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Abstract

Pericentromeric heterochromatin (PCH), constitutive heterochromatin of pericentric regions,

plays crucial roles in various cellular events, such as cell division and DNA replication. PCH

forms chromocenters in the interphase nucleus and chromocenters further cluster at the

prophase of meiosis. This chromocenter clustering has been reported to be critical for normal

meiosis progression, especially for synapsis formation. However, the underlying molecular

mechanism of chromocenter clustering remains elusive. In this study, I found that global DNA

hypomethylation, ShmC enrichment in PCH, and chromocenter clustering of Dnm¢1-KO ESCs

were similar to those of female meiotic germ cells. I revealed 7et/ was essential for the

deposition of facultative histone marks of H3K27me3 and H2AK119ub at PCH and the

chromocenter clustering in Dnmt/-KO ESCs. In this situation, RING1B, one of the core

components of PRCI was recruited to PCH by 7et/ and PRCI played a critical role in the

chromocenter clustering. Rearrangement of chromocenter under the hypomethylated condition

was mediated by liquid-liquid phase separation in Dnm¢1-KO ESCs. I also found 7et/-KO mice

showed chromocenter clustering abnormality at the meiotic prophase. Therefore, I

demonstrated a novel role of 7et/ in the chromocenter rearrangement in DNA hypomethylated

cells.
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1. Introduction

1.1. Pericentric heterochromatin and chromocenter organization

Pericentromere, a chromosomal region located on both sides of centromere contains species-

and chromosome-specific sequences that differ in nucleotide sequence and repetitive length.

Yeast (S. pombe) pericentromeric region consists of dg and dh repetitive sequence in all 3

chromosomes (P. C. Li et al., 2013). The mouse genome is consisting of 20 chromosomes, and

they share the 234-bp AT-rich repetitive sequence, called major satellite repeat (Fig.1A)

(Almouzni & Probst, 2011; Choo et al., 1989). Unlike the mice genome, the human genome

contains different classes of repetitive sequences which are divided in to six families: 1 to 3

and o to y (Francastel & Magdinier, 2019). In spite of the difference across species, it is

conserved that the pericentromeric region plays a role in genomic stability, suppression of

abnormal recombination during meiosis, and formation of the silent region in nuclear

(Francastel & Magdinier, 2019).

In mammals, the pericentromeric region harbors high levels of trimethylation of histone H3

lysine 9 (H3K9me3), trimethylation of histone H4 lysine 20 (H4K20me3), and DNA

methylation at the C-5 Position of Cytosine (5SmC). These epigenetic marks interact with the

heterochromatin protein (HP1) family and form silent regions as constitutive heterochromatin.

At the interphase of the cell cycle, pericentromeric heterochromatin (PCH) of different

chromosomes aggregate and form the chromocenter, which is visible as 4’6-diamidino-2-
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phenylindole (DAPI)-dense foci in the nucleus (Fig.1B) (Almouzni & Probst, 2011). The
organization of chromocenters including their position, size, and number in the nucleus are
different among individual cell-types and are subject to change during the differentiation (Brero

et al., 2005; Novo et al., 2016).

A
Teromere Pericentromere Centromere
/
b
Teromere
"""""""" Major satellites Minor satellite
(234 bp) (120 bp)
—>——p—————>—>—>
B
Chromocenter
Pericentromeric
heterochromtin
(PCH)
Facultative
heterochromatin
/Euchromatin
Interphase cell Mitotic cell

Figure 1. Mouse chromatin architecture
(A): Schematic diagram of major and minor satellite repeats in pericentromeric and
centromeric compartments. (B): Pericentromeric heterochromatin of different

chromosomes cluster together in chromocenter during interphase.

1.2. Biological significance of chromocenter clustering

One of the most striking re-organization is called chromocenter clustering, an accumulation,

and gathering of chromocenters. A couple of factors has been identified to affect the

chromocenter clustering. For example, MeCP2 and MBD?2 localize to chromocenter and induce
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the clustering during myogenesis, and NANOG is recruited to chromocenter by SALL1 and

controls chromocenter clustering via its transactivation domain in embryonic stem cells (ESCs)

(Brero et al., 2005; Novo et al., 2016). The biological significance of these particular

chromocenter organization remains unclear. However, chromocenter clustering has been

reported to be important for functional acquisition or normal differentiation in specific type of

cells, such as rod cells and meiotic germ cells. Rod cells of rodents are observed as a single

chromocenter in the center of the nucleus with highly clustered chromocenters, which is known

as inverted chromocenter (Solovei et al., 2009). This clustered chromocenter is common in

nocturnal and crepuscular animals, such as opossum, cat, and rabbit, and acts as collecting

lenses that efficiently transmit light to the light-sensing rod outer segment (Solovei et al., 2009).

Chromocenter clustering is also functional in the germ cells at the meiotic prophase, in which

clustering occurs preceding centromere clustering. (Takada et al., 2011). Chromocenter

clustering occurs in both males and females and HP1y and G9a have been reported as critical

factors in males (Takada et al., 2011). In male meiosis, HP1y regulates G9a localization to

chromocenter, and this cascade is critical for chromocenter clustering at the meiotic prophase.

Depletion of HPIly affects the subsequent meiotic process of centromere -clustering,

homologous chromosome pairing, and synapsis formation, suggesting chromocenter clustering

is a crucial step for normal meiosis progression (Takada et al., 2011). However, the underlying

molecular mechanism of chromocenter clustering of female meiotic germ cells remains elusive.
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1.3. DNA methylation cycle and Tet family

DNA methylation level at PCH has been reported to link nuclear organization, including

chromocenter clustering (Brero et al., 2005; Gilbert et al., 2007). Three types of DNA-

methyltransferases (DNMTs) have been reported to catalyze SmC in mice; de novo methylase

DNMT3A and DNMT3B, and maintenance methylase DNMT1 (E. Li & Zhang, 2014). Loss

of DNMT family causes global hypomethylation of CpG sites. In the wild-type ESCs, 82% of

CpG sites are methylated, while it is reduced to 18% in the DnmtI-KO ESCs and 0.4% in the

Dnmt1/3a/3b-TKO ESCs (triple knock out of Dnmtl, Dnmt3a, and Dnmt3b) (Tsumura et al.,

2006). Ten-eleven translocation (TET) family (TET1, TET2, and TET3) have been identified

as a dioxygenase that converts SmC to 5-hydroxymethylcytosine (ShmC), 5-formylcytosine

(5fC), and S-carboxylcytosine (5caC) (X. Wu & Zhang, 2017). TET-mediated iterative

oxidation is reported to play a role in the loss of SmC either through the glycosylation by TDG

followed by a base excision repair or DNA replication-dependent dilution (Fig.2A) (X. Wu &

Zhang, 2017).

TET proteins show cell-type-specific expression: 7et!/ expresses in ESCs, primordial germ

cells (PGC), and neuronal cells, Tet2 is also detected in ESCs and differentiated cells such as

hematopoietic stem cells, Tet3 highly expresses in the zygote and neuronal cells (Yang et al.,

2020). TET1 and TET3 have CXXC domains that can bind to unmethylated CpG but TET2

lacks CXXC domain during evolution and separated CXXC domain express as independent
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gene Idax (Fig.2B). In addition, TET proteins have multiple roles not only in a catalytic
activity-dependent but also -independent manner. For example, TET1 associates with SIN3A
and NuRD complex as well as pluripotency factors such as NANOG, PRDM14, and LIN2S,
and regulates the specific genes expression (Costa et al., 2013; Okashita et al., 2014; Shi et al.,
2013; Zeng et al., 2016). Considering that enrichment of ShmC in PCH of meiotic germ cells
became undetectable in 7et/-KO mice, TET1 would access to PCH locus under this

circumstance but its biological function is poorly understood (Yamaguchi et al., 2012)

A
DNMTs TET B TET TET 4
C = 5mC —>w—> —> (5caC
A  DNA replication | | |
DNA repair pathway
B Catalytic domain
)
TET1 ] B 2039aa
CXXC Cys-rich DSBH

TET2 EHE 1,921 2a

Cys-rich DSBH

ers A EHE 10 2

CXXC Cys-rich DSBH

Figure 2. DNA methylation cycle and TET family structure

(A): The cycle of DNA methylation. DNMT family converts unmethylated cytosine to SmC.
SmC is converted to ShmC, 5fC, and 5caC by TET-mediated oxidation. Through DNA
repair pathway and DNA replication-dependent dilution, modified cytosine back to its
unmodified state. (B): Domain structure of mouse TET1 proteins. TET1 and TET3 have the
CXXC domain at N-terminal. All TET proteins have Cysteine-rich (Cys-rich) domain and

double-stranded B-helix (DSBH) domain which possess oxidation catalytic activity.



1.4. The role of Polycomb group proteins in spatial genome organization

Polycomb group (PcG) repressor proteins play important roles in developmental gene

regulation and facultative heterochromatin formation (Simon & Kingston, 2013). Polycomb

repressive complex 1 (PRC1) has an activity to ubiquitinate the lysine 119 of histone H2A

(H2AK119ub), which is catalyzed by ubiquitin E3 ligase RING1A and RING1B (RNF2).

PRC2 deposited histone H3 lysine 27 trimethylation (H3K27me3) through the

methyltransferase EZH2.

