation was undetectable in SKO iMEFs using
western blot and mass spectrometry (MS) analyses (Supple-
mentary Figure S1d, e).

The most prominent heterochromatin domains in mice
are formed across major satellite repeats around cen-
tromeric regions called pericentromeres. Pericentromeric
heterochromatin regions can form clusters in interphase nu-
clei, termed chromocenters, which can be visualized using
nucleic acid staining reagents such as Hoechst 33342 and
DAPI. When we applied this method to cells expressing
a TALE probe specific for major satellite repeats (20), we
found no apparent differences in the Hoechst dense pattern
of major satellite repeats between WT and SKO cells (Sup-
plementary Figure S1f). We also performed EM to deter-
mine whether electron-dense heterochromatin was present
in the nuclei of WT, TKO and 5KO iMEFs. We found hete-
rochromatin at the nuclear periphery in the WT, TKO, and
5KO iMEFs, although one of the SKO iMEF clones (#55)
appeared to have less heterochromatin (Supplementary Fig-
ure S1g; see below for quantitative analysis). These results
suggest that heterochromatin organization is largely main-
tained even without H3K9 methylation.

Redistribution of H3K27me3 after the loss of H3K9 methy-
lation

To verify whether other repressive chromatin modifica-
tions contribute to heterochromatin formation in the
H3K9me2/3-marked regions after the inactivation of all
H3K9 methyltransferases, we analyzed DNA methylation,
H3K9me2/3, and H3K27me3 in WT and 5KO iMEFs by
whole-genome bisulfite sequencing (WGBS) and ChIP-seq,
respectively. We observed that H3K9me3 and H3K27me3
were segregated (Figure 1A), and although their respec-
tive modification intensities were strongly inversely corre-
lated (Figure 1B, left panel), analysis at a 250 kb bin res-
olution indicated that relatively high levels of H3K27me3
were present in the H3K9me3 positive B compartment
regions. Moreover, the extent of H3K27me3 enrichment
in the H3K9me3-marked B compartment regions was in-
creased in 5KO iMEFs. In contrast, DNA methylation lev-
els were significantly decreased in both A and B compart-
ments, with a more significant reduction observed in com-
partment B (Figure 1A, B). In the B compartments of
WT iMEFs, H3K9me3 increased with distance from the
A/B boundary, peaked approximately 1.5 Mb away, and
remained at high levels, whereas H3K27me3 was the high-
est near the A/B boundary, decreased as the distance in-
creased, reached its lowest level at approximately 1 Mb
from the boundary, and maintained a low level further
away from the boundary (Figure 1C). In contrast, in the
5KO iMEFs, where H3K9 methylation was absent, the de-
crease in H3K27me3 away from the boundary became shal-
low, reaching a minimum of approximately 2.5 Mb away;
however, this reduction was not evident in the B compart-
ments at greater distances (Figure 1C). RNA-seq analysis of
WT and 5KO iMEFs revealed that the transcribed regions
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Figure 1. Redistribution of H3K27me3 after the loss of H3K9 methylation. (A) Representative view of invading H3K27me3 to regions targeted by
H3K9me3 after the loss of H3K9 methylation. The regions highlighted by red and blue represent invasion of H3K27me3 and transcription-associated
maintenance of DNA methylation, respectively. (B) Scatter plots of correlation between H3K9me3 or H3K9me2 and H3K27me3 enrichment in WT
iMEFs, and H3K27me3 enrichment or DNA methylation levels between WT and 5KO iMEFs in each 250 kb bin. Each plot is colored by Hi-C PC1 value
in WT iMEFs. (C) LOESS smoothing line plots between distance from the A compartments and enrichment of H3K9me3 in WT iMEFs, H3K27me3 in
WT iMEFs and H3K27me3 in 5KO iMEFs. Data from each 250 kb bin in the B compartments was used for this analysis. (D) LOESS smoothing line plots
between DNA methylation levels in SKO iMEFs and RNA expression in WT iMEFs or SKO iMEFs. DNA methylation levels in 5KO iMEFs was positively
correlated with RNA expression levels in both WT and SKO iMEFs. (E) LOESS smoothing line plots between DNA methylation levels in SKO iMEFs
and enrichment of H3K27me3 in 5KO or H3K9me3 in WT iMEFs. DNA methylation levels in 5KO iMEFs was negatively correlated with H3K27me3
and H3K9me3 enrichment. (F) Summary of epigenome profiles in the B compartments after the loss of H3K9 methylation.
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Figure 2. Impairment of heterochromatin organization by the depletion of both H3K9 and H3K27 methylation. (A) Western blotting analysis of
H3K27me3 in WT and 5KO iMEFs treated with or without DS3201 for 7 days. (B) Hoechst staining in WT and 5KO iMEFs treated with or without
1 pM DS3201 for 7 days. 26.9% of DS3201-treated SKO iMEFs showed loss of chromocenters. A scale bar (5 pm) is indicated in each micrograph. (C)
EM analysis in WT (3—-12), TKO and 5KO (#14 and #55) iMEFs treated with or without 1 wM DS3201 for 7 days. Some nucleoli are indicated as ‘no’.
Arrowhead indicates electron-dense heterochromatin. A scale bar (S5um) is indicated in each micrograph. In the box plots (n = 10 each), the medians
are shown by center lines. Box limits indicate the 25th and 75th percentiles and whiskers extend 1.5 times the interquartile range from the 25th and 75th
percentiles. P values < 0.05 by Student’s 7-test (unpaired, two-tailed) are indicated.

in the B compartments had higher DNA methylation in
SKO than WT iMEFs (Figure 1D), and these highly DNA
methylated regions had low H3K9me3 levels in WT iMEFs
and low H3K27me3 levels in SKO iMEFs (Figure 1E). Al-
though resistance against H3K27me3 invasion inside the
transcribed B-compartment regions existed (Figure 1A, F),
the redistribution of H3K27me3 into the B-compartments
in SKO iMEFs prompted us to investigate the function of
H3K27me3 in H3K9me2/3-marked heterochromatin orga-
nization after the loss of H3K9 methylation.

