
 

Doctoral Dissertation (Censored) 

博士論文 (要約) 

 

Analyses of histone modification reprogramming  

and establishment of in vivo epigenome editing in medaka embryos 
（ メダカ受精卵におけるヒストン修飾のリプログラミング動態解析と 

in vivo エピゲノム編集技術の確立 ） 

 

A Dissertation Submitted for the Degree of Doctor of Philosophy  
December 2020 

令和２年１２月博士 (理学) 申請 

 
Department of Biological Sciences, Graduate School of Science, The University of Tokyo 

東京大学大学院 理学系研究科 生物科学専攻 

 
Hiroto Fukushima 

福嶋 悠人 

 
 

 

 

 

 

 

 

 



 
 

2 

Contents 

Abbreviation ......................................................................................................................... 3 

Abstract ................................................................................................................................ 4 

General Introduction ............................................................................................................ 5 

Chapter 1: Analyses of histone modification reprogramming in medaka embryos ...... 9 

Chapter 2: Establishment of in vivo epigenome editing in medaka embryos ............. 10 
Introduction ............................................................................................................................................... 11 

Results ...................................................................................................................................................... 14 

Discussion ................................................................................................................................................ 20 

Materials and Methods ............................................................................................................................. 22 

Conclusion ......................................................................................................................... 27 

Figures and Legends ......................................................................................................... 29 

Tables .................................................................................................................................. 48 

References ......................................................................................................................... 55 

Acknowledgements ........................................................................................................... 62 

 

 

 

 

 

 

 

 

 

 



 
 

3 

Abbreviation 

▶ ZGA : zygotic genome activation  

▶ MZT: maternal zygotic transition  

▶ ChIP: chromatin immunoprecipitation  

▶ olKdm6ba: Oryzias latipes’s Kdm6ba 

▶ RPKM: reads per kilobase per million mapped reads  

▶ RPKMspike: spike-in normalized RPKM 

▶ RPKMconv: conventional RPKM 

▶ PRC: Polycomb repressive complex  

▶ GO: gene ontology 

▶ MNase: Micrococcal Nuclease 

▶ TAD: topologically associating domain 

▶ IMD: intermediately methylated domain 

▶ HMM: hidden Markov model  

▶ PRE: Polycomb response element 

▶ HAT: histone acetyltransferase 

▶ hsp300core: core domain (HAT domain) of Homo sapiens’s p300 

▶ olEzh2: Oryzias latipes’s Ezh2 

▶ sgRNA: single guide RNA  

▶ olEzh2(∆SET): SET domain deletion mutant of olEzh2 
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Abstract 

In the last century, DNA sequence alone was regarded as the molecular entity of phenotypic 

inheritance. However, this view has been challenged by the findings of DNA sequence-

independent inheritance in many species. Now, it is widely accepted that parental exposure 

to environmental stimuli, such as nutrient stress, physical stress, and chemical exposure, can 

affect traits in offspring, probably via inheritance of epigenetic modifications such as DNA 

methylation and histone modification from parental germ cells to offspring. However, 

compared to DNA methylation, it is not yet well characterized whether histone modifications 

can be inherited intergenerationally. This is due to the limited number of species in which 

their dynamics of histone-modification resetting after fertilization has been well studied, and 

also due to the lack of technology with which to assess the causality between epigenetic 

changes in germ cells and embryos. In this doctoral thesis, I took advantages of Japanese 

killifish, medaka (Oryzias latipes), and sought to solve these problems. In Chapter 1, to reveal 

epigenetic reprograming of histone modifications in medaka early development, I analyzed 

histone modification patterns after fertilization, genome-widely and quantitatively. As a result, 

the extensive erasure of histone modifications is further supported as conserved 

reprogramming mode among non-mammalian vertebrates. Furthermore, my study found 

retention of some modification during reprogramming and identified genetic and epigenetic 

characters, suggesting mechanisms and biological roles of pre-marking of those 

modifications, and possibility of intergenerational inheritance of such modifications. In 

Chapter 2, toward the future direct test of the inheritance of histone modifications, I 

established a technology of site-specific and in vivo histone modifications, or in vivo 

epigenome editing, in medaka embryo. My study will further help to understand the dynamics 

of epigenetic reprogramming among many species and to explore the possibility of 

intergenerational inheritance of histone modification in non-mammalian vertebrates. 
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General Introduction 

We unconsciously recognize that our phenotypes are very similar to that of our parents. In 

the last century, this phenomenon was explained solely by the inheritance of DNA sequence 

based on the notion that DNA sequence (genetic information) alone is inherited across 

generations1,2. This notion was supported for a long time by the modern synthesis which was 

established in the mid-twentieth century by the combination of Darwin’s evolutional theory 

and genetics1,2. Indeed, all cells in our body contain the same information of DNA sequence 

in spite of their very different and diverse identities, which was supported by John Gurdon’s 

famous somatic reprogramming experiments3. However, this Gurdon’s experiment also 

indicates that DNA sequence alone is not sufficient to establish our whole phenotype.  

From the late twentieth century, the idea of epigenetics was gradually established2, 

and epigenetic modification to chromatin has become one of the most important subjects in 

modern biology. Epigenetic modification includes methylation to cytosine in DNA strand, 

several chemical modifications to histone proteins such as methylation and acetylation 

(Figure 1). These epigenetic modifications positively and negatively associate with 

transcriptional states4,5 (Figure 1). In general, the pattern of these modifications can be 

epigenetically transmitted from a mother cell to daughter cells by self-maintenance 

mechanisms (e.g. maintenance methylation mechanism of DNA methylation6 and self-

propagation of H3K9me3 and H3K27me37). Epigenetic modification is thus considered as a 

second layer of information associated with DNA, controlling the establishment and 

maintenance of cellular identities for the entire life of multicellular organisms by such stable 

inheritance across cell generations and transcriptional function, leading to proper 

organization of our whole body8,9 (Figure 1). Actually, epigenetic modification has been 

implicated in the maintenance of pluripotency, lineage-specific cell differentiation and 

pathological transformation including cancer and neurological disease5,8,10. 

Recently, many cases of DNA sequence-independent inheritance across 
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generations were reported, challenging the previous view of DNA-alone inheritance, and 

epigenetic modification and its inheritance, or epigenetic inheritance, have drawn 

attention1,11–13. For example, we now know that parental exposure to environmental stimuli, 

such as nutrient stress, physical stress, and chemical exposure can affect traits in 

offspring1,11–13, reminding us of the Lamarck’s idea of inheritance of acquired tratis14. Given 

that such exposure easily triggers alterations of parental phenotypes associated with 

epigenetic modifications without mutations in DNA sequence, such inheritance appears to be 

mediated by epigenetic inheritance, not by DNA sequence inheritance. Importantly, DNA 

sequence-independent inheritance of such phenotypes was observed not only between 

parents and children (termed “intergenerationally”), but also across multiple generations, i.e. 

from parent to children, grandchildren, and so on (termed “transgenerationally”)1,11,12. 

 Inter- and trans-generational inheritance of DNA methylation has been intensively 

investigated for a long time, and there are many previous studies in mammals, reporting the 

association between altered phenotypes in offspring induced by parental exposures to 

environmental stimuli and changes in DNA methylation pattern15–18. For example, some 

mother rats naturally show frequent nurturing such as grooming, while others do not, and the 

nurturing frequency in rats is well correlated with that of their mothers19. Interestingly, this 

maternal care phenotype is associated with DNA methylation in the glucocorticoid receptor 

gene and its expression level, and importantly, the phenotype and DNA methylation level can 

be reversed by cross-fostering19. Furthermore, inheritance of DNA methylation throughout 

many generations is frequently demonstrated in plants, such as naturally occurred stable 

epimutant lines in tomato20 and Linaria vulgaris21, and also stable inheritance of artificially 

altered DNA methylation patterns in Arabidopsis thaliana11. 