PRC1 and PRC2 act synergistically to suppress the transcription of target genes; PRC2-

mediated H3K27me3 is recognized by PRC1, while H2ZAK119ub leads to recruitment of PRC2

(Blackledge et al., 2014; Cooper et al., 2014). Accumulation of PRC1 and PRC2 establish a

long-range interaction between PcG-bound loci and form a huge protein-DNA complex named

PcG body, which is detectable as puncta in the nucleus (Denholtz et al., 2013; Isono et al.,

2013; Pachano et al., 2019; Schoenfelder et al., 2015). PcG proteins have been reported to

associate with nuclear structural proteins, Lamin A/C but not Lamin B, this interaction

contributes to PcG body assembly and spatial chromatin organization (Cesarini et al., 2015).

Moreover, ectopic PcG localization to chromocenters has been reported in DNA

hypomethylated ESCs and cancer cells but their affection to chromocenter organization

remains unknown (Cooper et al., 2014; Hall et al., 2017; Saksouk et al., 2014).



1.5. Liquid-liquid phase separation and heterochromatin organization

Liquid-liquid phase separation (LLPS) is characterized by spontaneous demixing of

homologous solution into two phases. Proteins with low complexity intrinsically disordered

domain (LCDR) mediate multivalent weak interaction, such as hydrophobic and electrostatic

(pi/pi, cation/pi, and etc.) interactions, and these interactions promote and stabilizes LLPS.

LLPS is involved in multiple biological phenomena through the formation of membrane-less

organelles and functional drops; transcriptional regulation through super-enhancers and PcG

bodies, stimulation response of DNA damage repair and autophagy, and developmental process

such as homologous chromosome pairing (Ding et al., 2019; Noda et al., 2020; Plys et al.,

2019; Sabari et al., 2018; Tatavosian et al., 2019; Wheeler et al., 2016).

LLPS is also believed to contribute to the formation of constitutive heterochromatin

formation through H3K9me3 binding proteins (L. Wang et al., 2019). Heterochromatin protein

o (HP1a), one of the major chromocenter proteins, has been reported to form LLPS-driven

droplets in vitro (Larson et al., 2017; Strom et al., 2017). However, HP1a foci were resistant to

the treatment of 1,6-hexanediol, aliphatic alcohol that disrupts the hydrophobic interaction of

LLPS (Strom et al., 2017). Therefore, established heterochromatin is believed to comprise

mostly immobile compartments rather than purely liquid structures.
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In this study, I found that ESCs with hypomethylated DNA showed deposition of facultative

heterochromatin marks in PCH and chromocenter clustering. Deposition of S5hmC,

H2AK119ub, and H3K27me3 in PCH of the hypomethylated ESCs were all abrogated by the

deletion of Tetl. Moreover, I found TET1-PRC1 axis was critical for the chromocenter

clustering in the hypomethylated ESCs. I also demonstrated DNA hypomethylation-dependent

chromocenter clustering was driven by LLPS. Tet/ also plays a critical role in female germ

cells at meiotic prophase. Thus, these finding revealed a novel function of 7et/ on the

rearrangement of heterochromatin triggered by the loss of DNA methylation.
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2. Material and method

2.1. ESCs culture

Wild-type and KO ESCs (J1 strain) were maintained in the Glasgow modified Eagle’s

medium (GMEM) containing high glucose supplemented with 10% fetal calf serum, 100 U/mL

mouse LIF, 2-mercaptoethanol, L-glutamine, and penicillin/streptomycin, 3 pM CHIR99021

(Chemscene) and 1 uM PD0325901 (CAYMAN) on gelatin-coated culture plates. Dnmt1-KO

and Dnmt1/3a/3b-TKO ESCs were provided by Dr. Okano (Tsumura et al., 2006) (Kumamoto

University, Japan).

2.2. Generation of knockout cell lines

All knockout ESC lines were established through the CRISPR/Cas9 system. ESCs were

transfected with a mixture of px330-puro vectors containing specific sgRNA targeting each

gene (Table.l). Successful depletion of target genes was verified using genotyping PCR,

western blotting, and immunocytochemical analyses.

As for the depletion of RinglA/IB, Dnmtl1-KO ESCs was transfected with a mixture of

px330-Puro vector containing sgRNA targeting RinglA/IB (Table S1). For selection, ESCs

were cultured with 1 ug/mL puromycin for 2 d. Subsequently, the cells were cultured for

recovery without puromycin for 1 d. The cells were then harvested and used for surface spread

preparation.
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2.3. Epigenome editing experiments

The fragment for sgRNA targeting the major satellite repeat (Table.1) was inserted into the
pPlatTET-gRNA?2 vector (addgene #82559). The scFv-only vector was generated by
removing the Tet1-CD domain from this plasmid. These plasmids were linearized by Apall
and transfected into E14 ESCs to establish a stably expressing cell line. ESCs were
maintained in GMEM containing high glucose supplemented with 10% fetal calf serum, 100

U/mL mouse LIF, 2-mercaptoethanol, L-glutamine, and penicillin/streptomycin.

Table.1 sgRNAs used in this study

SgRNA target Target sequence (5' to 3) Application
Tetl exon 4 GGCTGCTGTCAGGGAGCTCA KO
Major satellite repeat GAAATGTCCACTGTAGGACG dCas9 recruitment

Ezh2 upstream of 5'UTR AGTATGGCACGCCGGAGAAG KO
Ezh2 upstream of 3'UTR TCCCCAGGGTACAAGTTGGC KO
Ringla upstream of 5UTR  TGCAGCTGCGGCCGGCTTTC KO

Ringla upstream of 3UTR  TCACCTTCCTATTTACAACC KO
Ringlb exon 4 TCAACCATTAAGCAAAACAT KO
Ringlb exon 8 AAAAGCTCATTTGTGCTCCT KO

2.4. Surface spread and immunocytochemistry

ESCs and gonadal cells were dissociated and placed on a glass slide dipped in a fixation
solution of 1% paraformaldehyde (PFA) in distilled water (DW) (pH 9.2) containing 0.15%
Triton X-100 and 3 mM dithiothreitol. Slides were then incubated overnight at 4 °C for a

fixation. The slides were then washed in 0.4% Photoflo (Kodak) in DW and dried at room
13



temperature. The samples were washed with 0.1% Triton X-100/PBS (PBS with Tween 20;
PBST) and treated with 0.5% Triton X-100 for 20 min. After washing with PBST, the samples
were incubated with 3% BSA and 2% goat serum in PBST (blocking buffer). Samples were
then incubated with primary antibodies diluted in blocking buffer, washed, and incubated with
appropriate secondary antibodies. Immunofluorescence was visualized using an LSM880 (Carl

Zeiss).

2.5. Mice and surface spread for germ cells

Tetl heterozygous mice (Tet! ™) with Oct4-GFP reporter were established by the mating with
Oct4-GFP strain (Yoshimizu et al., 1999). Germ cells were detected by Oct4-GFP expression
and purified by FACS. Then, cells were washed with PBS once and fixed on the slide as
described above. Meiotic germ cells at E15.5 and E16.5 were dissociated by trypsin and washed

with PBS, followed by a fixation on the slide.

2.6. Immunocytochemistry for RING1B and TET1 detection using culture slide

For immunostaining against RING1B and TET1, ESCs were plated in a culture slide
(Corning, #354118) and cultured for 1 d before immunostaining. ESCs were fixed with 4%
PFA for 5 min at room temperature, followed by permeabilization with 0.5% Triton X-100/PBS

for 20 min and 45 min for RING1B and TET1, respectively. They were then incubated with the
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primary antibodies diluted in the blocking buffer at 4 °C overnight and 3 d for RING1B and

TETI, respectively. The samples were washed with PBST and incubated with the secondary

antibodies.

2.7. Antibodies

Primary antibodies used in this study include rabbit anti-5ShmC (Active Motif, #39769),

mouse anti-5SmC (Active Motif, #39649), rabbit anti-H3K9me2 (Abcam, ab1220), rabbit anti-

H3K9me3 (Abcam, ab8898), mouse anti-H3K27me3 (Wako, MABI0323), rabbit anti-

H2AK119UDb (Cell signaling, #8240), mouse anti-yH2AX (Sigma-Aldrich, 07-164), mouse

anti-SCP3 (Santa Cruz, sc-74569), rabbit anti-SCP3 (Novus, NB-300-232), mouse anti-HP1y

(Invitrogen, MA3-054), human anti-Centromere Protein (CREST) (Antibodies Incorporated,

15-235), rabbit anti-TET1 (Millipore, 09-872), rabbit anti-EZH2 (Cell signaling, #5246) and

rabbit anti-RING1B (Cell signaling, #5694). Secondary antibodies used in this study include

Alexa Flour 488 goat anti-mouse IgG, Alexa Flour 488 goat anti-rabbit IgG, Alexa Flour 568

goat anti-mouse IgG, Alexa Flour 568 goat anti-rabbit IgG, Alexa Flour 647 goat anti-human

IgG (Invitrogen).
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2.8. Live-cell imaging

The Dnmt1-KO ESCs stably expressing hKO1-HP 1y was established by the transfection of

the linearized CAG- hKO1-HP1y expressing plasmid. Time-lapse fluorescence microscopy

was performed using an upright OLYMPUS confocal microscope (SpinSR10) with an x100 oil

immersion lens. Images were taken every 2 min and processed using cellSens (OLYMPUS)

and IMARIS (Carl Zeiss) software.