Loss of both H3K9me2/3 and H3K27me3 impaired hete-
rochromatin organization

For this purpose, we used DS3201, which has been reported
to effectively inhibit the H3K27 methyltransferase EZH1/2

(36). Western blotting and mass spectrometry analyses con-
firmed that treatment of 5KO iMEFs with 1 puM DS3201
for 7 days reduced H3K27me3 and H3K27me2 levels to
less than 0.2% and 1.6%, respectively, compared to un-
treated cells (Figure 2A, Supplementary Figure S2). De-
spite losing H3K9 and H3K27 methylation, DS3201 treat-
ment did not affect cell growth in SKO iMEFs (Supple-
mentary Figure S3a). First, we investigated the effect of
H3K9 and H3K27 methylation loss on the transcriptome
using RNA-seq analysis with two biological replicates in
WT and 5KO iMEFs treated with or without DS3201. We
confirmed the reproducibility of gene expression profiles
using principal component analysis (PCA) (Supplemen-
tary Figure S3b). Differentially expressed genes and repeats
in each sample identified by TEtranscripts (FDR < 0.05,
logy(FC) > 1) (32) showed that the most significant number
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of genes and repeats were dysregulated in DS3201-treated
5KO iMEFs among all samples (Supplementary Figure
S3c) and that 40.4% (1167/2887) and 37.7% (447/1183)
of up- and down-regulated genes in DS3201-treated 5SKO
iMEFs were specific to this condition (Supplementary Fig-
ure S3d). Thus, the H3K9 and H3K27 methylation path-
ways cooperatively regulate both genes and repeats. We also
found that the Zscan4 gene cluster was upregulated only
in DS3201-treated SKO iMEFs and that H3K27me3 was
enriched over the cluster region in 5KO iMEFs but not in
WT iMEFs (Supplementary Figure S3e). This result sug-
gests that H3K27me3 redistribution compensates for H3K9
methylation-mediated gene silencing after the loss of H3K9
methylation.

Next, to investigate whether heterochromatin organi-
zation was impaired by removing H3K27me3 from 5KO
iIMEFs, we performed Hoechst 33342 staining of WT and
5KO iMEFs treated with DS3201. A total of 13.4% (#14)
to 27.0% (#55) of DS3201-treated SKO iMEFs showed loss
or drastically decreased chromocenter formation, whereas
the chromocenter was maintained in DS3201-treated WT
iMEFs (Figure 2B). Automated analysis of chromocenters
using NODeJ (19) also showed a decrease in the number,
volume, and intensity of chromocenters in DS3201-treated
5KO iMEFs (Supplementary Figure S4a—c). We also per-
formed EM analysis to examine how electron-dense hete-
rochromatin regions in the nucleus were affected by DS3201
treatment in WT, TKO, and 5SKO iMEFs (Figure 2C). The
areas of electron-dense heterochromatin regions in the nu-
clei were 11% and 9.0% in WT and TKO iMEFs, respec-
tively, and increased to 15% and 12%, respectively, upon
DS3201 treatment. In the 5KO iMEFs clones, heterochro-
matin regions (8.3% and 6.0% in #14 and #55, respectively)
significantly decreased to 6.5% and 3.0%, respectively, upon
treatment with DS3201 (Figure 2C). Thus, heterochromatin
condensation is significantly impaired by the loss of both
H3K9me2/3 and H3K27me3.

We further validated how much transcriptional regula-
tion is important for the compensation function of the redis-
tributed H3K27me3 to the heterochromatin formation after
the loss of H3K9 methylation. We found that H3K27me3
enrichment in SKO iMEFs, which is largely different from
that in WT iMEFs, was more strongly correlated with differ-
ences in Hi-C PCl1 values between SKO + DS and 5KO than
with RNA expression differences between SKO + DS and
5KO (Supplementary Figure S5). Moreover, linear model
analysis of changes in Hi-C PC1 values between SKO and
5KO + DS, based on RNA expression changes (logx(FC))
and H3K27me3 accumulation in 5KO, revealed that expres-
sion changes explained only 9% of the PC1 Hi-C variation.
In comparison, H3K27me3 accumulation explained over
30%. Therefore, we conclude that the contribution through
transcriptional regulation in maintaining heterochromatin
formation carried by the redistributed H3K27me3 is lim-
ited, if any.