 Histone modification is another possible candidate mediating DNA sequence-

independent inheritance1,11,12. One of the most well-studied examples in animals is 

transgenerational inheritance in C. elegans12. Furthermore, in vertebrates, it was previously 
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shown that disruption of histone modifications in sperm triggered impaired transcription and 

caused abnormal phenotypes in offspring in Xenopus22 and mouse23,24. However, 

intergenerational epigenetic inheritance of histone modification is not fully understood in 

animals, largely due to its relatively recent findings, compared to DNA methylation. There 

remain many unanswered questions regarding the epigenetic inheritance of histone 

modification. First, experimental evidence showing the direct causality between epigenetic 

and phenotypic changes in offspring is still poor. C. elegans is exceptional in that the causality 

has been well tested by taking advantages of various rich mutants12. However, mutations that 

globally disrupt epigenetic landscape tend to be lethal in many other species25, making it 

difficult to broadly examine the causality. Second, it is known that histone modifications are 

extensively reprogrammed during gametogenesis and early embryogenesis26 (Figure 2). This 

complicates the study of epigenetic inheritance, raising a question of whether an alteration in 

epigenetic landscape in parental germ cells induced by external exposure can escape 

reprogramming and how escaped modifications affect offspring phenotypes inter- or trans-

generationally. Indeed, the dynamics of histone modification reprogramming has not been 

well documented yet in many species, especially in non-mammalian species, limiting our 

understanding of conservation or diversity of histone modification reprogramming. 

 In my doctoral thesis, I sought to solve these problems and extend our 

understanding of intergenerational epigenetic inheritance in non-mammalian vertebrates. 

Here, I use Japanese killifish, medaka (Oryzias latipes) with various experimental 

advantages such as availability of genetic and epigenetic manipulation27, high quality 

genome (N50: ~2.5 Mbp, gaps: ~500)28, relatively small genome size among vertebrates 

(~800Mb)28, rich epigenetic and transcriptomic data published so far28–30, rapid life cycle 

(~three month / one generation)31, previous reports of intergenerational effects of parental 

exposure to endocrine disrupters32,33, and so on. In Chapter 1, to find any genomic regions 

where histone modifications escape reprogramming during early normal development, I 
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quantitatively and genome-widely revealed how histone modifications are reprogrammed 

after fertilization in medaka. However, I thought that even if there are any genomic regions 

where certain histone modifications escape reprogramming, the following two possibilities 

remain. One is that those remaining histone modifications are a consequence of direct 

transmission, that is, in a DNA sequence-independent manner, from germ cells to embryos. 

The other is that they are a result of de novo accumulation of such modifications after 

fertilization in a sequence-dependent manner, recreation of normal pattern of histone 

modifications encoded by the genome. Thus, to distinguish the two possibilities, a novel 

approach that can ectopically induce histone modifications is required for a direct test on 

inheritance of histone modifications across generations. For this purpose, in Chapter 2, I 

newly established a method for site-specific manipulation of histone modification in vivo. I 

hope that my study will further help to understand the dynamics of epigenetic reprogramming 

among many species and to explore the possibility of intergenerational inheritance of histone 

modification in non-mammalian vertebrates. 
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Chapter 1: Analyses of histone modification reprogramming in medaka 
embryos 

 

本章については、5 年以内に雑誌等で刊行予定のため、非公開 
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Chapter 2: Establishment of in vivo epigenome editing in medaka embryos 
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Introduction 

 

In Chapter 1, retention of H3K27ac and H3K27me3 was observed in early embryos before 

reprogramming and thus those modifications are candidates that can be intergenerationally 

inherited in medaka. It is thought that epigenetic modifications, when inherited, affect 

expression of nearby genes in offspring. To test the causality of epigenetic alteration and 

phenotypic inheritance, a technology manipulating epigenetic modifications is required. For 

this purpose, in C. elegans, mutant lacking writers of histone modifications was used12. 

However, such mutation globally disrupts transcription, causing severe phenotypes and/or 

embryonic lethality, which made it difficult to examine the heritability of histone modifications 

in vertebrates25. Indeed, such global epigenetic alteration might trigger misdistribution of 

other epigenetic modifications, because epigenetic landscape is a result of interaction of 

many modifications. In this case, it is more difficult to distinguish primary and secondary 

causes for phenotypic inheritance. Therefore, a technology manipulating a modification 

directly and site-specifically to the genome is required for the study of epigenetic gene 

regulation and inheritance. 

 The establishment of targeted direct manipulation of epigenetic modification is also 

important in terms of cell biology or developmental biology. Recent studies using next 

generation sequencing techniques have revealed genome-wide associations between 

epigenetic modifications and transcriptional states4. However, a lack of technologies for 

targeted manipulation of histone modifications at individual genomic loci has hindered the 

progress toward demonstrating a causal relationship between specific modifications and their 

effect on transcriptional regulation. For example, H3K27me3 is a repressive histone 

modification, and thought to be important for long-term transcriptional repression9. In the 

proposed model of long-term repression by H3K27me3, Polycomb repressive complex 2 

(PRC2) is first recruited to its target sites, and the H3K27 methyltransferase Ezh2 catalyzes 
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H3K27me3. Subsequently, PRC1 binds to H3K27me3 and silences the chromatin34,35. On 

the other hand, histone acetyltransferase p300 induces H3K27ac, which is associated with 

open chromatin and transcription factor binding to DNA36. Indeed, previous genome-wide 

analysis are generally consistent with these models; H3K27ac is mainly associated with 

active enhancers, promoters and transcription start sites, while H3K27me3 correlates with 

repressed or poised promoters and enhancers4. The proposed models were based on results 

from in vitro biochemical studies, in vivo overexpression, knock-out and knock-down 

experiments of epigenetic modifying enzymes. However, many of these studies could not 

exclude the possibility of indirect secondary effects, because such manipulations alter the 

epigenome in a genome-wide way. Furthermore, recent studies suggested that H3K27me3 

deposition could be a consequence of transcriptional repression37,38; PRC1 recruitment can 

subsequently cause PRC2 protein binding in certain genomic regions39,40, in particular, at 

previously active promoters, which results in the accumulation of H3K27me341. Thus, even 

now, it is unclear whether H3K27me3 accumulation alone is sufficient to repress transcription 

of nearby genes. As discussed above, H3K27me3 has also been proposed to function as 

epigenetic memory, which enables the long-term maintenance of a cell-type specific 

transcriptional state in normal development8. However, it is unknown whether histone 

modifications themselves can be inherited across cell generations, and function as epigenetic 

memory for a long time. Therefore, direct manipulation of H3K27me3 at individual genomic 

loci is required to fully understand the mechanism of H3K27me3-associated repression, in 

addition for the study of direct heritability of histone modification. 

One possible approach for site-specific epigenetic modification is to manipulate 

target DNA sequences. Polycomb response elements (PREs; a combination of transcription 

factor motifs) were discovered in Drosophila35,38,42,43 and Arabidopsis thaliana44 and are well-

studied as consensus recruiter sequences that bind PRC2 through interaction with other DNA 

binding factors. Thus, in such organisms, the deletion or addition of the PRE results in the 
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site-specific reduction or accumulation of H3K27me345,46. However, a consensus recruiter 

sequence like PREs has not been discovered in other organisms such as vertebrates42. In 

addition, in vivo manipulation of DNA sequence could affect binding of other factors. It also 

requires the establishment of transgenic animals, which is still a difficult and time-consuming 

process. Thus, an alternative technique for in vivo targeted epigenome editing of H3K27me3 

has been needed. 

CRISPR-based dCas9 epigenome editing was recently developed as an alternative 

method for targeted epigenetic manipulation34. dCas9 is the nuclease-null deactivated Cas9 

which has mutations in the RuvC and HNH domains47. Like the CRISPR-Cas9 system, a 

single-guide RNA (sgRNA) guides modifying enzymes or domains fused to dCas9 to the 

targeted genomic locus, which alters the epigenetic state at the site. In principle, this method 

could be applied to any organism, unlike the deletion of the consensus recruiter sequence. 

However, the number of editable modifications and reports using the dCas9 system in vivo 

or in vivo epigenome editing are still limited48–56. 