2.9. Hexanediol treatment

To disrupt LLPS, 1,6-hexanediol (Nacalai Tesque, 17913-72) or 2,5-hexanediol (TCI,

HO0100) at a final concentration of 10% was added to the ESC suspension. After 1 min of

incubation at room temperature, the cells were placed on a glass slide dipped in the fixative.

For the recovery experiment, 1,6-hexanediol treated cells were diluted with a 100-fold volume

of ESC culture medium and incubated for 1 h in a humidified incubator at 37 °C, followed by

the fixation on a glass slide.
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3. Results

3.1. Epigenetic and chromocenter remodeling of female germ cells and Dnmt1-KO ESCs

First, | analyzed HP1y and H3K9me2, which was catalyzed by G9a H3K9 methyltransferase

at meiotic prophase in female germ cells. PCH forms clusters in the nuclei of both male and

female germ cells at the meiotic prophase. HP1y and G9a, both of which are highly enriched

in the chromocenter in male germ cells, play a critical role in the clustering of PCH and

homologous chromosome pairing in male gonocytes (Takada et al., 2011). In contrast, although

HP1y showed specific and consistent localization to PCH, H3K9me2 was depleted in PCH of

female germ cells (Figure 3A and 3B). This distinct enrichment pattern of epigenetic marks

suggests that the clustering of PCH in male and female germ cells is regulated by different

mechanisms.

I then hypothesized that the difference in DNA methylation levels at the meiotic stage would

contribute to the sex difference of chromocenter clustering, because it affects the nuclear

architecture (Madakashira & Sadler, 2017). To test this hypothesis, | analyzed the Dnmt1-KO

ESCs (Tsumura et al., 2006). PCH of the Dnmt1-KO ESCs was highly clustered to form large

chromocenters in the nucleus, and their number was significantly lower than that of the wild-

type ESCs (Fig.4A and 4B). This result was consistent with the previous report showing that

hypomethylation caused chromocenter clustering (Gilbert et al., 2007). Condensed
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chromocenter of the Dnmt1-KO ESCs retained strong enrichment of HP1y, which is similar to

meiotic germ cells (Fig.3A and 4A).

Meanwhile, 5hmC was enriched in the PCH of the Dnmt1-KO ESCs, which was also

observed in the primordial germ cells (PGCs) during the epigenetic reprogramming phase

(Fig.4C) (Yamaguchi et al., 2013). The relative enrichment score of 5ShmC at PCH in the

Dnmt1-KO ESCs was about two times more than that of the wild-type ESCs (1.21 v.s. 0.62)

(Fig.4D). These results demonstrated that the Dnmt1-KO ESCs exhibited similar features to

that of female germ cells, such as global hypomethylation, PCH-5hmC, and clustered

chromocenter, to some extent. Therefore, | assumed that Dnmt1-KO ESCs is a good cell model

to study the molecular mechanism of epigenetic state of meiotic germ cells.
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Figure 3. The enrichment of HPlyand the depletion of H3K9me2 from the
chromocenter of female meiotic germ cells

(A), (B): Representative immunostaining images of surface-spread nuclei at individual
stages of the first meiotic prophase. Female germ cells were harvested from E15.5-E16.5
embryos. Scale bar, 5 um.
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Figure 4. Tetl-dependent chromocenter clustering and 5hmC deposition at PCH in DNA
hypomethylated ESCs

(A): Representative immunostaining images of surface-spread nuclei of the wild-type, Dnmt1-
KO and Dnmt1/Tet1l-DKO ESCs. (B): Boxplot showing the number of distinct chromocenter
in the nuclei of ESCs, related to (A). In boxplots, the enter lines show the medians; box limits
indicate the 25th and 75th percentiles, and whiskers extend 1.5 times the interquartile range
from the 25th and 75th percentiles. Actual values are indicated by circle. Wild-type, n = 55;
Dnmt1-KO, n=64; Dnmt1/Tet1-DKO, n = 64. (C): Representative immunostaining images of
surface-spread nuclei of the wild-type, Dnmt1-KO and Dnmt1/Tetl-DKO ESCs. The yellow
squares indicate the enlarged areas shown on the right. The white dashed circles indicate the
PCH. (D), (E): Quantification of immunostaining of 5hmC (D) and 5mC (E), related to (C).
The enrichment score is calculated by the average signal intensity of 5hmC and 5mC at PCH
that is labeled as a strong DAPI signal, normalized by the entire chromosome. An average of 3
chromosomes was calculated for each cell. n = 20 per cell line. (F): Representative
immunostaining images of the wild-type, Dnmt1-KO and Dnmt1/Tet1-DKO ESCs. The yellow
squares indicate the enlarged areas shown on the right. The white dashed circles indicate the
chromocenter. ESCs were plated in a culture slide and cultured for 1 d before immunostaining.
P values were calculated using the Mann—Whitney U-test. *P < 0.001, **P < 0.01, ***P <
0.05. Scale bar, 5 um.

3.2. Tetl is critical for PCH-5hmC deposition and chromocenter clustering

Considering that TET1 is critical for the acquirement of PCH-5hmC in the PGCs and highly
expressed in ESCs, | focused on the function of TET1 (Yamaguchi et al., 2012).
Immunocytochemical analysis demonstrated that TET1 was slightly but significantly enriched
in the chromocenter of the Dnmt1-KO ESCs compared to the wild-type ESCs (Fig.4F). Taken
together, | hypothesized that TET1 was responsible for the gain of 5hmC at PCH and play a
role in chromocenter clustering in DNA hypomethylated cells. To validate this hypothesis, |
knocked out Tetl in the Dnmt1-KO ESCs by CRISPR-mediated mutagenesis and the depletion

of TET1 protein was confirmed by immunocytochemistry (Fig.4F) (H. Wang et al., 2013).
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Enrichment of 5hmC in PCH of the Dnmt1/Tet1l-DKO ESCs was significantly decreased

compared to the Dnmt1-KO ESCs and was comparable to that of the wild-type ESCs (0.54 v.s.

0.62) (Fig.4D). In contrast, 5mC enrichment in PCH of the Dnmt1/Tet1-DKO ESCs was about

twice more than that of the wild-type ESCs (16.4 v.s. 8.1) (Fig.4E). These results exhibited that

TET1 actively oxidizes 5mC to 5ShmC at PCH in the Dnmt1-KO ESCs. Remarkably, Tetl

depletion brought about the dispersed pattern of chromocenters and the increase of the number

was comparable to the wild-type ESCs (Fig.4A and 4B). These results demonstrated that Tetl

is critical for chromocenter clustering in DNA hypomethylated ESCs.

To investigate whether the chromocenter clustering is mediated by catalytic activity-

dependent or -independent function of TET1, was important for the chromocenter clustering, |

analyzed the Dnmtl1/3a/3b-TKO ESCs which harbor no detectable 5mC nor 5hmC

(Szwagierczak et al., 2010; Tsumura et al., 2006). Chromocenter clustering of the

Dnmt1/3a/3b-TKO ESCs was similar to those of the Dnmt1-KO ESCs (Fig.4A and 5A). In

contrast, chromocenters of Dnmt1/3a/3b/Tet1-QKO (quarto knock out of Dnmtl, Dnmt3a,

Dnmt3b, and Tetl) ESCs were dispersed in the nucleus and its number was significantly more

than that of the Dnmtl1/3a/3b-TKO ESCs (Fig.5B). The number of chromocenter of the

Dnmt1/3a/3b/Tetl-QKO ESCs was essentially same as that of the wild-type and the
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Dnmt1/Tetl-DKO ESCs (Fig.4B and 5B). These results demonstrate that 5hmC and the

catalytic activity of TET1 were dispensable for the chromocenter clustering.

CREST DAPI CREST DAPI

Wild type

-TKO

Dnmt1,3a,3b Dnmt1,3a,3b
/Tet1-QKO

Figure 5. 5hmC was not dispensable for Tetl-dependent chromocenter clustering

(A): Representative immunostaining images of surface-spread nuclei of the wild-type,
Dnmt1/3a/3b-TKO, and Dnmt1/3a/3b/Tet1-QKO ESCs. Scale bar, 5 um. (B): Boxplot
showing the number of distinct chromocenter in the nuclei of ESCs, related to (B). Wild-
type, n = 55; Dnmt1/3a/3b-TKO, n = 99; Dnmt1/3a/3b/Tet1-QKO, n = 55. P values were
calculated using the Mann—Whitney U-test. *P < 0.001.
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3.3 Induction of chromocenter clustering by the forced recruitment of TETI

To address TET1 localization to PCH is sufficient to induce chromocenter clustering, |

carried out an experiment recruiting TET1 to PCH by the epigenome editing method (Morita

et al., 2016). This dCas9-SunTag system recruits TET1 catalytic domain (CD) to single-guide

RNA (sgRNA) targeted regions through anti-GCN4 scFv domains by tethering dCas9-fused

GCN4 (Fig.6A) (Morita et al., 2016). | designed sgRNA targeting major satellite repeats to

recruit TET1-CD to PCH. A whole cassette without SgRNA and scFv-only cassettes were used

as negative controls (Fig.6B and 6D).