Deformation of the nuclear lamina in 5KO iMEFs

We also examined nuclear lamina formation in H3K9 and
H3K9 + H3K27 methylation-depleted SKO iMEFs be-
cause, as reported recently, deformation of nuclear lamina

was described in H3K9 depleted iMEFs (15). The lamin
A/C meshwork of the nuclear lamina in WT, Setdbl KO,
Setdbl/Suv39hi/Suv39h2 TKO, and 5 KO (#14 and #55)
iMEFs were examined using indirect immunofluorescence.
The proportion of TKO and 5KO iMEF nuclei with en-
larged lamin meshes was higher than that of the WT iMEF
nuclei (Supplementary Figure S6a). These structural alter-
ations in the nuclear lamina were similar to those found in
lamin A/C- or lamin B1-depleted cells (37,38) without a de-
crease in the expression levels of these lamins in SKO iMEFs
(Supplemental Figure S6b). In contrast to the SKO iMEFs,
the enlarged mesh of Setdh! KO iMEF nuclei was less ev-
ident than that of WT iMEF nuclei (Supplementary Fig-
ure S6a), which is a bit inconsistent with a previous report
(15). Next, when WT and SKO #55 MEFs were treated with
DS3201, the proportion of SKO MEFs positive for the en-
largement of mesh size increased by approximately two-fold
compared to control iMEFs treated with DMSO (Supple-
mentary Figure S6c¢); this effect was not observed in WT
iMEFs. Finally, we examined whether the lamin B1 mesh-
work was also affected in SKO iMEFs, as seen for the lamin
A /C meshwork, and found that the lamin B1 meshwork was
similarly affected in SKO iMEFs with or without DS3201
treatment (Supplementary Figure S6d). These results indi-
cate that the loss of H3K9 and H3K9me3 + H3K27 methy-
lation causes heterochromatin impairment and deforma-
tion of the nuclear lamina. Simultaneously, we cannot rule
out that lamina disruption is the main driver of changes in
heterochromatin organization.

Loss of both H3K9me2/3 and H3K27me3 reduced
heterochromatin-euchromatin segregation

To further investigate the impairment of heterochromatin
organization in DS3201-treated SKO iMEFs, we performed
in situ Hi-C analysis of WT and SKO (#55) iMEFs treated
with or without DS3201. DS3201-treated SKO iMEFs
showed weakened compartmentalization (Figure 3A) and
a weakened bimodal pattern of Hi-C PC1 values (Sup-
plementary Figure S7a), suggesting segregation of the B
compartment from the A compartment was weakened in
DS3201-treated SKO iMEFs. To characterize the genomic
regions where the three-dimensional genome structure was
impaired in each condition, we divided the A and B com-
partment regions into five clusters mainly based on DNA
and histone methylation status in 250 kb bins (Figure 3B,
see Materials and Methods). ChIP-seq analysis showed
higher lamin A/C enrichment in compartment B than in
compartment A (Figure 3B), consistent with previous re-
ports (39). DNA methylation levels in WT iMEFs were gen-
erally lower in the B compartments than in the A com-
partments, consistent with the frequent overlap of partially
methylated DNA regions with the B compartments in dif-
ferentiated cells (40). Although both B-1 and B-2 showed
high H3K9me3 enrichment and lamin A/C association in
the B compartments, other epigenetic, genomic, and 3D
genome profiles were largely different between these clus-
ters (Figure 3B). In particular, the density of L1 transposons
and A/T content ratios were much higher in B-1 than in B-2
(the highest among all clusters); H3K9me2 and H3K27me3
in WT iMEFs were also higher in B-1 than in B-2, whereas

$20z Aienige4 g0 uo Jasn Alisiealun ewiysnyo] Aq /€51912/0619/Z1/1S/e0Ne/eu/woo dnooiwspeoe//:sdiy woll papeojumoq



Nucleic Acids Research, 2023, Vol. 51, No. 12 6199

A Contact frequency (chr3:1-180M)
WT++DS 5KO+DMSO 5KO+DS

B
D B-1(2,071)
B-2 (543)

3
s B-3(1,215)
o
R B-4 (815)
S [l B 85 (525)
A-1(910)
" A-2(1,068)
Pearson correlation (chr3:1-180M) A-3(1,082)
A-4 (964)
A-5 (418)
(@]
2 E ctEgegzsg
= ¥ 2 X a'da
: SEEESSE 2t i
T n=un
£ SEsuggggeases
= Sgz<EEEgSTED ey
o9 - ES g~ c< 2 0 2
[Shr-y N RO ]
To Esx¢ gaF O  ColumnZScore
T coTT 2 =
T
WT WT+DS 5K0 5KO+DS M
B-1 & B-1 K3 BN et o5 15 25
= B B2 | | B2 N B2 B2
9 B-3 B-3 B-3 B-3 Observed/
9 B4 B4 B4 B-4 Expected
< B B B5 B s
oY At Im A1 A1 A1
% 2 A2 A2 A2 ] A2
> g A3 A3 A3 A3
S 2 A4 A4 A4 1 A4
o Q
& 0 A5 AS ] A5 AS
s THN2YQTNRYY cONOYTeecagnye AR D] IR D
'; OO oDooDdgd<aC<I<C Do ooog<gdg<aC<gC OO oo adCIC<aCIC O 00 o0 g << <
(8]
o
9 B B B-1 B-1
€ B2 B2 B-2 [ ] B2 4 g 1
o B3 B3 B3 B2 Ditference from
< o B4 B4 B4 B4 WT
= o
c 85 B-5 B-5 B-5
g A A At A
= A-2 A2 A2 A2
o A3 A3 A3 A3
A4 A4 A4 A4
AS A5 A5 AS
THR YO TNy Y R R R RN R R
LR T e e I B O S O ¢ T - R I 4 mmm;uﬁqqqqq
WT+DMSO WT+DS 5KO+DMSO 5KO+DS
Contacts
1000
750
500
: 250
70Mb 75Mb BOMb B85Mb 90Mb 70Mb 75Mb B0Mb B5Mb 90Mb 70Mb 75Mb BOMb B85Mb 90Mb 70Mb 75Mb BOMb B5Mb 90 Mb 0
] = ] " = ] - = n . B2