In this chapter, I aimed to develop a robust in vivo epigenome manipulation method 

using medaka (Japanese killifish, Oryzias latipes) embryos. I generated a new construct, 

dCas9-olEzh2 (Oryzias latipes Ezh2 fused to dCas9), for manipulating H3K27me3, and 

demonstrated that dCas9-olEzh2 accumulated H3K27me3 at specific targeted loci and 

induced gene repression27. These in vivo epigenome editing will help in the study of 

epigenetic regulation of gene expression and heritability of epigenetic modifications at 

particular genomic loci. 
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Results 

 

Injection of dCas9-hsp300core mRNA in medaka embryo can activate target gene 

expression in vivo 

To test whether I can apply a technology of dCas9 epigenome editing in medaka embryos, I 

used the dCas9-hsp300core construct which was previously shown in vitro to activate gene 

expression through site-specific H3K27ac manipulation48. In this construct, a Bromo domain, 

which recognizes acetylated lysine residues on histone tails, and histone acetyltransferase 

(HAT) domain of human p300 (hsp300core) were fused to dCas9 with a FLAG tag at the N-

terminus (Figure 28A). The Bromo and HAT domains are highly conserved among human, 

mouse, zebrafish and medaka (Figure 27), suggesting that this construct can also induce 

site-specific H3K27ac in medaka. In the previous study, several genes including Myod were 

modified by dCas9-hsp300core transfection in cultured human cells48. Thus, I also chose 

medaka Myod1 as a target gene and injected dCas9 or dCas9-hsp300core mRNA along with 

three sgRNAs targeting the medaka Myod1 promoter (Figure 28B, 28C). I used a set of 

sgRNAs targeting a single promoter region because previous studies showed that multiple 

sgRNAs at each target promoter increased the efficiency of epigenome editing47,57,58. To 

detect dCas9-hsp300core recruitment and H3K27ac induction at the target loci, I performed 

ChIP-qPCR at the late blastula stage (stage 11), when histone modifications have already 

been accumulated after epigenetic reprogramming30,59 (Figure 28B). ChIP-qPCR using anti-

FLAG antibody showed that dCas9 and dCas9-hsp300core were efficiently and specifically 

recruited to the target sites (Figure 28D), but ChIP-qPCR using anti-H3K27ac antibody 

revealed that there was no significant accumulation of H3K27ac in embryos injected with 

dCas9-hsp300core (Figure 28E). The positive and negative control regions for ChIP 

experiments are described in (Figure 29). I then tested whether gene expression was affected, 

using RT-qPCR. For this expression analysis, the pre-early gastrula (stage 12) embryos were 
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used, which follows the zygotic genome activation (ZGA) at the late blastula stage (stage 

11)60. Importantly, RT-qPCR of medaka Myod1 at the pre-early gastrula stage (stage 12) 

showed upregulation in samples from dCas9-hsp300core-injected embryos (Figure 28F). 

These results suggest that the dCas9-hsp300core protein can site-specifically activate gene 

expression, but its ability to induce H3K27ac is low in medaka. It is possible that even though 

the HAT activity of dCas9-hsp300core is low in medaka, the level of H3K27ac induced by 

dCas9-hsp300core is sufficient to effectively activate gene expression. Alternatively, since 

p300 can function not only as an acetyltransferase, but also as a scaffold for recruiting other 

activators61, the p300 core domain may activate gene expression through an additional, 

unknown mechanism. In addition, acetylation on other histone residue H3K122 (H3K122ac) 

is also catalyzed by p300 and H3K122ac is sufficient to directly stimulate transcription62. 

Therefore, it is also possible that not H3K27ac but H3K122ac was deposited by dCas9-

hsp300core and triggered transcription of target gene in my system. 

 

dCas9-olEzh2 injection in medaka results in site-specific accumulation of H3K27me3 

in vivo 

In order to make a new construct for in vivo H3K27me3 manipulation by dCas9 epigenome 

editing, I first cloned the Oryzias latipes H3K27 methyltransferase Ezh2 (olEzh2) sequence 

and compared it with human, mouse, and zebrafish Ezh2 sequences. The alignment revealed 

that Ezh2 is highly conserved (98%) among the vertebrate species, especially the CXC 

domain and the SET domain (100%), which are required for H3K27 methyltransferase activity 

(Figure 30). 

 To test the ability of olEzh2 to induce H3K27me3 site-specifically in vivo, full-length 

olEzh2 was fused to dCas9 with a FLAG tag at the N-terminus (Figure 31A). To select target 

genome regions for H3K27me3 manipulation, I investigated previously published ChIP-seq 

data from medaka blastula embryos30. I selected promoter regions of 7 genes, Arhgap35, 



 
 

16 

Pfkfb4a, Nanos3, Dcx, Tbx16, Slc41a2a and Kita as targets, because they showed low 

H3K27me3 enrichment at the blastula stage (Figure 31C, 31G, 31K, 31N, 33A, 33D, 34F). 

These target promoters do not show any particular characteristics in terms of CpG contents 

compared to others. sgRNAs were designed to target DNase I hyper sensitive sites using 

DNase I-seq data from medaka blastula63, because previous genome-wide Cas9 binding 

studies showed that chromatin inaccessibility prevents sgRNA / Cas9 complex binding64,65. I 

used a set of sgRNAs targeting a single promoter region because previous studies showed 

that multiple sgRNAs at each target promoter increased the efficiency of epigenome 

editing47,57,58. 

I injected dCas9 or dCas9-olEzh2 mRNA along with three or four sgRNAs into 

medaka the one-cell-stage (stage 2) embryos, and to examine the recruitment of dCas9 or 

dCas9-olEzh2 and accumulation of H3K27me3 at the target regions, I performed ChIP-qPCR 

at the late blastula (stage 11), when histone modifications have already been accumulated 

after epigenetic reprogramming30,59 (Figure 31B). For each target promoter, several primer 

pairs that overlap with sgRNAs were designed for ChIP-qPCR. The positive and negative 

controls for ChIP experiments are described in Figure 29. The results of ChIP-qPCR using 

anti-FLAG antibody confirmed that dCas9-olEzh2 was recruited specifically to the target sites 

(Figure 31D, 31H, 31L, 31O, 33B, 33E, 34G). Importantly, at Arhgap35, Pfkfb4a, Nanos3, 

Dcx and Kita loci, the level of H3K27me3 increased in dCas9-olEzh2 injected embryos, as 

compared to non-injected and dCas9 injected ones (Figure 31E, 31I, 31M, 31P, 33H), 

demonstrating that dCas9-olEzh2 is capable of inducing site-specific H3K27me3 in vivo. On 

the other hand, at Tbx16 and Slc41a2a loci, there was no significant induction of H3K27me3 

(Figure 33C, 33F), even though dCas9-olEzh2 was recruited to the target site (Figure 33B, 

33E). I hypothesized that some factors were preventing the accumulation of H3K27me3 at 

these two loci. Analysis of published whole-genome bisulfite sequencing data from medaka 

blastula embryos29 revealed that Arhgap35, Pfkfb4a, Nanos3, Dcx and Kita promoters are 
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hypomethylated (Figure 31C, 31G, 31K, 31N, 34F), whereas Tbx16 and Slc41a2a promoters 

are highly methylated (Figure 33A, 33D). Antagonism between DNA methylation and H3K27 

methylation was previously reported in mouse embryonic stem cells66 and neural stem cells67 

and also in medaka blastula embryos30, and therefore pre-existing DNA methylation might 

have inhibited the induction of H3K27me3 by dCas9-olEzh2 at Tbx16 and Slc41a2a 

promoters. 

Since the antagonism between H3K27me3 and H3K27ac has also been reported68, 

I further checked whether the level of H3K27ac was affected by the dCas9-olEzh2-induced 

H3K27me3 accumulation. However, ChIP-qPCR using anti-H3K27ac antibody at the 

Arhgap35 promoter in the sgArhgap35 / dCas9-olEzh2 injected embryos showed no 

significant differences (Figure 32), suggesting that the level of H3K27me3 induced by dCas9-

olEzh2 was not sufficient for a detectable level of H3K27ac reduction. 

 

Induced H3K27me3 strengthens site-specific gene repression 

Next, I examined whether the induction of H3K27me3 by dCas9-olEzh2 has the function to 

repress the expression of targeted genes, as H3K27me3 induced by Ezh2 is known as a 

repressive histone modification35,43. To investigate the repression capacity of dCas9-olEzh2, 

I chose the zygotically transcribed genes, Arhgap35, Pfkfb4a and Kita among the five targets 

that showed H3K27me3 induction. I injected dCas9-olEzh2 mRNA along with sgRNAs 

targeting the Arhgap35, the Pfkfb4a or the Kita promoter, and performed RT-qPCR at the pre-

early gastrula stage (stage 12) (Figure 31B), which follows the zygotic genome activation 

(ZGA) at the late blastula stage (stage 11) 60. As a result, both dCas9 and dCas9-olEzh2 

injected embryos showed downregulation of Arhgap35, Pfkfb4a or Kita compared to non-

injected ones (Figure 31F, 31J, 34I), and this agrees with a previous report indicating that 

dCas9 itself can interfere with transcriptional elongation, RNA polymerase binding, or 

transcription factor binding47. Importantly, the expression of Arhgap35 and Kita in dCas9-
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olEzh2-injected embryos was significantly lower than that in dCas9-injected ones (Figure 31F, 

34I), suggesting that H3K27me3 have strengthened the repression. On the other hand, the 

expression level of Pfkfb4a did not show significant difference between dCas9 and dCas9-

olEzh2 injected embryos (Figure 31J). Thus, the effect of H3K27me3 accumulation to gene 

expression may be different between genes, or the levels of H3K27me3 accumulation at 

Pfkfb4a promoter was too low (Figure 31I).  