As shown in Fig.6B and 6C, 5hmC was strongly enriched in PCH of the TET1-CD recruited

ESCs but was absent in PCHs of negative control ESCs and TET1 catalytic dead mutant (CD-

mut) recruited ESCs. These results verified that TET1-CD was successfully recruited to PCH

in a sgRNA-dependent manner. Chromocenters were clustered and their number was

significantly decreased in not only TET1-CD recruited ESCs but also TET1-CD-mut recruited

ESCs (Fig.6D and 6E). These results clearly showed that the recruitment of TET1-CD to PCH

was sufficient to induce chromocenter clustering in its catalytic activity-independent manner.
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Figure 6. Forced recruitment of TET1-CD to PCH induces 5hmC deposition at PCH
and chromocenter clustering

(A): Schematic illustration of the epigenome editing experiment. GCN4 was conjugated
with catalytically-dead Cas9 (dCas9) which was recruited to PCH by the sgRNA targeting
major satellite repeat. GCN4 was targeted by scFv conjugated with TET1-CD. (B):
Representative immunostaining images of surface-spread nuclei of the ESCs expressing
scFv-only, dCas9 control, Tet1-CD and Tet1-CD-mut cassette. The yellow squares indicate
the enlarged areas shown on the bottom. The white dashed circles indicate the PCH. (C):
Quantification of immunostaining of 5hmC, related to (B). n = 30 per cell lines.

(Legend continued on next page)
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(D): Representative immunostaining images of surface-spread nuclei of the ESCs
expressing individual cassette. (E): Boxplot showing the number of distinct chromocenter
in the nuclei of ESCs expressing individual cassette, related to (C). scFv-only, n = 56;
dCas9 control, n = 103; Tet1-CD, n = 105; Tetl-CD-mut, n = 34. P values were calculated
using the Mann—Whitney U-test. *P < 0.001. Scale bar, 5 um.

3.4. Contribution of PRCs to chromocenter clustering in the DNA hypomethylated ESCs

Polycomb factors would the core of chromocenter clustering mediated by Tetl because of

the aggregate-forming ability and the co-localization with TET1 (Neri et al., 2013). TET1
distribution overlaps with PRC2 and H3K27me3 in mouse ESCs (Neri et al., 2013). The loss
of DNA methylation has been demonstrated to induce PRC2 and H3K27me3 enrichment in
PCH (Cooper et al., 2014; Saksouk et al., 2014). Consistently, H3K27me3 at PCH, which was
depleted in the wild-type ESCs, was increased in the Dnmt1-KO ESCs (Fig. 7A and 7B). In
contrast, the immunocytochemical analysis showed that the level of H3K27me3 of the
Dnmt1/Tet1-DKO ESCs was lower than that of the Dnmt1-KO ESCs and was similar to that of
the wild-type ESCs (Fig.7A and 7B). These results suggested that Tet1 plays a role in recruiting
PRC2 to PCH under the DNA hypomethylated condition.

| then depleted Ezh2, which is the core subunit of PRC2, in the Dnmt1-KO ESCs to test

whether PRC2 was critical for the chromocenter clustering (Fig.7C). Neither EZH2 nor

H3K27me3 were detectable by immunostaining in two independent Dnmt1/Ezh2-DKO ESC

clones (Fig.7D). However, the pattern of chromocenter clustering was quite different between
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these two clones; one clone showed no significant increase, whereas the other clone showed a

slight but significant increase (Fig.7E). Even if there are some, PRC2 would have only a limited

contribution to the chromocenter clustering under the DNA hypomethylated state.

H2AK119ub, which was catalyzed by PRC1, was enriched in PCH of the Dnmt1-KO ESCs

as previously reported (Fig.8A and 8B) (Cooper et al., 2014). RING1B, the central component

of PRC1, was also increased in the chromocenter of the Dnmt1-KO ESCs (Fig.8C). In contrast,

the signal intensity of RING1B was decreased and H2AK119ub was undetectable in PCH of

the Dnmt1/Tet1-DKO ESCs (Fig.8A and 8C). These data showed that Tetl plays a critical role

in the recruitment of both PRC1 and PRC2 to the chromocenter and regulated the epigenetic

state of PCH under DNA hypomethylated condition.

To test whether PRC1 was involved in chromocenter clustering, | targeted RinglA and

Ring1B, which are core components of PRC1 (Kang & Chun, 2020). It was almost impossible

to establish stable RinglA/1B-DKO ESC lines because of the proliferation defect and

differentiated phenotype of the Ringla/b-depleted ESCs (Endoh et al., 2008). Then, I analyzed

the Dnmt1/RinglA/1B-TKO ESCs shortly after the introduction of the CRISPR cassette

encoding Cas9 and sgRNAs (Fig. 8D).

ESCs with depleted Ring1A/1B should have been detectable as H2AK119ub-negative cells

since H2AK119ub synthesis completely depends on RING1A/1B (Endoh et al., 2008).

Although H2AK119ub-negative cells were not detectable in the control wild-type or Dnmt1-
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KO cells, such cells appeared 4 d after the transfection of the CRISPR cassette (Fig. 8E). These
H2AK119ub-negative cells showed a dispersed pattern of chromocenter, and its number was
comparable to that of the wild-type ESCs (Fig. 3C and 3D). Notably, HP1y enrichment at PCH
did not change in the Dnmt1/Ring1A/1B-TKO ESCs, suggesting that HP1y was dispensable for
chromocenter clustering under DNA hypomethylated condition. These results demonstrate that
Tetl-dependent localization of PRC1 to PCH is one of the molecular bases of chromocenter

clustering in DNA hypomethylated ESCs.
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Figure 7. Minor effect of depletion of PRC2 on chromocenter clustering

(A): Representative immunostaining images of surface-spread nuclei of the wild-type,
Dnmt1-KO and Dnmt1/Tetl-DKO ESCs. The yellow squares indicate the enlarged areas
shown on the right. The white dashed circles indicate the PCH. (B): Quantification of
immunostaining of H3K27me3, related to (A). n = 20 per cell line. (C): Schematic
illustration showing the design of sgRNA and genotyping PCR for the deletion of Ezh2
(top). Results of genotyping PCR confirming the successful deletion of whole Ezh2 gene
locus. (D): Representative immunostaining images of surface-spread nuclei of the wild-
type, Dnmt1-KO and Dnmt1/Ezh2-DKO ESCs. (E): Boxplot showing the number of distinct
chromocenter in the nuclei of ESCs, related to (D). Dnmt1-KO, n = 55; Dnmt1/Ezh2-DKO
#1, n = 32; DKO #2, n=37. P values were calculated using the Mann—Whitney U-test. **P
< 0.01; N.S, no significance, P > 0.05. Scale bar, 5 um.
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Figure 8. Tetl controls PRC1 localization to chromocenter and induces clustering
through PRCL1 in DNA hypomethylated conditions

(A): Representative immunostaining images of surface-spread nuclei of the wild-type,
Dnmt1-KO and Dnmt1/Tetl-DKO ESCs. The yellow squares indicate the enlarged areas
shown on the bottom. The white dashed circles indicate the PCH. (B): Quantification of
immunostaining of H2AK119ub, related to (A). n = 20 per cell line. (C): Representative
immunostaining images of the wild-type, Dnmt1-KO and Dnmt1/Tetl-DKO ESCs. The
yellow squares indicate the enlarged areas shown on the bottom. The white dashed circles
indicate the chromocenter. The ESCs were plated in a culture slide and cultured for 1 d
before immunostaining. (D): Schematic illustration showing the design of sgRNA for the
depletion of Ring1A (top) and Ring1B (bottom) (E): Representative immunostaining images
of surface-spread nuclei of the wild-type, Dnmt1-KO and Dnmt1/Ring1A/1B-TKO ESCs.
Cells were analyzed at 4 d after the transfection of the CRISPR cassette. (F): Boxplot
showing the number of distinct chromocenter in the nuclei of ESCs, related to (E). Wild-
type, n = 97; Dnmt1-KO, n = 75; Dnmt1/Ringla/1b-TKO, n = 64. P values were calculated
using the Mann—Whitney U-test. *P < 0.001, **P < 0.01. Scale bar, 5 pm.

3.5 Liquid-liquid Phase separation (LLPS) contributes to chromocenter clustering in the

DNA hypomethylated ESCs

Based on the hypothesis that LLPS drives Tet1l-dependent large chromocenter clustering in

DNA hypomethylated ESCs, we carried out real-time monitoring of the dynamic behavior of

the chromocenters. For this purpose, we established ESC lines expressing hKO1-tagged HP 1y

(hKO1-HP1y), which was specifically localized to PCH (Cheutin et al., 2003). Time-lapse

analysis of the Dnmtl-KO ESCs with the hKO1-HP1ly reporter revealed that their

chromocenters underwent fusion and round up and produced larger chromocenters (Fig.9A).