Figure 3. Impairment of heterochromatin-euchromatin segregation by the depletion of both H3K9 and H3K27 methylation. (A) Interaction matrix (top)
and Pearson correlation matrix (bottom) of Hi-C data from WT and 5KO iMEFs treated with or without DS3201 along chromosome 3. Bin size is 500 kb.
DS3201-treated SKO iMEFs showed weakened compartmentalization between heterochromatin and euchromatin. (B) Heatmap of epigenetic and genetic
features of each cluster. A and B compartments were further divided into five clusters mainly based on the HiC PCI values (highest to lowest: A-5 > A-1
and B-5 > B-1) and other epigenetic and genetic features. The values for each feature were averaged for each cluster, then the averaged values were Z-
scaled. The Z-scaled values are shown as the heatmap. (C) Heatmap of interaction between clusters. Each TAD was classified using cluster information in
Figure 3B, then averaged Observed/Expected values of interaction frequency for each combination of TAD clusters are represented as a heatmap (top).
The bottom heatmap shows the difference of the averaged Observed/Expected values from WT iMEFs (bottom). (D) Representative regions for B-2 TAD
interaction. The pyramid plots represent interaction frequency within chr15: 70 000 000-90 000 000. Red arrow heads represent B-2-to-B-2 interaction and
blue boxes represent B-2 TADs.
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Hi-C PCl1 values in mESCs (16) were higher in B-2 than
in B-1 (Figure 3B, Supplementary Figure S7b). Notably,
4.0% and 27.3% of B-1 and B-2 were the A compartments
in mESCs, respectively, which suggests that B-2 tends to be
a cell type-specific B compartment.

Next, we characterized the chromatin interactions be-
tween clusters. Since chromatin interacts on a topologically
associating domain (TAD)-by-TAD basis, we identified the
TAD boundary in WT iMEFs and classified TAD using
the cluster information shown in Figure 3B (Supplemen-
tary Figure S7¢, d). More than 100 TADs were identified
for each type (Supplementary Figure S7e). The heatmap of
the interaction frequency between TAD types shows that
the A compartments were segregated from the B compart-
ments in WT iMEFs. The segregation was weakened in SKO
iMEFs and DS3201-treated SKO iMEFs (Figure 3C). B-
2 TADs interacted strongly with each other and moder-
ately with B-1 and B-3 TADs, all of which showed higher
H3K9me3 enrichment than B-4 and B-5 (Figure 3B, C).
The interaction of B compartment clusters with B-2 de-
creased in SKO iMEFs and further decreased in DS3201-
treated SKO iMEFs (Figure 3C, D). As H3K27me3 was ac-
quired in the B-2 TADs after the loss of H3K9 methylation
(Figure 3B, Supplementary Figure S7f), it is assumed that
H3K27me3 redistribution maintains the B-2 TAD-related
interactions after the loss of H3K9 methylation. In the B
compartments, decreased inter-TAD interactions in SKO
iMEFs were mainly observed in B-2 TADs, and the in-
teractions among other clusters, such as inter B-3 TADs
and inter B-4 TADs, were also decreased in DS3201-treated
5KO iMEFs (Figure 3C). Thus, the global impairment of
heterochromatin interactions is caused by the depletion of
H3K9 and H3K27 methylation.

Although the interactions between TADs were signifi-
cantly altered in DS3201-treated SKO iMEFs, there were
no noticeable changes in the genomic distribution of TAD
boundaries, as indicated by the similarity in the distribu-
tion of insulation scores along chromosomes across samples
(Supplementary Figure S8a). However, the insulation score
at the TAD boundary was found to have increased in SKO
iIMEFs (Supplementary Figure S8b), suggesting that insu-
lation at the TAD boundary was weakened in SKO cells.
We observed decreased interaction frequency within TADs
in 5KO iMEFs (Supplementary Figure S8c, d), particularly
evident in the interactions between TAD boundaries (Sup-
plementary Figure S8d). Notably, further weakened insu-
lation and decreased intra-TAD interactions were not ob-
served after treatment with DS3201 in 5KO iMEFs (Sup-
plementary Figure S8b, d). Thus, intra-TAD interactions
and insulation were impaired in SKO iMEFs regardless of
H3K27me3 redistribution.