To validate that the H3K27me3 deposition is causative of transcriptional repression 

of target genes, I generated a SET domain-deleted mutant dCas9-olEzh2(∆SET) (Figure 

31A). First, I confirmed that this construct had no ability to induce H3K27me3 at target sites 

(Figure 34A, 34B, 34G, 34H). Then, I found that the expressions of the two target genes, 

Arhgap35 and Kita, were significantly lower in dCas9-olEzh2 injected embryos than in dCas9 

or dCas9-olEzh2(∆SET)-injected ones (Figure 34C, 34I). To further test the possibility that 

transcriptional interference by dCas9 complex caused the H3K27me3 deposition37,38, I 

increased the molecular concentration of dCas9-olEzh2(∆SET) up to 550 nM, and inhibited 

the gene expression at the same level as dCas9-olEzh2 injection. (Note that all other 

experiment in this paper used 350 nM concentration.) Under this condition, dCas9-

olEzh2(∆SET) (550 nM)-injected embryos showed strong reduction in transcription of the 

targeted gene (Figure 34D). However, neither dCas9-olEzh2(∆SET) (350 nM)-injected 

embryos nor dCas9-olEzh2(∆SET) (550 nM)-injected embryos showed the accumulation of 

H3K27me3 at the target region (Figure 34E). Thus, I concluded that the deposition of 

H3K27me3 was caused by the enzymatic activity of dCas9-olEzh2, but not by transcriptional 

interference. 

 

H3K27me3 epigenome editing by dCas9-olEzh2 is highly site-specific 

Finally, to globally confirm the specificity of H3K27me3 epigenome editing by dCas9-olEzh2, 

I performed ChIP-seq of dCas9-olEzh2 mRNA / sgArhgap35 sgRNA-injected or dCas9-
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olEzh2(∆SET) mRNA / sgArhgap35 sgRNA-injected late blastula (stage 11) embryos using 

anti-FLAG antibody and anti-H3K27me3 antibody. First, I confirmed that two biological 

replicates showed consistent distribution of dCas9 binding and H3K27me3 (Figure 35A-D). 

Thus, in the following analyses, I pooled two replicates. Next, I confirmed the specificity of 

dCas9-olEzh2(∆SET) and dCas9-olEzh2 recruitment to the target site (Figure 36A, 36B). 

Finally, I observed that H3K27me3 was only induced at the sgRNA target region in dCas9-

olEzh2-injected embryos, while there was no deposition of H3K27me3 in dCas9-

olEzh2(∆SET)-injected embryos (Figure 37A, 37B). Among all H3K27me3 peaks in dCas9-

olEzh2(∆SET) and dCas9-olEzh2-injected embryos, only H3K27me3 enrichment of the 

sgRNA target region was significantly changed (Figure 37C, 37D). These data demonstrate 

the high specificity of H3K27me3 epigenome editing by dCas9-olEzh2. 
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Discussion 

 

In this study, I generated dCas9-olEzh2 for manipulating H3K27me3, and demonstrated that 

co-injection of three or four sgRNAs and dCas9-olEzh2 mRNA into the one-cell-stage 

medaka embryos induced accumulation of H3K27me3 at specific targeted loci and significant 

reduction in gene expression (Figure 38).  

 

DNA methylation and he ability of dCas9-olEzh2 to induce H3K27me3 

So far I tested, the ability of dCas9-olEzh2 to induce H3K27me3 was limited to 

hypomethylated regions (Figure 38). A previous study using dCas9-PRDM9 (H3K4 

methyltransferase PRDM9 fused to dCas9) suggested that dCas9 itself was not able to bind 

to highly methylated genomic regions50. However, my dCas9-olEzh2 successfully bound to 

methylated target sites. Importantly, I chose the target sites that are DNase I-hypersensitive, 

as previous genome-wide Cas9 binding studies showed that the binding of sgRNA / Cas9 

complex depends on chromatin accessibility64,65. Taken together, my results suggest that 

dCas9-olEzh2 is able to bind to methylated sites if the chromatin is accessible, but the 

induction of H3K27me3 is prohibited by other inhibitory role of DNA methylation against Ezh2 

(Figure 38). However, I can not exclude the possibility that the binding efficiency of sgRNA 

affected H3K27me3 accumulation to methylated promoters.  

 

H3K27me3 and gene repression 

Interestingly, the most recent study using human cell lines and mouse Ezh2 fused to dCas9 

N-terminus (Ezh2-dCas9) reported that H3K27me3 induction at HER2 promoter did not 

correlate with transcriptional repression69. Also in this study, the two targets (Arhgap35 and 

Kita) out of the three showed significant downregulation of gene expression, whereas the one 

(Pfkfb4a) of three targets did not. These results suggest that the effect of H3K27me3 on 
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transcription differs among gene loci. Furthermore, the downregulation of target genes 

(Arhgap35 and Kita), though statistically significant, appeared modest. This suggests that 

induced H3K27me3 deposition was not sufficient for strong repression under my 

experimental conditions or other factors, such as H3K9me or repressor binding, are further 

required for complete suppression of gene transcription of these genes. In addition, since the 

deposition of H3K27me3 did not induce the detectable change of H3K27ac level (Figure 32), 

sufficient repression might require de-acetylation.  

 

Further applicability of H3K27me3 epigenome editing 

Thus far, dCas9-based epigenome editing was reported to site-specifically manipulate 

H3K27me369, H3K27ac48, H3K9me349, H3K4me350, H3K79me250, and DNA methylation51–53 

under in vitro conditions. In vivo dCas9-based epigenome editing applications has been used 

for site-specific deubiquitylation by injection in nuclear transferred Xenopus oocyte55, 

targeted manipulation of DNA methylation in mouse oocyte by injection56, and in mouse brain 

by in vivo electrophoresis52,53. The present study is the first to site-specifically manipulate 

H3K27me3 in vivo, and extends the applicability of the in vivo dCas9-based epigenome 

editing. Dysregulation of H3K27me3 has been implicated in diseases such as cancer70,71. 

Given that Ezh2 is highly conserved among vertebrates including human, my dCas9-olEzh2 

system can be a model for in vivo disease treatment in the future. 
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Materials and Methods 

 

medaka strain and developmental stages 

Medaka d-rR strain was used for all experiments in this study. Medaka fish were maintained 

and raised according to standard protocols. Developmental stages were determined based 

on previously published guidelines72.  

 

cloning and alignment 

Total RNA from two days-post-fertilization medaka embryos was reverse transcribed to a 

cDNA mix, using SuperScript III First-Strand Synthesis SuperMix (Invitrogen, 18080400). 

Medaka Ezh2 (olEzh2) was amplified from this cDNA mix using cloning primers (described 

in Table S1), and PCR products were cloned into the pCR2.1-TOPO vector (pCR2.1-olEzh2). 

Human, mouse and zebrafish canonical Ezh2 coding DNA sequence (CDS) were obtained 

from Ensembl (human : ENSP00000419711, mouse : ENSMUSP00000080419, zebrafish : 

ENSDARP00000023693). These sequences were aligned using T-Coffee73, and the colored 

alignment figure was made using the Sequence Manipulation Suite74. 

 

sgRNA design 

sgRNAs were designed using CCtop CRISPR / Cas9 target online predictor75 with default 

parameters except the target site length. I set the target site length to 18. The sgRNA target 

sequences and locations are described in Table S1. 

 

plasmid construct 

Cas9 sequence in pMLM3613 (Addgene, #42251) was modified (D10A and H840A) by 

PrimeSTAR® Mutagenesis Basal Kit (Takara, R046A) using mut.1 and mut.2 primers. This 

dCas9 sequence was amplified by primers containing FLAG and NLS sequences, then it was 
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assembled with XbaI-linearized pCS2+ vector (pCS2+-dCas9) using NEBuilder HiFi DNA 

Assembly Master Mix (NEB, E2621). From pCR2.1-olEzh2, olEzh2 sequence was amplified 

and assembled with XhoI-linearized pCS2+-dCas9 vector (pCS2+-dCas9-olEzh2) using 

NEBuilder. To make pCS2+-dCas9-olEzh2(∆SET) plasmids, I modified olEzh2 sequence in 

pCS2+-dCas9-olEzh2 by PrimeSTAR® Mutagenesis Basal Kit (Takara, R046A) using mut-

olEzh2-ΔSET primers. I constructed the sgRNA vectors from pDR274 (Addgene, #42250) 

based on the method described in previous paper76. All primers used for construction are 

described in Table S2. 