This dynamic change in the nucleus indicated that the chromocenter of DNA hypomethylated

cells possessed the property of liquid-like condensates.
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LLPS-driven condensation can be disrupted byl,6-hexanediol (HD) treatment in vivo

(Tatavosian et al. 2019; Han et al. 2020). | treated ESCs with 1,6-HD and monitored the acute

response of the chromocenter clustering. The number and shape of chromocenter of the wild-

type ESCs were not affected by 1-min treatment of 1,6-HD, when compared to 2,5-HD, which

is an isomer of 1,6-HD and less effective on disrupting LLPS (Fig.9B and 9C). This observation

agreed with the previous study that 1,6-HD showed limited effects on the established

heterochromatin (Strom et al., 2017). In contrast, the number of chromocenter was significantly

increased by 1,6-HD in the Dnmt1-KO ESCs (Fig.9D and 9E). Furthermore, the number of

chromocenters was reduced to a level comparable to that of the untreated or 2,5-HD-treated

Dnmt1-KO ESCs after removal of 1,6-HD (Fig.9D and 9E). Taken together, | conclude that

Tetl-dependent chromocenter clustering in the hypomethylated ESCs was regulated by LLPS.

However, the chromocenter number of the Dnmt1-KO ESCs was still less than that of the wild-

type ESCs even with 1,6-HD treatment (Fig.9C and 9E). It is conceivable that some other

physiological interactions, which are resistant to 1,6-HD play a role in chromocenter clustering

in the Dnmt1-KO ESCs.

31



(@)

CREST DAPI 3 N.S.

1
oL
S5

l‘»q No
Wild type

NN
o » o

-
o

hKO1-HP1y
Wild type
Chromocenter number
wn

o o

H3K9me3

20

CREST
Chromocenter number

-
(3]

-
o

5

0
25HD - *
1,6-HD B -

Recovery . .

Dnmt1-KO

+ o+
+

Figure 9. Liquid-liquid phase separation (LLPS) drives chromocenter clustering in
DNA hypomethylated cells

(A): Series of time-lapse images of Dnmt1-KO ESCs expressing HP1y-hKOL1. The yellow
squares indicate the region highlighted at the bottom panel. HP1y puncta fusion event was
observed as highlighted. Scale bar, 3 um. (B): Representative immunostaining images of
surface-spread nuclei of the wild-type ESCs with 2,5- or 1,6-hexanediol (HD) treatment.
10% of 2,5- or 1,6-HD were treated for 1 min. Scale bar, 5 um. (C): Boxplot showing the
number of distinct chromocenter in the nuclei of wild-type ESCs with 2,5- or 1,6-HD
treatment, related to (B). 2,5-HD treatment, n = 179; 1,6-HD treatment, n = 105. (D):
Representative immunostaining images of surface-spread nuclei of the Dnmt1-KO ESCs
with or without 1,6-HD treatment. 10% of 2,5- or 1,6-HD were treated for 1 min. For the
recovery experiment, cells were incubated in ESC culture medium for 1 h. Scale bar, 5 um.
(E): Boxplot showing the number of distinct chromocenter in the nuclei of Dnmt1-KO ESCs
in the individual condition, related to (D). No treatment, n = 71; 2,5-HD treatment, n = 222;
1,6-HD treatment, n = 217; 1,6-HD treatment with recovery culture, n = 199. P values were
calculated using the Mann—Whitney U-test. N.S.: no significant, P > 0.05. *P < 0.001.



3.6. Chromocenter clustering abnormality in Tetl-KO meiotic germ cells

Next, | asked whether Tetl contributed to chromocenter clustering in the meiotic germ cells

of female, which is in hypomethylated state similar to the Dnmt1-KO ESCs. The number of

chromocenter changed dramatically during meiotic prophase, specifically between early-

leptotene and late-leptotene stages (Fig.10A and 10B). Gradual accumulation of chromocenters

to form larger chromocenter was commonly observed in the wild-type and Tet1-KO germ cells.

However, it was incomplete in the Tet1-KO germ cells and the number of chromocenter was

significantly increased compared to wild-type germ cells at both late-leptotene and zygotene

stages (Fig.10A and 10B). Therefore, Tetl was suggested to be important for the chromocenter

clustering in female germ cells.

| then asked whether Tetl controls chromocenter clustering via PRC1 and PRC2 as seen in

DNA hypomethylated ESCs, | analyzed H2AK119ub and H3K27me3 enrichment in the germ

cells. Unlikely to ESCs, H2AK119ub was enriched in PCH of the Tet1-KO in female germ

cells (Fig.11A and 11B). In contrary, H3K27me3 was depleted in PCH of the Tet1-KO in

female germ cell (Fig.11C and 11D). These results suggested that Tetl is involved in the

chromocenter clustering in both DNA hypomethylated ESCs and female meiotic germ cells,

but their underlying molecular mechanisms are different.
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Figure 10. Tetl-defect female mice show chromocenter clustering abnormality at
meiotic prophase

(A): Representative immunostaining images of surface-spread nuclei at individual stages
of the first meiotic prophase. Meiotic germ cells were classified by Female germ cells were
harvested from E15.5-E16.5 embryos. Scale bar, 5 um. (B): Boxplot showing the number
of distinct chromocenter in the nuclei of the wild-type and Tet1-KO meiotic germ cells at
individual stages, related to (B). Early leptotene, WT n = 27, KO n = 34; Late leptotene,
WT n =23, KO n = 37; Zygotene, WT n = 21, KO n = 33. P values were calculated using
the Mann—Whitney U-test. *P < 0.001, **P < 0.01. WT and KO indicate wild-type and
Tet1-KO, respectively.
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Figure 11. Tetl is important for deposition of H3K27me3 but not H2AK119ub at PCH
of female germ cells

(A): Representative immunostaining images of surface-spread nuclei of the wild-type and
Tet1-KO germ cells at E14.5. The yellow squares indicate the enlarged areas shown on the
right. The white dashed circles indicate the PCH. (B): Quantification of immunostaining of
H2AK119ub, related to (A). Wild-type n = 18; Tetl-KO n = 25. (C): Representative
immunostaining images of surface-spread nuclei of the wild-type and Tet1-KO germ cells
at E14.5. The yellow squares indicate the enlarged areas shown on the right. The white
dashed circles indicate the PCH. (D): Quantification of immunostaining of H3K27me3,
related to (C). n = 39 per samples. P values were calculated using the Mann—Whitney U-
test. *P < 0.001. ***P < 0.05. Scale bar, 5 um.
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DISCUSSION

DNA at PCH region is usually highly methylated and is presumably not targeted by TET

proteins, as evidenced by undetectable ShmC (Ficz et al., 2011). On the contrary, enrichment

of ShmC in PCH was obvious in the Dnmt/-KO ESCs and wild-type PGCs during epigenetic

reprogramming, both of which possessed globally DNA hypomethylated states (Fig.4D)

(Yamaguchi et al., 2013). Although 7et/ and Tet2 are highly expressed in ESCs and PGCs, the

depletion of Tet!] resulted in complete abrogation of PCH-5hmC in the Dnmt1-KO ESCs and

PGCs (Fig.4D) (Yamaguchi et al., 2012). The CXXC domain, which can bind to unmethylated

DNA, is present in TET1 but not in TET2, and this difference may account for the difference

in PCH targeting. On the other hand, since chromocenter clustering occurred in the

Dnmtl1/3a/3b-TKO ESCs and forced recruitment of TET1-CD-mut to PCH induced its

clustering, PCH-5ShmC was suggested to be just a byproduct and not crucial for the

chromocenter clustering.

A gain of facultative heterochromatin marks, such as H3K27me3 and H2AK119ub, at PCH

indicates epigenetic heterochromatin remodeling occurred under the DNA hypomethylated

state. [ demonstrated that 7et! is critical for this DNA hypomethylation-linked heterochromatin

remodeling. A total of 97.2% of PRC2-binding sites overlapped with TET1 binding sites and

72.2% of PRC2 binding was affected by the depletion of 7et/ (H. Wu et al., 2011). Consistent
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with these studies, I found that H3K27me3 level at the PCH was decreased in the Dnmtl/Tetl-

DKO ESCs and female germ cells (Fig.7B and 11D).

I also found that PRC1 recruitment to PCH in the hypomethylated ESCs depends on 7et/

(Fig.8A-C). Given PRCI binds to H3K27me3 through CBX7 in ESCs, localization of PRC1

to PCH would be mediated by PRC2 (Morey et al., 2012). However, enrichment of

H2AK119ub in PCH was more intense than that of H3K27me3 and the phenotype on the

chromocenter clustering in the RinglA/1B-DKO ESCs was more obvious than that of the EzA2-

KO ESCs. Thus, I would like to propose the model that PRCI1 is recruited to PCH by T7et! first,

then PRC2 binds to PRC1-mediated H2AK119ub. This model was supported by the study that

forced recruitment of MBD-EZH?2 to the chromocenter did not lead to H2AK 119ub enrichment

but the recruitment of MBD-RING1B induced H3K27me3 enrichment (Cooper et al., 2014). It

has been also reported that 90% of RING1B targets in ESCs correspond to bivalent promoters,

which are the main targets of TET1 (Ku et al., 2008; X. Wu & Zhang, 2017). It remains open

whether TET1 and PRCI1 interact directly and how they regulate each other.