Epigenetic and genetic features of compartment conversion
and lamin A /C dissociation induced by the depletion of H3K9
and H3K27 methylation

Next, we investigated the impairment of 3D genome orga-
nization after the depletion of H3K9 and H3K27 methy-
lation from the viewpoint of the nuclear compartment and
localization in the nuclear periphery using Hi-C PC1 values
and lamin A /C enrichments in 250 kb bins. DS3201-treated

5 KO iMEFs exhibited the most significant impairment in
Hi-C PC1 values and lamin A/C enrichment (Supplemen-
tary Figure S9a). Despite the negative correlation between
the changes in Hi-C PC1 values and lamin A/C enrich-
ment caused by DS3201 treatment in SKO iMEFs (Supple-
mentary Figure S9b), lamin A/C enrichment was more se-
vere impairment than Hi-C PC1 values in DS3201-treated
5KO iMEFs (Supplementary Figure S9a). We observed it
increased Hi-C PC1 values and decreased lamin A/C en-
richment in the B-2 cluster of SKO iMEFs (Figure 4A, B),
while DS3201-treated SKO iMEFs showed increased Hi-C
PC1 and decreased lamin A/C enrichment also in the B-3
and B-4 clusters (Figure 4A, B). We also observed the over-
all maintenance of both Hi-C PC1 values and lamin A/C
enrichment in the B-1 cluster, even in DS3201-treated SKO
iMEFs (Figure 4A, B), indicating that epigenetic pathways
other than H3K9 and H3K27 methylation complemented
or functioned in parallel with these pathways.

The impairment of Hi-C PC1 values resulted in weak-
ened compartment formation and compartment conver-
sion (Figure 4C), and B-to-A conversion was correlated
with lamin A/C dissociation (Figure 4C). Among the 5169
250 kb bins in the B compartments in WT iMEFs, 219,
453 and 760 250 kb bins showed B-to-A conversion in
DS3201-treated WT iMEFs, SKO iMEFs, and DS3201-
treated SKO iMEFs, respectively. We also identified a 250
kb bin where lamin A/C was converted from enriched
(logy(ChIP/Input > 0)) in WT iMEFs to non-enriched
(logz(ChIP/Input < 0)) in each sample. Among the 4277
lamins A/C-enriched 250 kb bins in WT iMEFs, 261,
644 and 1256 250 kb bins showed a loss of lamin A/C
enrichment in DS3201-treated WT iMEFs, SKO iMEFs,
and DS3201-treated SKO iMEFs, respectively. Even when
we analyzed the frequencies of B-to-A conversion and
lamin A/C dissociation for each cluster, the frequencies
of B-to-A conversion and lamin A/C dissociation in all
B-compartment clusters, except for the B-5 cluster, were
the highest in DS3201-treated SKO iMEFs (Supplemen-
tary Figure S9c). We noticed that the frequency of lamin
A/C dissociation was approximately six times higher than
the frequency of B-to-A conversion in the B-1 cluster in
DS3201-treated SKO iMEFs (Supplementary Figure S9c).
Thus, B-1 clusters are resistant to compartment conversion,
but a subset of B-1 clusters can be detached from the nuclear
periphery without compartment conversion after depletion
of both H3K9 and H3K27 methylation.

Next, we investigated the differences between B-to-A-
switched regions and lamin A/C-dissociated regions. Con-
sistent with the B-1 cluster being characterized by low
Hi-C PC1 values in mESCs and high L1 density (Figure
3B), B-to-B unswitched regions were less frequently asso-
ciated with iMEF-specific B compartments (Supplemen-
tary Figure S9d) and had higher L1 density (Supplemen-
tary Figure S9e, upper panels) than B-to-A-switched re-
gions. Although L1 density was significantly higher in lamin
A/C-maintained regions than in lamin A /C-dissociated re-
gions in DS3201-treated SKO iMEFs (Supplementary Fig-
ure S9¢), the lamin A /C-dissociated regions were frequently
located in high L1 density regions (top 25% of L1 den-
sity) at a frequency similar to that observed in the B-to-
B unswitched regions (B-to-B:48.4%, B-to-A:14.7%, lamin
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Figure 4. Features of B-to-A compartment conversion and lamin A/C dissociation in H3K9 and H3K27 methylation depleted cells. (A, B) Heatmaps of
difference in Hi-C PC1 values (A) or difference in lamin A/C enrichment (B) in each sample. The difference of Hi-C PC1 values or lamin A/C enrichment
between samples were calculated in each 250 kb bin, then these values were averaged for each cluster. (C) Representative view of B-to-A changes in DS3201-
treated SKO iMEFs in chr10:10 000 00040 000 000. The upper figure represents Pearson correlation matrix of Hi-C data from WT and DS3201-treated
SKO iMEFs, and the bottom figure represents Hi-C PCI1 values and epigenetic profiles in this genomic region. Genomic regions surrounded by green
and orange boxes represent B-to-A switched and B-to-B unswitched regions, respectively, in DS3201-treated 5SKO iMEFs, respectively. (D) Representative
lamin A/C dissociated regions without compartment conversion in DS3201-treated SKO iMEFs. (E) Two types of the DS3201-treated SKO iMEFs specific
lamin A/C dissociated regions (named SDSLs) in the B-to-B unswitched group. Type I region, Type I was adjacent to a region (named as Type I-N) at
which lamin A/C association was absent in WT and 5KO (£DS3201) iMEFs. Type 11 region, Type II was adjacent to a region (Type I1I-N) at which lamin
A/C was associated in WT but lost in SKO (£DS3201) iMEFs. The number shown in the bottom represents the number of each analyzed regions. (F)
Box plots of H3K27me3 enrichment in WT iMEFs (left) or SKO iMEFs (center), and H3K9me3 enrichment in SKO iMEFs (right). (G) Box plots of
RNA expression levels of WT (left) and 5KO (right) iMEFs in each region. RNA expression levels were calculated as logo(RPKM) in each 250 kb bin. (H)
Summary of epigenome and lamin A/C dissociation profiles in Type I and Type II regions. In the box plots shown in Figure 4, the medians are shown by
center lines. Box limits indicate the 25th and 75th percentiles and whiskers extend 1.5 times the interquartile range from the 25th and 75th percentiles. P
values by Tukey’s test (unpaired, two-tailed) are indicated.
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A/C dissociated:41.0%, lamin A/C maintained:49.9%). We
also observed B-to-A switched regions near the A compart-
ments in WT iMEFs, compared to the lamin A/C dissoci-
ated regions without compartment conversion in DS3201-
treated 5SKO iMEFs (Supplementary Figure S9f). Thus,
genomic regions characterized by low L1 density and lo-
cated near the A compartments tended to show compart-
ment conversion. In contrast, high L1 density and located
far from the A compartments were more dissociated from
the nuclear membrane without compartment conversion in
DS3201-treated SKO iMEFs. Regardless of the different
features of lamin A/C dissociation and compartment con-
version, both were associated with increased RNA expres-
sion (Supplementary Figure S9g).