 

in vitro transcription 

dCas9, dCas9-olEzh2 and dCas9-olEzh2(∆SET) mRNA were generated using PCR products 

from pCS2+-dCas9, pCS2+-dCas9-olEzh2, pCS2+-dCas9-olEzh2(∆SET) as templates, 

respectively, which contain T7 promoters. mRNA was synthesized using HiScribe T7 ARCA 

mRNA kit (NEB, E2060S). sgRNAs were synthesized using PCR products of sgRNA vectors 

as templates and HiScribe T7 Quick High Yield RNA Synthesis Kit (NEB, E2050S). RNeasy 

mini kit (QIAGEN, 74104) was used to purity RNA. Primers for PCR amplification of the in 

vitro transcription template are described in Table S2. 

 

RNA Injection and ChIP-qPCR 

For dCas9-olEzh2 injection, either dCas9-olEzh2 mRNA, dCas9-olEzh2(∆SET) or dCas9 

mRNA along with three or four sgRNAs (120 ng / µL each) were injected into the one-cell 

stage (stage 2) embryos. To roughly normalize the number of molecules per injection (350 

nM), dCas9-olEzh2, dCas9-olEzh2(∆SET) and dCas9 mRNA were injected at concentration 

of 750 ng / µL, 710 ng / µL or 500 ng / µL. For higher concentration injection of dCas9-

olEzh2(∆SET), dCas9-olEzh2(∆SET) mRNA (1100 ng / µL, 550 nM) and sgRNAs (180 ng / 

µL) were injected. After 8 hours of incubation, the late blastula (stage 11) embryos were 
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transferred into PBS containing 20 mM sodium butyrate, 1 mM PMSF, and 1 x cOmplete 

EDTA-free Protease Inhibitor Cocktail (Roche, 11873580001), and cells were gently 

dissociated using homogenizer (BMBio, C-3452-2) or gentle pipetting (about 150 embryos 

for dCas9-olEzh2 injection ChIP, and about 50 embryos for dCas9-olEzh2(∆SET) injection 

ChIP). Subsequently, cells were cross-linked by adding formaldehyde (1 % volume per 

volume final) for 8 minutes at room temperature then quenched by adding glycine (200 mM 

final). After washing with PBS containing 20 mM sodium butyrate, 1 mM PMSF, and 1 x 

Protease Inhibitor Cocktail, cross-linked cells were stored in -80℃ as dry pellet. For dCas9-

olEzh2 injection ChIP, all subsequent procedures were performed as previously described30. 

For dCas9-olEzh2(∆SET) injection ChIP, cross-linked cells were sonicated in a microTUBE 

AFA Fiber Snap-Cap 6x16mm (Covaris, 520045) using Covaris S220 with optimized 

parameters (Peak Power : 105, Duty Factor : 4.0, cycles per burst : 200, duration : 750 

seconds), and all subsequent procedures were performed as previously described30. Anti-

FLAG antibody (Sigma, F3165), anti-histone H3K27ac antibody (abcam, ab4729) and anti-

histone H3K27me3 antibody (Millipore, 07-449 for sgArhgap35, sgTbx16, sgNanos3 and 

sgDcx, or Diagenode, c15410069 for sgArhgap35, sgKita, sgPfkfb4a and sgSlc41a2a) were 

used for each experiment. All primers for ChIP-qPCR are described in Table S3. 

 

RT-qPCR 

For sgArhgap35, sgKita and sgPfkfb4a RT-qPCR, either dCas9-olEzh2 mRNA (750 ng / µL), 

dCas9-olEzh2(∆SET) (710 ng /µL) or dCas9 mRNA (500 ng / µL) was injected along with 

three or four sgRNAs (120 ng / µL each) into the one-cell stage (stage 2) embryos. For higher 

concentration injection of dCas9-olEzh2(∆SET), dCas9-olEzh2(∆SET) mRNA (1100 ng / µL, 

550 nM) and sgRNAs (180 ng / µL) were injected. After 10 hours of incubation, the pre-early 

gastrula (stage 12) embryos (50 embryos) were homogenized and all subsequent steps were 

performed as previously described30. All primers for RT-qPCR are described in Table S4. 
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ChIP-seq library preparation and sequencing 

I generated two biological replicates for ChIP-seq. ChIP was performed following the protocol 

described above. After ChIP, ChIP-seq libraries were prepared using KAPA Hyper Prep Kit 

(KAPA Biosystems, KK8504). All ChIP-seq libraries were sequenced using Illumina 

HiSeq1500 system. 

 

ChIP-seq data processing 

First, low quality reads and adapter-derived sequences were trimmed by Trimmomatic77. 

Second, trimmed-reads were aligned to medaka genome (MEDAKA1) using BWA78. Third, I 

removed alignments with mapping quality smaller than 20. Finally, MACS279 was used to call 

peaks (q-value < 0.01) and to generate signals per million reads tracks.  

 

ChIP-seq analysis 

To test the correlation of the two biological replicates, reads per kilobase per million mapped 

reads (RPKM) for each 5 kb bin was calculated, Pearson’s correlation coefficient was 

calculated. 

 To check the specificity of dCas9-olEzh2 targeting, I plotted fold-enrichment of 

FLAG ChIP-seq signals by calculating the ratio between the ChIP sample signals and the 

local control lambda outputted by MACS279. 

To investigate the fold change of H3K27me3 enrichment in peaks in dCas9-olEzh2 

injected embryos and dCas9-olEzh2(∆SET) embryos, I followed the procedure described in 

the previous study49. I pooled two replicates, called peaks using MACS279, merged 

H3K27me3 peaks of each condition using bedtools merge80, calculated the read number 

overlapping the merged peaks in each replicates using bedtools intersect80, and compared 

H3K27me3 enrichment and fold change using DESeq281. 
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Statistics 

The experiments shown in Figure 31F, 34C, 34D and 34Ii had six biological replicates, ChIP-

seq experiments had two biological replicates, and all other experiments in this study had 

three biological replicates. Student’s t-test was used to compare two groups in Fig. 31F, and 

31J. Tukey-Kramer test was used to compare groups in the ChIP-qPCR and RT-qPCR 

analyses of all other experiments. Data are expressed as mean ± s.d. 
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Conclusion 

Intergenerational inheritance of histone modifications was widely recognized in recent years, 

yet it is currently unclear to what extent this phenomenon is essential for development and 

physiology of progeny in vertebrates. This is mainly due to the limited number of non-

mammalian species whose reprogramming processes during early development are 

intensively examined, and also to the lack of the target-specific and direct manipulation 

technology in vivo. 

 In Chapter 1, to extend the understanding of reprogramming of histone 

modifications after fertilization in non-mammalian vertebrates, I performed genome-wide and 

quantitative analysis of histone modification reprogramming in medaka embryos. As a result, 

I found that all modifications are erased more or less after fertilization, but that H3K27ac, 

H3K27me3 and H3K9me3 largely or partially escape erasure (Figure 26A). This analysis 

further supports conservation of extensive erasure of histone modifications during 

reprogramming among non-mammalian vertebrates (Figure 26B). With further analysis using 

previous RNA-seq and ATAC-seq data, I discussed the function of H3K27ac pre-marking and 

the possibility of H3K27me3 transmission from parental germ cells (Figure 26A). Consistently, 

medaka sperm ChIP-seq also revealed the overlap of H3K27me3 accumulation in blastula 

and sperm (Figure 26A). My quantitative data of various histone modifications will make 

medaka a good non-mammalian platform with which to analyze conserved and diverse 

features of epigenetic reprogramming in the vertebrate lineage. However, to directly analyze 

transmission of histone modifications from germ cells to offspring, development of in vivo 

epigenome editing technology was definitely needed.  

 In Chapter 2, toward the establishment of technology of direct and target site-

specific in vivo manipulation of histone modification, I sought to apply dCas9 system to 

medaka embryos. As a result, I succeeded in developing targeted induction of H3K27me3 in 

medaka embryos by mRNA injection and confirmed its targeting specificity (Figure 38). 
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Furthermore, the deposition of H3K27me3 in promoter resulted in downregulation of 

downstream gene, suggesting the causal relationship between H3K27me3 and gene 

repression (Figure 38). This success, however, is only a first step, as I further need to 

establish epigenome editing in germ cells in order to directly test the intergenerational 

epigenome inheritance. 