The PcG body is associated with the enrichment of the facultative heterochromatin marks,

H2AK119ub and H3K27me3 (Pachano et al. 2019). The puncta containing RING1B shows a

liquid-like feature of fusion and fission (Isono et al., 2013). CBX2, the canonical PRCI

components, mediates PcG body formation in an LLPS-dependent manner ( Plys et al. 2019;

Tatavosian et al. 2019). Both clustered chromocenters in the hypomethylated ESCs and PcG
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body exhibit PRC1 inclusion and LLPS characteristics (Fig.8C, 9D, and 9E). Therefore, it is

reasonable to consider that chromosome clustering in DNA hypomethylated cells relies on the

biochemical characteristics of PcG proteins, which have the potential to aggregate into large

foci.

Chromocenter clustering is believed to lead to spatial reorganization of the nucleus and affect

the microenvironment for gene silencing. Pericentromeric regions are reported to associate

with other genomic regions and form a large domain called the pericentromere-associate

domain (PAD) (Wijchers et al., 2015). PAD patterns vary in different cell types and

dynamically change during differentiation, unlike topologically associating domains (TADs),

which are less variable among different cell types (Dixon et al., 2012; Wijchers et al., 2015).

Forced recruitment of specific genes to PCH using chromodomain of HP1( resulted in

H3K9me3 deposition and transcriptional silencing of that gene. Therefore, chromocenter

reorganization, accompanied by chromocenter clustering and its enlargement, may change

PAD and provide more space to repress other genomic loci

Heterochromatin remodeling accompanied by an ectopic PRC1 localization to PCH reduces

H2AK119ub enrichment in the other genomic loci (Hall et al., 2017). The high-copy number

of satellite repeat was proposed to act as a molecular “sponge” which can harbor epigenetic

factors abundantly and affect the enrichment of the proteins in genome (Hall et al., 2017).

Considering that ectopic localization of both PRC1 and PRC2 to chromocenter was observed,
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re-localization of PRC1 and PRC2 and de-repression in other genomic regions might happen

in the DNA hypomethylated ESCs.

| demonstrated that Tetl is critical for chromocenter clustering not only in the

hypomethylated ESCs but also in female meiotic germ cells (Fig.4A and 10A). Since the DNA

methylation level of female meiotic germ cells is comparable to that of the Dnmt1-KO ESCs

(Arand et al., 2015; Tsumura et al., 2006), Tetl is suggested to be commonly important for the

chromocenter organization under hypomethylated conditions. Tetl-deficient mice showed a

meiotic defects, and it was reported to be caused by the misregulation of meiotic genes

(Yamaguchi et al., 2012). But, since chromocenter clustering is important for subsequent

meiosis progression such as centromere clustering and synapsis formation in male, the

abnormality in chromocenter clustering would be the cause of the phenotype (Takada et al.,

2011). Although H2AK119ub enrichment in PCH was significantly decreased in Dnmt1/Tet1-

DKO ESCs, it was not changed in Tetl-KO germ cells (Fig.8B and 11B). These results

suggested TET1-PRC1 axis was not important for the chromocenter clustering of female

meiotic germ cells. On contrary, H3K27me3 enrichment was affected in Tet1l-KO germ cells,

similar to Dnmt1/Tet1-DKO ESCs (Fig.11D). PRC2 components were highly expressed and

H3K27me3 was enriched in the nuclear periphery of PGCs (Prokopuk et al., 2017). But

physiological function of PRC2 in meiotic germ cell has not been revealed yet. Further analyses,
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such as PRC2-conditional KO mouse study, are required to investigate the molecular

mechanism of chromocenter clustering during meiosis.

CONCLUSION

In this study, | identified the novel role of Tetl in the chromocenter clustering in the

hypomethylated ESCs as well as in female meiotic germ cells. Tetl-mediated chromocenter

clustering would be the basis of female chromocenter re-organization during meiosis and

important for normal meiotic progression. The underline mechanism would be different in

these cells, | found Tetl controlled chromocenter clustering through PRC1 recruitment in

hypomethylated ESCs. Previous studies on PCH were mainly focused on the factors related to

constitutive heterochromatin, such as SUV39H1/2 or HP1 (Fioriniello et al., 2020; Lehnertz et

al., 2003). My findings, however, demonstrated that TET1 and PRC1, both of which are the

facultative heterochromatin factors, control the spatial organization of chromocenter in

hypomethylated ESCs. Global hypomethylation and PRC1 localization to the chromocenter

have been reported in pre-implantation embryo and cancer cells (Hall et al., 2017; Tardat et al.,

2015). TET family proteins would also regulate the epigenetic remodeling of the PCH of these

cells. Thus, this research shed a light on the field of chromocenter organization.

40



REFERENCES

Almouzni, G., & Probst, A. V. (2011). Heterochromatin maintenance and establishment:

Lessons from the mouse pericentromere. Nucleus, 2(5).

https://doi.org/10.4161/nucl.2.5.17707

Arand, J., Wossidlo, M., Lepikhov, K., Peat, J. R., Reik, W., & Walter, J. (2015). Selective

impairment of methylation maintenance is the major cause of DNA methylation

reprogramming in the early embryo. Epigenetics and Chromatin, 8(1), 1-14.

https://doi.org/10.1186/1756-8935-8-1

Blackledge, N. P., Farcas, A. M., Kondo, T., King, H. W., McGouran, J. F., Hanssen, L. L.

P., Ito, S., Cooper, S., Kondo, K., Koseki, Y., Ishikura, T., Long, H. K., Sheahan, T. W.,

Brockdorff, N., Kessler, B. M., Koseki, H., & Klose, R. J. (2014). Variant PRC1

complex-dependent H2A ubiquitylation drives PRC2 recruitment and polycomb domain

formation. Cell, 157(6), 1445-1459. https://doi.org/10.1016/j.cell.2014.05.004

Brero, A., Easwaran, H. P., Nowak, D., Grunewald, I., Cremer, T., Leonhardt, H., & Cardoso,

M. C. (2005). Methyl CpG-binding proteins induce large-scale chromatin reorganization

during terminal differentiation. Journal of Cell Biology, 169(5), 733-743.

https://doi.org/10.1083/jch.200502062

Cesarini, E., Mozzetta, C., Marullo, F., Gregoretti, F., Gargiulo, A., Columbaro, M., Cortesi,

A., Antonelli, L., Di Pelino, S., Squarzoni, S., Palacios, D., Zippo, A., Bodega, B.,

41



Oliva, G., & Lanzuolo, C. (2015). Lamin A/C sustains PcG protein architecture,

maintaining transcriptional repression at target genes. Journal of Cell Biology, 211(3),

533-551. https://doi.org/10.1083/jcb.201504035

Cheutin, T., McNairn, A. J., Jenuwein, T., Gilbert, D. M., Singh, P. B., & Misteli, T. (2003).

Maintenance of stable heterochromatin domains by dynamic HP1 binding. Science,

299(5607), 721-725. https://doi.org/10.1126/science.1078572

Choo, K. H., Vissel, B., & Earle, E. (1989). Evolution of a-satellite DNA on human

acrocentric chromosomes. Genomics, 5(2), 332—344. https://doi.org/10.1016/0888-

7543(89)90066-9

Cooper, S., Dienstbier, M., Hassan, R., Schermelleh, L., Sharif, J., Blackledge, N. P.,

DeMarco, V., Elderkin, S., Koseki, H., Klose, R., Heger, A., & Brockdorff, N. (2014).

Targeting Polycomb to Pericentric Heterochromatin in Embryonic Stem Cells Reveals a

Role for H2AK119ul in PRC2 Recruitment. Cell Reports, 7(5), 1456-1470.

https://doi.org/10.1016/j.celrep.2014.04.012

Costa, Y., Ding, J., Theunissen, T. W., Faiola, F., Hore, T. A., Shliaha, P. V., Fidalgo, M.,

Saunders, A., Lawrence, M., Dietmann, S., Das, S., Levasseur, D. N., Li, Z., Xu, M.,

Reik, W., Silva, J. C. R., & Wang, J. (2013). NANOG-dependent function of TET1 and

TET?2 in establishment of pluripotency. Nature, 495(7441), 370-374.

https://doi.org/10.1038/nature11925

42



Denholtz, M., Bonora, G., Chronis, C., Splinter, E., de Laat, W., Ernst, J., Pellegrini, M., &
Plath, K. (2013). Long-range chromatin contacts in embryonic stem cells reveal a role
for pluripotency factors and polycomb proteins in genome organization. Cell Stem Cell,
13(5), 602—616. https://doi.org/10.1016/j.stem.2013.08.013

Ding, D. Q., Okamasa, K., Katou, Y., Oya, E., Nakayama, J. ichi, Chikashige, Y., Shirahige,
K., Haraguchi, T., & Hiraoka, Y. (2019). Chromosome-associated RNA—protein
complexes promote pairing of homologous chromosomes during meiosis in
Schizosaccharomyces pombe. Nature Communications, 10(1), 1-12.
https://doi.org/10.1038/s41467-019-13609-0

Dixon, J. R., Selvaraj, S., Yue, F., Kim, A, Li, Y., Shen, Y., Hu, M., Liu, J. S., & Ren, B.
(2012). Topological domains in mammalian genomes identified by analysis of
chromatin interactions. Nature, 485(7398), 376-380.
https://doi.org/10.1038/nature11082