We also found that lamin A/C dissociation, observed ex-
plicitly in DS3201-treated SKO iMEFs without compart-
ment conversion, frequently occurred near detached lamin
A/C regions in WT and 5KO iMEFs (Figure 4D, Sup-
plementary Figure S9h). To further investigate this find-
ing in detail, the DS3201-treated SKO iMEF-specific lamin
A/C dissociated regions were classified into two types; one
(named Type I) was adjacent to a region (named Type I-
N) at which the lamin A/C association was absent in WT
and 5KO (£DS3201) iMEFs, while the other type, Type
II, was adjacent to a region (Type II-N) at which lamin
A/C was associated in WT, but was lost in SKO (+DS3201)
iMEFs (Figure 4E). Histone modification profiles in each
region showed that H3K27me3 in WT iMEFs was en-
riched only in Type I regions, whereas Type II regions ac-
quired H3K27me3 in SKO iMEFs (Figure 4F). In contrast,
H3K9me3 was absent in WT iMEFs only in type I-adjacent
regions (Type I-Ns) (Figure 4F). Transcription profiles of
each region showed that Type I-Ns were highly transcribed
in WT iMEFs but not in other regions (Figure 4G), whereas
Type 1I-Ns were transcriptionally activated in 5KO iMEFs
(Figure 4G). These data suggest that H3K27me3 prevents
the expansion of lamin A/C dissociation caused by the ac-
tivation of neighboring transcriptions (Figure 4H).

We also performed ChIP-seq analysis of lamin B1, a dis-
tinct nuclear lamina protein, and revealed that its distri-
bution resembled that of lamin A/C in all samples, indi-
cating considerable disruption of its interaction with the
nuclear envelope due to the loss of H3K9/K27 methyla-
tion (Supplementary Figure S10). In addition, redistribu-
tion of H3K27me3 and impairment of the spatial organiza-
tion of heterochromatin were consistently observed in an-
other 5KO clone, clone 14 (Supplementary Figure S11).

H3K27me3 regulates the spatial organization of hete-
rochromatin independently of H2AK119 monoubiquitylation
(H2Aub)

Finally, we investigated the role of H2Aub, another
polycomb-mediated repressive chromatin modification, in
heterochromatin organization after the loss of H3K9
methylation. H2Aub is mediated by the E3 ubiquitin lig-
ases RING1A and RING1B, which are components of the
polycomb group (PcG) complex 1 (PRC1). H2Aub may be
involved in heterochromatin organization after the loss of
H3K9 methylation because it has been reported that H2Aub
is also redistributed to the chromocenter after the loss of

H3K9me3 (41,42). Consistent with this report, catch-seq
analysis of H2Aub in WT and 5KO iMEFs showed that
H2Aub was redistributed to the B compartment in 5SKO
iMEFs (Figure 5A). We established 5KO + Ringlb KO cell
lines by further inactivating Ringlb based on SKO #55 us-
ing the CRISPR-Cas9 system to investigate the function of
H2Aub in heterochromatin organization after the loss of
H3K9 methylation (Supplementary Figure S12a—). Fur-
ther knockdown of Ringla by shRNA in SKO-Ringlb KO
cells efficiently reduced H2Aub modification (Supplemen-
tary Figure S12d, e). in situ Hi-C analysis of 5KO + Ringlb
KO cells with depletion of RinglA showed different fea-
tures of the Hi-C PCI pattern from DS3201-treated SKO
iIMEFs (Figure 5B) and maintained TAD-TAD interac-
tions in the B compartments (Figure 5C). These results
suggest that H3K27me3 maintains the spatial organiza-
tion of heterochromatin, independent of H2Aub. As men-
tioned, almost all B compartments were maintained in the
DS3201-treated SKO iMEFs. Since H2Aub remained in the
H3K9me2/3-marked B compartments of DS3201-treated
SKO iMEFs (Figure SA), this modification may contribute
to maintaining B compartments after the loss of H3K9 and
H3K27 methylation.