 Toward further understanding of intergenerational epigenetic and phenotypic 

inheritance, it will further be required to experimentally demonstrate whether histone 

modifications in parental germ cells are inherited to embryos and affect development of 

offspring in non-mammalian vertebrates (Figure 39). Since I found the possibility of 

intergenerational H3K27me3 transmission and also established in vivo H3K27me3 

epigenome editing, medaka can be an ideal vertebrate model to address such unanswered 

questions. Further studies are awaited in future, for example establishment of transgenic 

lines for in vivo epigenome editing in sperm and oocytes, or direct injection of in vivo 

epigenome editing in oocyte. 

 In this doctoral thesis, I mainly focused on histone modifications and their 

inheritance. However, other epigenetic factors such as DNA methylation and small RNAs 

may serve for phenotypic inheritance. Previous studies showed that small RNAs in sperm 

contributed to the phenotypic changes of offspring induced by parental exposure to 

environmental stimuli in mice82,83, and indeed small RNAs were found in medaka germ cells84. 

Remarkably, DNA methylation in zebrafish was found not to undergo reprogramming85–89 

unlike in mammals, and stable transmission of DNA methylation pattern across generations 

was experimentally demonstrated in medaka90. Thus, I speculate that not only histone 

modifications but also other epigenetic factors such as small RNAs and DNA methylation in 

parental germ cells contribute independently and/or synergistically to embryonic 

development. 
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Figures and Legends 

 

 
Figure 1. Epigenetic modification as a second layer of information associated with 
DNA 
Epigenetic modification controls the establishment and maintenance of cellular identities for 
the entire life of multicellular organisms, sustaining proper organization of our whole body. 
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Figure 27. P300 core peptide alignment comparing human, mouse, zebrafish and 
medaka 
Zebrafish and medaka have two p300 orthologs (ep300a and ep300b). The p300 core 
sequence is bracketed by purple arrows. The blue and magenta bars represent the Bromo 
domain and the HAT domain, respectively. 
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Figure 28. Figure legend on the next page 
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Figure 28. dCas9-hsp300core epigenome editing 
(A) Schematic of dCas9 / dCas9-hsp300core constructs and H3K27ac induction / gene 
activation caused by dCas9-hsp300core. 
(B) Schematic view of dCas9-hsp300core epigenome editing and injection experiments. 
sgRNA and mRNA were injected at the one-cell stage (stage 2). ChIP-qPCR was performed 
using the late blastula embryos (stage 11, eight hours after injection). RT-qPCR was 
performed using the pre-early gastrula embryos (stage 12, ten hours after injection), because 
ZGA occurs at the late blastula (stage 11) in medaka.  
(C) The epigenetic modification pattern around the target Myod1, sgRNAs (blue bars) and 
ChIP-qPCR product (black bars) positions. H3K27me3 (red) and H3K27ac (blue) ChIP-seq, 
DNase I-seq (black) and DNA methylation enrichment at the blastula stage are shown.  
(D, E) The results of ChIP-qPCR using anti-FLAG antibody and anti-H3K27ac antibody. 
H3K27ac negative region (K27ac NC) and H3K27ac positive region (K27ac PC1) were used 
for ChIP control (described in Figure 29). Light blue, gray, and purple bars represent no 
injection, sgRNAs / dCas9 injection and sgRNAs / dCas9-hsp300core injection, respectively.  
(F) Myod1 mRNA expression level comparison by RT-qPCR. Expression levels were 
normalized to that of beta-actin. (Tukey-Kramer’s test, * p < 0.1, ** p < 0.05, *** p < 0.01, n=3 
biological replicates, error bars are s.d., p-values of each comparison are shown only if the 
p-value is under 0.1.) 
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Figure 29. Location and epigenetic modification patterns of ChIP-qPCR negative 
control (NC) and positive control (PC) 
H3K27me3 (red), H3K27ac (blue) enrichment (ChIP-seq)30 and DNA methylation29 at the 
blastula stage are shown. Black bars below the genes surrounded by magenta circles are 
the ChIP-qPCR product positions of each NC and PC. 
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Figure 30. Ezh2 alignment comparing human, mouse, zebrafish and medaka 
Alignment of Ezh2 protein sequences from four species. The green and blue bars indicate 
the CXC and the SET domains, respectively. 
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Figure 31. Figure legend on the next page 
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Figure 31. H3K27me3 epigenome editing by dCas9-olEzh2 targeting hypomethylated 
promoters 
(A) Schematic of dCas9, dCas9-olEzh2 and dCas9-olEzh2(∆SET) constructs and H3K27me3 
induction caused by dCas9-olEzh2. 
(B) Schematic view of the dCas9-olEzh2 epigenome editing and injection experiments. 
sgRNA and mRNA were injected at the one-cell stage (stage 2). ChIP-qPCR was performed 
using the late blastula embryos (stage 11, eight hours after injection). RT-qPCR was 
performed using the pre-early gastrula embryos (stage 12, ten hours after injection), because 
ZGA occurs at the late blastula (stage 11) in medaka.  
(C, G, K, N) The epigenetic modification patterns around Arhgap35, Kita, Nanos3 and Dcx, 
sgRNAs (blue bars) and ChIP-qPCR product (black bars) positions. H3K27me3 (red) and 
H3K27ac (blue) ChIP-seq30, DNase I-seq (black)63 and DNA methylation29 enrichment at the 
blastula stage are shown.  
(D, E, H, I, L, M, O, P) The results of ChIP-qPCR using anti-FLAG antibody (D, H, L, O) and 
anti-H3K27me3 antibody (E, I, L, M). H3K27me3 negative region (K27me3 NC) and 
H3K27me3 positive region (K27me3 PC) were used for ChIP control (described in Figure 29). 
(F, J) Arhgap35 and Pfkfb4a mRNA expression fold change. After expression levels were 
normalized to that of beta-actin, fold changes (sample / no injection) were calculated. Light 
blue, gray, and orange bars in each bar graph represent no injection, sgRNAs / dCas9 
injection, and sgRNAs / dCas9-olEzh2 injection, respectively. (Tukey-Kramer test and only in 
Figure 31F, 31J Student’s t-test, * p < 0.1, ** p < 0.05, *** p < 0.01, n=3 biological replicates 
and only in Figure 31F, 31J n=6 biological replicates, error bars are s.d., p-values of each 
comparison are shown only if the p-value is under 0.1.) 
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Figure 32. H3K27ac ChIP-qPCR of sgArhgap35 injected embryos 
H3K27ac negative region (K27ac NC) and H3K27ac positive region (K27ac PC2) were used 
as controls for ChIP (described in Figure 29). Light blue, gray and orange bars represent no 
injection, sgRNAs / dCas9 injection and sgRNAs / dCas9-olEzh2 injection, respectively. 
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Figure 33. Figure legend on the next page 
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Figure 33. H3K27me3 epigenome editing by dCas9-olEzh2 targeting methylated 
promoters 
(A, D) The epigenetic modification patterns around Tbx16 and Slc41a2a, sgRNAs (blue bars) 
and ChIP-qPCR product (black bars) positions. H3K27me3 (red) and H3K27ac (blue) ChIP-
seq30, DNase I-seq (black)63 and DNA methylation enrichment29 at the blastula stage are 
shown for comparison.  
(B, C, E, F) The results of ChIP-qPCR using anti-FLAG antibody (B, E) and anti-H3K27me3 
antibody (C, F). H3K27me3 negative region (K27me3 NC) and H3K27me3 positive region 
(K27me3 PC) were used for ChIP control (described in Figure 29). Light blue, gray, and 
orange bars represent no injection, sgRNAs / dCas9 injection, and sgRNAs / dCas9-olEzh2 
injection, respectively. (Tukey-Kramer test, * p < 0.1, ** p < 0.05, *** p < 0.01, n=3 biological 
replicates, error bars are s.d., p-values of each comparison are shown only if the p-value is 
under 0.1.) 
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Figure 34. Figure legend on the next page 
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Figure 34. H3K27me3 epigenome editing by dCas9-olEzh2(∆SET) and higher 
concentration injection 
(A-C) dCas9-olEzh2(∆SET) analyses targeting Arhgap35 promoter. ChIP-qPCR using anti-
FLAG antibody (A), ChIP-qPCR using anti-H3K27me3 antibody (B), and Arhgap35 mRNA 
expression fold change (C).  
(D, E) Arhgap35 mRNA expression fold change (D) and ChIP-qPCR using anti-H3K27me3 
antibody (E) in higher concentration injection.  
(F) The epigenetic modification patterns around Kita, sgRNAs (blue bars) and ChIP-qPCR 
product (black bars) positions. H3K27me3 (red) and H3K27ac (blue) ChIP-seq30, DNase I-
seq (black)63 and DNA methylation enrichment29 at the blastula stage are shown for 
comparison.  
(G-I) dCas9-olEzh2(∆SET) analyses targeting Kita promoter. ChIP-qPCR using anti-FLAG 
antibody (g), ChIP-qPCR using anti-H3K27me3 antibody (H), and Kita mRNA expression fold 
change (I).  
In Figure 34C, 34D and 34I, after expression levels were normalized to that of beta-actin, fold 
changes (sample / no injection) were calculated. Light blue, gray, orange, red and pink bars 
in each bar graph represent no injection, sgRNAs / dCas9 injection, sgRNAs / dCas9-olEzh2 
injection, sgRNAs / dCas9-olEzh2(∆SET)(350nM) injection, and sgRNAs / dCas9-
olEzh2(∆SET)(550nM) injection respectively. (Tukey-Kramer test, * p < 0.1, ** p < 0.05, *** p 
< 0.01, n=3 biological replicates and only in Figure 34C, 34D and 34I n=6 biological replicates, 
error bars are s.d., p-values of each comparison are shown only if the p-value is under 0.1.) 
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Figure 35. Figure legend on the next page 
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Figure 35. Comparison between two biological replicates of ChIP-seq 
(A, B) Genome browser view of ChIP-seq for each biological replicate. Induced H3K27me3 
accumulation at the target locus is indicated by arrows.  
(C, D) Correlation of two ChIP-seq replicates. Log2(RPKM) of each bins (5kb) and Pearson’s 
correlation coefficient are shown. 
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Figure 36. Genome-wide distribution of FLAG ChIP-seq signal 
(A, B) Fold enrichment of FLAG ChIP-seq signal for (A) dCas9-olEzh2(∆SET) injected 
embryos and (B) dCas9-olEzh2 injected embryos. The position of sgRNA target site is 
indicated by magenta line. 
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Figure 37. H3K27me3 epigenome editing was highly site-specific 
(A, B) Epigenetic modification patterns, sgRNAs (blue bars) and ChIP-qPCR product (black 
bars) positions around sgRNA target site. ChIP-seq using anti-FLAG antibody (gray) and 
anti-H3K27me3 (orange) in dCas9-olEzh2(SET) or dCas9-olEzh2 injected embryos are 
shown. In addition, DNase I-seq (black)63 and DNA methylation29 pattern of blastula stage 
are shown.  
(C) MA plot of differential enrichment analysis of ChIP-seq signals of dCas9-olEzh2(SET) 
injected embryos and dCas9-olEzh2 injected embryos. Each dot shows H3K27me3 peak. 
The peak with the p-value under 0.01 is indicated as red dot. The peaks with the fold 
change greater than 5 or less than -5 are indicated as triangles.  
(D) Volcano plot of differential enrichment analysis of ChIP-seq signals of dCas9-
olEzh2(SET) injected embryos and dCas9-olEzh2 injected embryos. All H3K27me3 peaks 
are indicated as dots. Only the peak including targeted genomic region is indicated as red 
dot. 
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Figure 38. Summary of Chapter 2 
The new construct dCas9-olEzh2 can induce H3K27me3 site-specifically and cause 
significant reduction of expression level of downstream gene. This activity is inhibited by pre-
existing DNA methylation. 
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Figure 39. Future study for testing intergenerational inheritance of histone 
modifications. 
If H3K27me3 (orange) can be heritable intergenerationally, H3K27me3 accumulation induced 
by epigenome editing in parental germ cells causes H3K27me3 accumulation in embryos at 
the same genomic region. If not (e.g. H3K27me3 deposition in embryos are determined by 
DNA-sequence alone), such artificial induction of H3K27me3 in parental germ cells do not 
cause H3K27me3 accumulation in embryos. 
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Tables 