Endoh, M., Endo, T. A., Endoh, T., Fujimura, Y. I., Ohara, O., Toyoda, T., Otte, A. P.,
Okano, M., Brockdorff, N., Vidal, M., & Koseki, H. (2008). Polycomb group proteins
Ring1A/B are functionally linked to the core transcriptional regulatory circuitry to
maintain ES cell identity. Development, 135(8), 1513-1524.
https://doi.org/10.1242/dev.014340

Ficz, G., Branco, M. R., Seisenberger, S., Santos, F., Krueger, F., Hore, T. A., Marques, C. J.,

43



Andrews, S., & Reik, W. (2011). Dynamic regulation of 5-hydroxymethylcytosine in
mouse ES cells and during differentiation. Nature, 473(7347), 398—404.
https://doi.org/10.1038/nature10008

Fioriniello, S., Marano, D., Fiorillo, F., D’esposito, M., & Ragione, F. Della. (2020).
Epigenetic factors that control pericentric heterochromatin organization in mammals.
Genes, 11(6), 1-26. https://doi.org/10.3390/genes11060595

Francastel, C., & Magdinier, F. (2019). DNA methylation in satellite repeats disorders.
Essays in Biochemistry, 63(6), 757—771. https://doi.org/10.1042/EBC20190028

Gilbert, N., Thomson, I., Boyle, S., Allan, J., Ramsahoye, B., & Bickmore, W. A. (2007).
DNA methylation affects nuclear organization, histone modifications, and linker histone
binding but not chromatin compaction. Journal of Cell Biology, 177(3), 401-411.
https://doi.org/10.1083/jcbh.200607133

Hall, L. L., Byron, M., Carone, D. M., Whitfield, T. W., Pouliot, G. P., Fischer, A., Jones, P.,
& Lawrence, J. B. (2017). Demethylated HSATII DNA and HSATII RNA Foci
Sequester PRC1 and MeCP2 into Cancer-Specific Nuclear Bodies. Cell Reports, 18(12),
2943-2956. https://doi.org/10.1016/j.celrep.2017.02.072

Han, X., Yu, D., Gu, R., Jia, Y., Wang, Q., Jaganathan, A., Yang, X., Yu, M., Babault, N.,
Zhao, C., Yi, H., Zhang, Q., Zhou, M. M., & Zeng, L. (2020). Roles of the BRD4 short

isoform in phase separation and active gene transcription. Nature Structural and

44



Molecular Biology, 27(4), 333-341. https://doi.org/10.1038/s41594-020-0394-8

Isono, K., Endo, T. A, Ku, M., Yamada, D., Suzuki, R., Sharif, J., Ishikura, T., Toyoda, T.,
Bernstein, B. E., & Koseki, H. (2013). SAM domain polymerization links subnuclear
clustering of PRCL1 to gene silencing. Developmental Cell, 26(6), 565-577.
https://doi.org/10.1016/j.devcel.2013.08.016

Kang, S., & Chun, T. (2020). Structural heterogeneity of the mammalian polycomb repressor
complex in immune regulation. Experimental & Molecular Medicine, 1004-1015.
https://doi.org/10.1038/s12276-020-0462-5

Ku, M., Koche, R. P., Rheinbay, E., Mendenhall, E. M., Endoh, M., Mikkelsen, T. S.,
Presser, A., Nusbaum, C., Xie, X., Chi, A. S., Adli, M., Kasif, S., Ptaszek, L. M.,
Cowan, C. A., Lander, E. S., Koseki, H., & Bernstein, B. E. (2008). Genomewide
analysis of PRC1 and PRC2 occupancy identifies two classes of bivalent domains. PLoS
Genetics, 4(10). https://doi.org/10.1371/journal.pgen.1000242

Larson, A. G., Elnatan, D., Keenen, M. M., Trnka, M. J., Johnston, J. B., Burlingame, A. L.,
Agard, D. A., Redding, S., & Narlikar, G. J. (2017). Liquid droplet formation by HP1a
suggests a role for phase separation in heterochromatin. Nature, 547(7662), 236-240.
https://doi.org/10.1038/nature22822

Lehnertz, B., Ueda, Y., Derijck, A. A. H. A, Braunschweig, U., Perez-Burgos, L., Kubicek,

S., Chen, T., Li, E., Jenuwein, T., & Peters Antoine H.F.M. (2003). Suv39h-Mediated

45



Histone H3 Lysine 9 Methylation Directs DNA Methylation to Major Satellite Repeats

at Pericentric Heterochromatin. Current Biology, 13, 1192-1200.

https://doi.org/10.1016/S

Li, E., & Zhang, Y. (2014). DNA methylation in mammals. Cold Spring Harbor Perspectives

in Biology, 6(5). https://doi.org/10.1101/cshperspect.a019133

Li, P. C., Green, M. D., & Forsburg, S. L. (2013). Mutations Disrupting Histone Methylation

Have Different Effects on Replication Timing in S. pombe Centromere. PLoS ONE,

8(5). https://doi.org/10.1371/journal.pone.0061464

Madakashira, B. P., & Sadler, K. C. (2017). DNA methylation, nuclear organization, and

cancer. Frontiers in Genetics, 8(JUN), 1-7. https://doi.org/10.3389/fgene.2017.00076

Morey, L., Pascual, G., Cozzuto, L., Roma, G., Wutz, A., Benitah, S. A., & Croce, L. Di.

(2012). Article Nonoverlapping Functions of the Polycomb Group Cbx Family of

Proteins in Embryonic Stem Cells. Stem Cell, 10(1), 47-62.

https://doi.org/10.1016/j.stem.2011.12.006

Morita, S., Noguchi, H., Horii, T., Nakabayashi, K., Kimura, M., Okamura, K., Sakai, A.,

Nakashima, H., Hata, K., Nakashima, K., & Hatada, I. (2016). Targeted DNA

demethylation in vivo using dCas9-peptide repeat and scFv-TET1 catalytic domain

fusions. Nature Biotechnology, 34(10), 1060-1065. https://doi.org/10.1038/nbt.3658

Neri, F., Incarnato, D., Krepelova, A., Rapelli, S., Pagnani, A., Zecchina, R., Parlato, C., &

46



Oliviero, S. (2013). Genome-wide analysis identifies a functional association of Tetl
and Polycomb repressive complex 2 in mouse embryonic stem cells. Genome Biology,
14(8). https://doi.org/10.1186/gb-2013-14-8-r91

Noda, N. N., Wang, Z., & Zhang, H. (2020). Liquid—liquid phase separation in autophagy.
Journal of Cell Biology, 219(8), 1-13. https://doi.org/10.1083/JCB.202004062

Novo, C. L., Tang, C., Ahmed, K., Djuric, U., Fussner, E., Mullin, N. P., Morgan, N. P.,
Hayre, J., Sienerth, A. R., Elderkin, S., Nishinakamura, R., Chambers, I., Ellis, J.,
Bazett-Jones, D. P., & Rugg-Gunn, P. J. (2016). The pluripotency factor Nanog
regulates pericentromeric heterochromatin organization in mouse embryonic stem cells.
Genes and Development, 30(9), 1101-1115. https://doi.org/10.1101/gad.275685.115

Okashita, N., Kumaki, Y., Ebi, K., Nishi, M., Okamoto, Y., Nakayama, M., Hashimoto, S.,
Nakamura, T., Sugasawa, K., Kojima, N., Takada, T., Okano, M., & Seki, Y. (2014).
PRDM14 promotes active DNA demethylation through the Teneleven translocation
(TET)-mediated base excision repair pathway in embryonic stem cells. Development
(Cambridge), 141(2), 269-280. https://doi.org/10.1242/dev.099622

Pachano, T., Crispatzu, G., & Rada-Iglesias, A. (2019). Polycomb proteins as organizers of
3D genome architecture in embryonic stem cells. Briefings in Functional Genomics,
18(6), 358-366. https://doi.org/10.1093/bfgp/elz022

Pirrotta, V., & Li, H. B. (2012). A view of nuclear Polycomb bodies. Current Opinion in

47



Genetics and Development, 22(2), 101-109. https://doi.org/10.1016/j.gde.2011.11.004

Plys, A. J., Davis, C. P., Kim, J., Rizki, G., Keenen, M. M., Marr, S. K., & Kingston, R. E.

(2019). Phase separation of polycomb-repressive complex 1 is governed by a charged

disordered region of CBX2. Genes and Development, 33(13-14), 799-813.

https://doi.org/10.1101/gad.326488.119

Prokopuk, L., Stringer, J. M., Hogg, K., Elgass, K. D., & Western, P. S. (2017). PRC2 is

required for extensive reorganization of H3K27me3 during epigenetic reprogramming in

mouse fetal germ cells. Epigenetics and Chromatin, 10(1), 1-20.

https://doi.org/10.1186/s13072-017-0113-9

Sabari, B. R., Dall’Agnese, A., Boija, A., Klein, 1. A., Coffey, E. L., Shrinivas, K., Abraham,

B. J., Hannett, N. M., Zamudio, A. V., Manteiga, J. C., Li, C. H., Guo, Y. E., Day, D. S.,

Schuijers, J., Vasile, E., Malik, S., Hnisz, D., Lee, T. 1., Cisse, I. L., ... Young, R. A.