DISCUSSION

Herein, we report the impact of H3K9 and H3K27 methy-
lation on heterochromatin organization by assessing ge-
netic and pharmacological perturbations of histone methyl-
transferases in iMEFs. This is the first report of a global
3D genome and heterochromatin organization analysis in
mammalian cells depleted of two repressive chromatin mod-
ifications, namely H3K9me2/3 and H3K27me3. We showed
that both H3K9 and H3K 27 methylation pathways are crit-
ical for structural and spatial heterochromatin organiza-
tion, including chromocenter formation, heterochromatin-
euchromatin segregation, association with NL, and com-
partment formation. The H3K9 and H3K27 methylation
pathways are required to form B compartments, especially
LI-poor facultative heterochromatin located near the A/B
compartment boundaries (Figure 6). Although the im-
pairment of heterochromatin, characterized by the partial
loss of small electron-dense materials as observed during
EM analysis, was already observed in 5KO iMEFs (Fig-
ure 2C), 6KO iMEFs established in Thomas Jenuwein’s
lab showed more severe heterochromatin impairment than
our 5KO iMEFs (15). There were two major differences
between the 6KO and 5KO cases. The first difference is
that their 6 KO iMEFs lacked Setdb2 in addition to the
five methyltransferases missing from our 5 KO iMEFs.
SETDB2 might have a role in heterochromatin mainte-
nance in our SKO iMEFs, inactivation of Setdb2 was not
required for the complete depletion of H3K9 methylation
in our case. The second difference was that 6KO iMEFs
used 4-hydroxytamoxifen (4OHT)-inducible conditional
Setdbl KO in Suv39hl/Suv39h2 /Ehmtl | Ehmt2/Setdb2 KO
iIMEFs, and the heterochromatin states 4 days after the
treatment of 4OHT. Although an increase in H3K27me3
was also observed in their 6KO iMEFs (15), the compen-
sation of heterochromatin maintenance by PRC2-mediated
H3K27 methylation after the complete loss of H3K9 methy-
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Figure 5. Functional independence of H3K27me3 and H2Aub in heterochromatin regulation. (A) Genomic distribution of H2Aub in WT, SKO and
DS3201-treated SKO iMEFs. (B) PCA plots of Hi-C PC1 values of 250-kb bin in WT, 5KO, DS3201-treated SKO, and 5KO-Ringl/b KO + shRingla
iMEFs. (C) Heatmap of interaction between clusters. Each TAD was classified using cluster information in Figure 3B, then averaged Observed/Expected
values of interaction frequency for each combination of TAD clusters were represented as a heatmap.

lation four days after 4OHT treatment might be less efficient
than that in our established SKO iMEFs. These differences
may underlie the differences in heterochromatin states be-
tween the 6KO and 5KO iMEFs.

We found that H3K27me3 was redistributed into the B
compartments after the loss of H3K9 methylation. Our EM
analysis revealed that the DS3201 treatment of 5KO iMEFs
significantly decreased the number of electron-dense re-
gions. While the histone modification status of these regions
remained unclear by EM analysis, the fact that electron-
dense regions did not decrease and increased in WT treated
with DS3201 suggests that H3K27me3 does not signifi-
cantly contribute to the electron-dense formation in WT
iMEFs, but its redistribution in SKO iMEFs contributes sig-
nificantly to the formation of electron-dense regions. How-
ever, even in this case, it is unclear how H3K27me3 can com-
pensate for the chromatin condensation function mediated
by H3K9 methylation after depletion of H3K9 methylation.
If the B-4 region is the main H3K27me3-marked faculta-
tive B heterochromatin, B-4 is more L1-poor/GC-rich and
gene-rich than the B-1 and B-2 subregions. In the B-4 re-

gions, H3K27me3 is insufficient for chromatin condensa-
tion, but H3K27me3 may replace the chromatin condensa-
tion function of H3K9me2/3 in the B-1 and B-2 regions.
The redistribution of H3K27me3 linked to the deple-
tion of H3K9me3 has been reported in both Neurospora
crassa and mammals (17,18,43). In mice, constitutive het-
erochromatin formed by pericentromeric satellite repeats
(PCH) is rich in H3K9me3, mediated by SUV39H1/2 and
devoid of H3K27me3. Suv39hi/2 DKO mouse cells exhibit
a loss of H3K9me3 in the PCH, accompanied by reduced
DNA methylation and a gain of H3K27me3 in the PCH
(44). The redistribution of H3K27me3 to PCH is also in-
duced by DNA hypomethylation, and BEND3, a DNA
methylation-sensitive DNA-binding protein, is necessary
for the PRC2 recruitment to hypomethylated PCH (44).
Redistribution of H3K27me3 to H3K9me3-target regions
in hypomethylated DNA states has also been observed in
other physiological conditions, such as early mouse em-
bryo and germ cell development (42,45,46) and during cel-
lular senescence (47). In our SKO iMEFs, DNA methyla-
tion decreased, especially in the B compartments, but not
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Figure 6. Summary of epigenome and 3D genome changes in H3K9/K27 methylation deficient cells. (Top) Degree of heterochromatin-euchromatin segre-
gation was maintained after the loss of H3K9 methylation, but was significantly weakened in DS3201-treated 5KO iMEFs. (Middle) B-to-A compartment
conversions in 5SKO and DS3201-treated SKO iMEFs were frequently occurred in the B compartments near A /B compartment boundary. Such regions had
both H3K9me and H3K27me3 in WT iMEFs and L1 poor and the compartment conversion was frequently associated with lamin A/C dissociation and
transcriptional activation. (Bottom) In SKO iMEFs, interaction frequency at loops was decreased, suggesting regulation of loop formation by H3K9me.
In addition, transcriptional activation associated lamin A/C dissociation was observed in internal of the B compartments in SKO iMEFs, which was not
accompanied by compartment conversion. H3K27me3 was enriched around lamin A/C dissociated regions in 5KO iMEFs and the dissociated regions

were expanded in DS3201-treated SKO iMEFs.