Table S1. sgRNA targets 

name sgRNA target (18bp) + NGG location 

sgArhgap35_1 ACCACACGATAGCGCCTCTGG chr14:16752902-16752922 

sgArhgap35_2 TGCCGACATAATAACGCTGGG chr14:16753019-16753039 

sgArhgap35_3 ATGTGGAATCGATTACTTTGG chr14:16752685-16752705 

sgArhgap35_4 TTGTGTGAGGGCGCCGCTGGG chr14:16752757-16752777 

sgPfkfb4a_1 CGCGCGAGCGCTACCGACTGG chr5:25992580-25992600 

sgPfkfb4a_2 TACACAGTCACCGACACGGGG chr5:25992672-25992692 

sgPfkfb4a_3 GGGAAGCCCGTTTTTATACGG chr5:25992789-25992809 

sgTbx16_1 ACTCAATGTGTAATCCGTGGG chr9:20564664-20564684 

sgTbx16_2 GGTGGACGACGACTTTTAAGG chr9:20564800-20564820 

sgTbx16_3 CTGGAGGATCCCAACCTCTGG chr9:20564401-20564421 

sgTbx16_4 GAGGAGGGCCACTGAAGTTGG chr9:20564478-20564498 

sgSlc41a2a_1 GAGTCGTTGCAATCGTCTGGG chr6:26429286-26429306 

sgSlc41a2a_2 ACAGATTTAGTGTAGTCGAGG chr6:26429140-26429160 

sgSlc41a2a_3 AGCTCGAATCCCTTCTAGTGG chr6:26429232-26429252 

sgNanos3_1 GGGCACACGTACTGCCGCAGG chr1:31476661-31476681 

sgNanos3_2 CTTCGTGCACCCCCGCTCCGG chr1:31476915-31476935 

sgNanos3_3 GCGCGTGCACAGCGCGTGCGG chr1:31477286-31477306 

sgDcx_1 CACCTGCGCGGCTGCGTGCGG chr14:14993085-14993105 

sgDcx_2 CGGTGCGGTGCGGGGGAAGGG chr14:14993121-14993141 

sgDcx_3 GACTCGCACCTCCGCGGTGGG chr14:14993297-14993317 

sgKita_1 ACTCCGGGCTCTCTTAACCGG chr4:1430456-1430476 

sgKita_2 ACATAACCGTCACTATCATGG chr4:1430718-1430738 

sgKita_3 TCAGGTACATAATATACGAGG chr4:1430924-1430944 
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sgKita_4 GTCATGAAAAGCCACTTCAGG chr4:1431112-1431132 

 

Table S2. Primers and oligos 

name purpose Primer Sequence (5'->3') 

olEzh2 F cloning olEzh2 TGGCTGCAGGCTGATCAT 

olEzh2 R cloning olEzh2 TCAGGCGATCTCCATCTC 

mut.1_F dCas9 mutagenesis (D10A) GGCTTAGCTATCGGCACAAATAGCGT 

mut.1_R dCas9 mutagenesis (D10A) GCCGATAGCTAAGCCTATTGAGTATT 

mut.2_F dCas9 mutagenesis (H840A) TGTCGATGCCATTGTTCCACAAAGTTT 

mut.2_R dCas9 mutagenesis (H840A) ACAATGGCATCGACATCATAATCACT 

NEBuilder 

dCas9 F 

make pCS2+-dCas9 ATACGACTCACTATAGTTGAGAGCCGCCACCATGGAC 

NEBuilder 

dCas9 R 

make pCS2+-dCas9 AGGCCTCTCGAGCCTAAACTCAATGGTGATGGTGATGAT

GACC 

NEBuilder 

olezh2 F 

make pCS2+-dCas9-olEzh2 CCCAAGAAGAAGAGGAAAGTCCGCGCCGGGACGGGGA

AACGCTCAG 

NEBuilder 

olezh2 R 

make pCS2+-dCas9-olEzh2 TCGAATTCAAGGCCTCTCAGGCGATCTCCATCTCGC 

mut-olEzh2-

ΔSET F 

make Ezh2(∆SET) AGCCAAGTACAGCCAGGCGGACGCC 

mut-olEzh2-

ΔSET R 

make Ezh2(∆SET) TGGCTGTACTTGGCTCCTCTCTGGAT 

IVT dCas9-

olezh2 F 

IVT template (dCas9 or 

dCas9-olEzh2) 

GGATCTACGTAATACGACTCACTA 

IVT dCas9-

olezh2 R 

IVT template (dCas9 or 

dCas9-olEzh2) 

GCTACTTGTTCTTTTTGCAGG 



 
 