(2018). Coactivator condensation at super-enhancers links phase separation and gene

control. Science, 361(6400), eaar3958. https://doi.org/10.1126/science.aar3958

Saksouk, N., Barth, T. K., Ziegler-Birling, C., Olova, N., Nowak, A., Rey, E., Mateos-

Langerak, J., Urbach, S., Reik, W., Torres-Padilla, M. E., Imhof, A., & Déjardin, J.

(2014). Redundant Mechanisms to Form Silent Chromatin at Pericentromeric Regions

Rely on BEND3 and DNA Methylation. Molecular Cell, 56(4), 580-594.

https://doi.org/10.1016/j.molcel.2014.10.001

48



Schoenfelder, S., Sugar, R., Dimond, A., Javierre, B. M., Armstrong, H., Mifsud, B.,
Dimitrova, E., Matheson, L., Tavares-Cadete, F., Furlan-Magaril, M., Segonds-Pichon,
A., Jurkowski, W., Wingett, S. W., Tabbada, K., Andrews, S., Herman, B., Leproust, E.,
Osborne, C. S., Koseki, H., ... Elderkin, S. (2015). Polycomb repressive complex PRC1
spatially constrains the mouse embryonic stem cell genome. Nature Genetics, 47(10),
1179-1186. https://doi.org/10.1038/ng.3393

Shi, F. T., Kim, H., Lu, W., He, Q., Liu, D., Goodell, M. A., Wan, M., & Songyang, Z.
(2013). Ten-eleven translocation 1 (Tetl) is regulated by o-linked n-acetylglucosamine
transferase (ogt) for target gene repression in mouse embryonic stem cells. Journal of
Biological Chemistry, 288(29), 20776-20784. https://doi.org/10.1074/jbc.M113.460386

Simon, J. A., & Kingston, R. E. (2013). Occupying Chromatin: Polycomb Mechanisms for
Getting to Genomic Targets, Stopping Transcriptional Traffic, and Staying Put.
Molecular Cell, 49(5), 808-824. https://doi.org/10.1016/j.molcel.2013.02.013

Solovei, I., Kreysing, M., Lanctét, C., Késem, S., Peichl, L., Cremer, T., Guck, J., & Joffe, B.
(2009). Nuclear Architecture of Rod Photoreceptor Cells Adapts to Vision in
Mammalian Evolution. Cell, 137(2), 356-368. https://doi.org/10.1016/j.cell.2009.01.052

Strom, A. R., Emelyanov, A. V., Mir, M., Fyodorov, D. V., Darzacq, X., & Karpen, G. H.
(2017). Phase separation drives heterochromatin domain formation. Nature, 547(7662),

241-245. https://doi.org/10.1038/nature22989

49



Szwagierczak, A., Bultmann, S., Schmidt, C. S., Spada, F., & Leonhardt, H. (2010). Sensitive

enzymatic quantification of 5-hydroxymethylcytosine in genomic DNA. Nucleic Acids

Research, 38(19). https://doi.org/10.1093/nar/gkq684

Takada, Y., Naruse, C., Costa, Y., Shirakawa, T., Tachibana, M., Sharif, J., Kezuka-Shiotani,

F., Kakiuchi, D., Masumoto, H., Shinkai, Y. ichi, Ohbo, K., Peters, A. H. F. M., Turner,

J. M. A., Asano, M., & Koseki, H. (2011). HP1y links histone methylation marks to

meiotic synapsis in mice. Development, 138(19), 4207—4217.

https://doi.org/10.1242/dev.064444

Tardat, M., Albert, M., Kunzmann, R., Liu, Z., Kaustov, L., Thierry, R., Duan, S.,

Brykczynska, U., Arrowsmith, C. H., & Peters, A. H. F. M. (2015). Cbx2 targets PRC1

to constitutive heterochromatin in mouse zygotes in a parent-of-origin-dependent

manner. Molecular Cell, 58(1), 157-171. https://doi.org/10.1016/j.molcel.2015.02.013

Tatavosian, R., Kent, S., Brown, K., Yao, T., Duc, H. N., Huynh, T. N., Zhen, C. Y., Ma, B.,

Wang, H., & Ren, X. (2019). Nuclear condensates of the Polycomb protein chromobox

2 (CBX2) assemble through phase separation. Journal of Biological Chemistry, 294(5),

1451-1463. https://doi.org/10.1074/jbc.RA118.006620

Tsumura, A., Hayakawa, T., Kumaki, Y., Takebayashi, S. I., Sakaue, M., Matsuoka, C.,

Shimotohno, K., Ishikawa, F., Li, E., Ueda, H. R., Nakayama, J. I., & Okano, M. (2006).

Maintenance of self-renewal ability of mouse embryonic stem cells in the absence of

50



DNA methyltransferases Dnmtl, Dnmt3a and Dnmt3b. Genes to Cells, 11(7), 805-814.

https://doi.org/10.1111/j.1365-2443.2006.00984.x

Wang, H., Yang, H., Shivalila, C. S., Dawlaty, M. M., Cheng, A. W., Zhang, F., & Jaenisch,

R. (2013). One-step generation of mice carrying mutations in multiple genes by

CRISPR/cas-mediated genome engineering. Cell, 153(4), 910-918.

https://doi.org/10.1016/j.cell.2013.04.025

Wang, L., Gao, Y., Zheng, X., Liu, C., Dong, S., Li, R., Zhang, G., Wei, Y., Qu, H., Li, Y.,

Allis, C. D., Li, G., Li, H., & Li, P. (2019). Histone Modifications Regulate Chromatin

Compartmentalization by Contributing to a Phase Separation Mechanism. Molecular

Cell, 76(4), 646-659.e6. https://doi.org/10.1016/j.molcel.2019.08.019

Wheeler, J. R., Matheny, T., Jain, S., Abrisch, R., & Parker, R. (2016). Distinct stages in

stress granule assembly and disassembly. ELife, 5(Se), 1-25.

https://doi.org/10.7554/eLife.18413

Wijchers, P. J., Geeven, G., Eyres, M., Bergsma, A. J., Janssen, M., Verstegen, M., Zhu, Y.,

Schell, Y., Vermeulen, C., De Wit, E., & De Laat, W. (2015). Characterization and

dynamics of pericentromere-associated domains in mice. Genome Research, 25(7), 958

969. https://doi.org/10.1101/gr.186643.114

Wu, H., D’Alessio, A. C., Ito, S., Xia, K., Wang, Z., Cui, K., Zhao, K., Eve Sun, Y., &

Zhang, Y. (2011). Dual functions of Tetl in transcriptional regulation in mouse

51



embryonic stem cells. Nature, 473(7347), 389—394. https://doi.org/10.1038/nature09934

Wu, X., & Zhang, Y. (2017). TET-mediated active DNA demethylation: Mechanism,

function and beyond. Nature Reviews Genetics, 18(9), 517-534.

https://doi.org/10.1038/nrg.2017.33

Yamaguchi, S., Hong, K., Liu, R., Inoue, A., Shen, L., Zhang, K., & Zhang, Y. (2013).

Dynamics of 5-methylcytosine and 5-hydroxymethylcytosine during germ cell

reprogramming. Cell Research, 23(3), 329-339. https://doi.org/10.1038/cr.2013.22

Yamaguchi, S., Hong, K., Liu, R., Shen, L., Inoue, A., Diep, D., Zhang, K., & Zhang, Y.

(2012). Tetl controls meiosis by regulating meiotic gene expression. Nature, 492(7429),

443-447. https://doi.org/10.1038/nature11709

Yang, J., Bashkenova, N., Zang, R., Huang, X., & Wang, J. (2020). The roles of TET family

proteins in development and stem cells. Development (Cambridge), 147(2), 1-10.

https://doi.org/10.1242/dev.183129

Yoshimizu, T., Sugiyama, N., De Felice, M., Yeom, Y., Ohbo, K., Masuko, K., Obinata, M.,

Kuniya, A., Scholer, H. R., & Matsui, Y. (1999). Germline-specific expression of the

Oct-4/green fluorescent protein (GFP) transgene in mice. Development Growth and

Differentiation, 41(6), 675-684. https://doi.org/10.1046/j.1440-169X.1999.00474.x

Zeng, Y., Yao, B., Shin, J., Lin, L., Kim, N., Song, Q., Liu, S., Su, Y., Guo, J. U., Huang, L.,

Wan, J., Wu, H., Qian, J., Cheng, X., Zhu, H., Ming, G. li, Jin, P., & Song, H. (2016).

52



Lin28A Binds Active Promoters and Recruits Tetl to Regulate Gene Expression.

Molecular Cell, 61(1), 153-160. https://doi.org/10.1016/j.molcel.2015.11.020

ACKNOWLEDGEMENTS

I thank the support of Mr. Maeda for the establishment of 7et/-KO ESCs, Mr. Asada for the

experiment of TET1 forced recruitment and Ms. Masumoto for the analysis of PGCs.

ACCOMPLISHMENT

Hagihara Y, Asada S, Maeda T, Nakano T., Yamaguchi S. Tetl-dependent epigenetic

remodeling and phase separation-mediated clustering of pericentromeric heterochromatin in

hypomethylated cells. in preparation.

53