in transcriptionally active regions. In mouse oocytes, DNA
methylation in transcriptionally active regions is retained by
SETD2-mediated H3K36me3, and Setd?-deficient oocytes
show H3K27me3 invasion into the gene body (48). Thus,
DNA methylation may restrict the spread of H3K27me3
in both active and inactive regions. In addition to DNA
methylation, H3K27me3 invasion was less effective in the
B compartments far from the A/B compartment bound-
aries in 5KO iMEFs (Figure 1C). As H3K27me3 tended
to be enriched in the A/B compartment boundaries in WT
iMEFs, H3K27me3 invasion may have been induced mainly
by spreading from the existing H3K27me3 regions in 5KO
iMEFs.

We also revealed the strengthening of heterochromatin,
as indicated by an increase in the number of chromo-
centers (Supplementary Figure S4b), the volume of chro-
mocenters (Supplementary Figure S4c), electron-dense re-
gions under the electron microscope (Figure 2C), and B-
2-related interactions (Figure 3C), through DS3201 treat-
ment in WT iMEFs. A recent study conducted by Aryee and
Liau examining the impact of H3K27me3 loss (treatment
with GSK343, another EZH2 inhibitor) on 3D genome

organization found that H3K9me3 spreads to Polycomb-
targeted B regions (H3K27me3-marked PcG-B regions) fol-
lowing H3K27me3 loss, resulting in lamina repositioning
and strengthening of the B compartments; therefore, genes
in the PcG-B regions are not derepressed (49). Thus, similar
to H3K27 methylation, H3K9 methylation also responds to
H3K27 methylation loss and compensates for H3K27 func-
tion in heterochromatin configuration.

We found that the H3K9 or H3K27 methylation pathway
is sufficient for heterochromatin condensation and main-
taining long-range interactions, but how? HPI binds to
methylated H3K9 (highest to H3K9me3) and condenses
chromatin (9-13). HP1 depletion in Drosophila embryos
results in weakened compartmentalization of the B com-
partments (14). H3K27me3 is recognized by a chromod-
omain protein in the canonical PRC1 (50-52), which me-
diates H2AK 119 monoubiquitylation and chromatin com-
paction (53-55). Since PRCI1 also regulates long-range
(>10 Mb) promoter interactions (56), PRC1 may func-
tion downstream of H3K27me3 in heterochromatin orga-
nization after the loss of H3K9 methylation. However, our
analysis of 5KO-RinglA/B-depleted cells showed that at
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least H2Aub was not required for H3K27me3-mediated
heterochromatin-euchromatin organization. Since struc-
tural maintenance of the chromosome hinge domain con-
taining 1 (Smchdl) is a noncanonical SMC protein that reg-
ulates chromatin compaction and long-range interactions
of H3K27me3-marked genomic regions, such as the inac-
tive X chromosome and Hox gene cluster (57-60), Smchdl
and other components of PRC1 besides Ringl A/RinglB
may control H3K27me3-dependent heterochromatin orga-
nization redundantly or independently.

Although heterochromatin-euchromatin segregation is
globally impaired in iMEFs depleted of both H3K9 methy-
lation and H3K27me3, L1-rich, A/T-rich, and gene-poor
B-1 regions of the B compartment are largely maintained,
indicating the presence of H3K9 and H3K27 methyla-
tion pathway-independent mechanism(s) for B compart-
ment formation; PRC1 (56), RNAs (61,62), histone acety-
lation (63), replication timing (RT) (8) and the nuclear
lamina (39,64) may be involved. Concerning RT control,
the master regulator of RT, RIF1, is mainly enriched in
late-replicating H3K9me3-riched B compartment regions
(8,65) and B compartment regions showing RT switch
resistance to RIF1 depletion are partially induced to a
late-to-early replication switch when H3K9me3 is depleted
(8,65), suggesting that H3K9/K27 methylation and RIF1
may contribute redundantly to the heterochromatinization
of B-1 regions, which may be maintained if either one
is functional. Furthermore, as active chromatin modifica-
tions, such as H3K27ac, remain depleted even after the
loss of H3K9/K27 methylation in the B compartments
(data not shown), the HDAC pathway may maintain the
B compartments after the loss of H3K9/K27 methylation.
The characteristics of the B-1 region are a feature of cell
type-independent constitutive LADs (cLADs) (66), and the
present findings help understand the formation of cLADs.
Various factors have been speculated to be involved in form-
ing nuclear compartments. It is expected that all forms of
H3K9 methylation and H3K27me3 depleted cells estab-
lished in this study will be valuable resources for investi-
gating the entire mechanism of nuclear compartmentaliza-
tion. Our study provides evidence for the redundant regu-
lation of heterochromatin organization mediated by H3K9
and H3K27 methylation pathways.
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