50 

IVT sgRNA F IVT template (sgRNA) AAAAGCACCGACTCGGTG 

IVT sgRNA R IVT template (sgRNA) GGTCAGGTATGATTTAAATGGTCAGT 

sgArhgap35_1s sgRNA oligo TAGGACCACACGATAGCGCCTC 

sgArhgap35_1a sgRNA oligo AAACGAGGCGCTATCGTGTGGT 

sgArhgap35_2s sgRNA oligo TAGGTGCCGACATAATAACGCT 

sgArhgap35_2a sgRNA oligo AAACAGCGTTATTATGTCGGCA 

sgArhgap35_3s sgRNA oligo TAGGATGTGGAATCGATTACTT 

sgArhgap35_3a sgRNA oligo AAACAAGTAATCGATTCCACAT 

sgArhgap35_4s sgRNA oligo TAGGTTGTGTGAGGGCGCCGCT 

sgArhgap35_4a sgRNA oligo AAACAGCGGCGCCCTCACACAA 

sgPfkfb4a_1s sgRNA oligo TAGGCGCGCGAGCGCTACCGAC 

sgPfkfb4a_1a sgRNA oligo AAACGTCGGTAGCGCTCGCGCG 

sgPfkfb4a_2s sgRNA oligo TAGGTACACAGTCACCGACACG 

sgPfkfb4a_2a sgRNA oligo AAACCGTGTCGGTGACTGTGTA 

sgPfkfb4a_3s sgRNA oligo TAGGGGGAAGCCCGTTTTTATA 

sgPfkfb4a_3a sgRNA oligo AAACTATAAAAACGGGCTTCCC 

sgTbx16_1s sgRNA oligo TAGGACTCAATGTGTAATCCGT 

sgTbx16_1a sgRNA oligo AAACACGGATTACACATTGAGT 

sgTbx16_2s sgRNA oligo TAGGGGTGGACGACGACTTTTA 

sgTbx16_2a sgRNA oligo AAACTAAAAGTCGTCGTCCACC  

sgTbx16_3s sgRNA oligo TAGGCTGGAGGATCCCAACCTC 

sgTbx16_3a sgRNA oligo AAACGAGGTTGGGATCCTCCAG 

sgTbx16_4s sgRNA oligo TAGGGAGGAGGGCCACTGAAGT 

sgTbx16_4a sgRNA oligo AAACACTTCAGTGGCCCTCCTC  

sgSlc41a2a_1s sgRNA oligo TAGGGAGTCGTTGCAATCGTCT 

sgSlc41a2a_1a sgRNA oligo AAACAGACGATTGCAACGACTC 
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sgSlc41a2a_2s sgRNA oligo TAGGACAGATTTAGTGTAGTCG 

sgSlc41a2a_2a sgRNA oligo AAACCGACTACACTAAATCTGT 

sgSlc41a2a_3s sgRNA oligo TAGGAGCTCGAATCCCTTCTAG 

sgSlc41a2a_3a sgRNA oligo AAACCTAGAAGGGATTCGAGCT 

sgNanos3_1s sgRNA oligo TAGGGGGCACACGTACTGCCGC 

sgNanos3_1a sgRNA oligo AAACGCGGCAGTACGTGTGCCC 

sgNanos3_2s sgRNA oligo TAGGCTTCGTGCACCCCCGCTC 

sgNanos3_2a sgRNA oligo AAACGAGCGGGGGTGCACGAAG 

sgNanos3_3s sgRNA oligo TAGGGCGCGTGCACAGCGCGTG 

sgNanos3_3a sgRNA oligo AAACCACGCGCTGTGCACGCGC 

sgDcx_1s sgRNA oligo TAGGACCTGCGCGGCTGCGTGC 

sgDcx_1a sgRNA oligo AAACGCACGCAGCCGCGCAGGT 

sgDcx_2s sgRNA oligo TAGGCGGTGCGGTGCGGGGGAA 

sgDcx_2a sgRNA oligo AAACTTCCCCCGCACCGCACCG 

sgDcx_3s sgRNA oligo TAGGGACTCGCACCTCCGCGGT 

sgDcx_3a sgRNA oligo AAACACCGCGGAGGTGCGAGTC 

sgKita_1s sgRNA oligo TAGGACTCCGGGCTCTCTTAAC 

sgKita_1a sgRNA oligo AAACGTTAAGAGAGCCCGGAGT 

sgKita_2s sgRNA oligo TAGGACATAACCGTCACTATCA 

sgKita_2a sgRNA oligo AAACTGATAGTGACGGTTATGT 

sgKita_3s sgRNA oligo TAGGTCAGGTACATAATATACG 

sgKita_3a sgRNA oligo AAACCGTATATTATGTACCTGA 

sgKita_4s sgRNA oligo TAGGGTCATGAAAAGCCACTTC 

sgKita_4a sgRNA oligo AAACGAAGTGGCTTTTCATGAC 
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Table S3. ChIP-qPCR primers 

name Forward Primer Sequence (5'-

>3') 

Reverse Primer Sequence (5'-

>3') 

location 

Arhgap35_

1 

AGAGGAGATCTCGGTCCAGG CGTGCCGTTTCCTTCCAAAT chr14:16752834-

16752975 

Arhgap35_

3 

ACAAGCTCTCGTGGATGTGG ACACAAGCAACGGAGAGAGG chr14:16752671-

16752803 

Pfkfb4a_1 GTTGATGGGCCTGTCCCAAA GATGTTTCCCGTGATGCTGC chr5:25992515-

25992672 

Pfkfb4a_2 GCAGCATCACGGGAAACATC GGGTGAGTTCGCGATGAGTA chr5:25992653-

25992762 

Pfkfb4a_3 GCCTCTACTCATCGCGAACT CCAGCTACACAAGACAAAGG

C 

chr5:25992738-

25992922 

Tbx16_1 CAGCAGCTCTGGCTGAGAAA CTTTCACACTTGAGGCAGGC chr9:20564630-

20564731 

Tbx16_2 GCCTGCCTCAAGTGTGAAAG GGCTCATCACCGTGTCACTT chr9:20564712-

20564886 

Tbx16_3 ACCTGCCTGGCTTTGTGATA CAACTTCAGTGGCCCTCCTC chr9:20564349-

20564497 

Tbx16_4 CAGTGATGGCAGTGGGAGG TGCAGTCCATCAGAGGTGAG chr9:20564463-

20564615 

Slc41a2a_1 CCTGCTGGTCGCCACATTTA CGACTCTGAAGGCGTCAACA chr6:26429104-

26429291 

Slc41a2a_2 GGTGTTGACGCCTTCAGAGT CTACGCCACCACCTATCTCC chr6:26429270-

26429412 
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Nanos3_1 AGTTCTGTCCACCTTCGGAC TGTGTTGTGTCCCTACCTGC chr1:31476597-

31476696 

Nanos3_2 CAAAGCTACCTGGGAGATGGG GGGCCATCGTTCAAGCAAAT chr1:31476881-

31477020 

Nanos3_3 GACATGCTTAGCGCACCTCT CGTCACGCTTCACCTGTTCA chr1:31477165-

31477345 

Dcx_1 TAGGAGAATAGGAGTCATGTG

GTTT 

GAAGCAGACAAAGGCAGAGC chr14:14993043-

14993224 

Dcx_2 AGGAGAATAGGAGTCATGTGG

TTT 

CGCTATCCTTCCTGCTGCAT chr14:14993044-

14993189 

Dcx_3 GGAGGTGCGAGTCTGCG CAGCCACCACAGCAATTCAT chr14:14993305-

14993422 

Zic1 CATCAGATGAGCGTTGTAGG CTGAGACGACTGAGAGCAG chr20:16773372-

16773539 

CNEB ACGCTGCATGCATCAAACAAG

GC 

TGTCACACAACCCGGGCACA

C 

chr20:16807468-

16807603 

Kita_1 CCCGGAGTAACGAAACCCAA ATTCTGACCTGTCGGCTTCC chr4:1430469-

1430657 

Kita_2 AGCTCCTGCTGTCCCTACAT CATGAATGACCTCTGCGGGT chr4:1430702-

1430899 

Kita_3 CCGCAGAGGTCATTCATGGT ACGTCCATGTTTCCTGACTCC chr4:1430882-

1431010 
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Table S4. RT-qPCR primers 

name Forward Primer Sequence (5'->3') Reverse Primer Sequence (5'->3') 

Arhgap35 TGAAGAGCCTCAGACGAACAG TACGCGGTACAAACCCTCTG 

Pfkfb4a CATCGCGAACTCACCCAGAA CCGATCCAGTTCAGGTAGCG 

beta-actin TGCCGCACTGGTTGTTGACAACG CCATGACACCCTGGTGCCTGG 

Kita AGCAACAGCTGTCAGACTCC GGAGCAGTAAGGGCTGTGTT 
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