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The Clustered Regularly Interspaced Short Palindromic Repeats and CRISPR-associated protein 

9 (Cas9) system, also called CRISPR-Cas9, has been manipulated for application in a wide 

variety of biomedical research. The simplicity of the CRISPR system has made it easy for its 

successful application in introducing both genetic and epigenetic modifications in vitro and in 

vivo. While essential for development and differentiation in organisms, epigenetic processes 

(DNA Methylation, Histone modification, and non-coding RNAs) have been found to be 

influenced by endogenous, biotic, and abiotic factors. Epigenetic alterations, particularly DNA 

methylation changes that occur due to early-life environmental exposures have been identified as 

one of the potential mechanisms underlying the developmental origins of health and disease 

(DOHaD). The Cas9 protein can be made devoid of its endonuclease activity resulting in a 

nuclease dead Cas9 (dCas9) molecule that cannot cleave target DNA. Transcriptional effectors 

are proteins that can activate or repress gene transcription. Although a few experiments have 

been performed using transcriptional effectors in the Crispr-dcas9 system in vitro, an effective 

and reproducible technique to epigenetically activate/suppress genes using activator and 

repressor elements in vivo has not been developed. 

Given that embryos undergo epigenetic reprogramming of parental epigenetic marks during the 

cleavage stages, it is difficult to determine if epigenome targeting at the one-cell stage can escape 

genome-wide reprogramming of the embryo occurring at cleavage stages. It is also unknown if 

de novo-established epigenetic alterations are programmed differently from those inherited from 

parental gametes. To date, there have been no studies demonstrating the fate of epigenetic edits 

during epigenetic reprogramming in vivo. This study examines if the epigenome editing 



 

performed at zygotic stages will alter expression of a heritable epigenetic trait that can withstand 

the reprogramming window during the subsequent cleavage stages. To this end, we are using a 

fish model medaka (Oryzias latipes) which has been established as an excellent biomedical 

model given its similarity in germ cell development to mouse and humans and applying 

CRISPR-dCcas9-DNMT3aa repressor at the first few cell stages. This study will help delineate 

the applicability of the CRISPR system in introducing epigenetic modifications during the 

epigenetic reprogramming windows. 
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CHAPTER I: INTRODUCTION 

The field of epigenetics has undergone a huge evolution compared to its beginning in the 

late 19th century. Posed with a question: “How does a complex organism with cells of unique 

phenotypes rise from a single fertilized egg?”, scientists set the foundation for our present-day 

understanding of the relationship between genes and development. Since then, the definition and 

scope of epigenetics have changed from just ‘‘the branch of biology which studies the causal 

interactions between genes and their products which bring the phenotype into being.”1,2 to “the 

study of changes in gene function that are mitotically and/or meiotically heritable and that do not 

entail a change in DNA sequence.”3 after the identification of DNA as the primary carrier of 

genetic information. 

Our current understanding of epigenetics has strayed farther from and is not limited to 

just the study of development. With the recognition of epigenetic modifications such as 

posttranslational histone tail modifications and covalent modifications of DNA bases, the scope 

of the epigenetics has expanded to the recognition and study of aforementioned processes in the 

development of diseases of clinical relevance. Besides that, as we as a species became more 

exposed to synthetic chemicals because of rapid global industrialization, interest in the health 

effects of such interactions has led to rapid growth in the sub-field: Environmental Epigenetics.  

This sub-field studies Epigenetic modifications that persist through the process of 

epigenetic reprogramming during early development as a sensitive barometer of environmental 

interaction. With studies suggesting the presence of epigenetic “memories” in the germline that 

can increase one’s susceptibility to diseases even without direct environmental exposure, the 

interest in the field has grown rapidly. In addition, the accessibility and simplicity of epigenome 
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editing with a relatively new CRISPR system have sparked interest in applying this tool to 

understand epigenetic processes. 

 

1.1 Epigenetic Modifications 

Epigenetics is the study of change in gene expression without alterations in the DNA 

sequence. The three predominant epigenetic mechanisms include DNA methylation, post-

translational histone modification and regulation by non-coding RNA. DNA methylation marks 

are the most studied epigenetic modifications, and largely focus on cytosine methylation at the 

cytosine-guanine dinucleotide junctions (CpG). The dinucleotide CpG is found to be sparsely 

spread in the human genome, occurring at only 4% the expected frequency4. Vertebrate genomes 

consist of CpG islands which are regions that contain a large number of CpG dinucleotide 

repeats. The cytosine at the 5’ end of CpG dinucleotide on these sites can be methylated on the 

fifth carbon and is called 5-methyl cytosine (5-mC). The conversion of cytosine to 5-mC is 

thought to inhibit the binding of transcription factors and decrease gene expression. Methylation 

of CpG-dense promoters usually causes transcriptional repression indirectly by recruitment of 

histone deacetylases to methylated DNA by proteins such as the MDB domain of MeCP25 or 

directly by obstruction of transcription factor binding 6. The enzymes of the DNMT family such 

as Dnmt3aa and Dnmt3bb are involved in the conversion process from cytosine to 5-mC by 

transferring the methyl group onto the target cytosine. 

As previously mentioned, epigenetic modifications regulate gene expression by changing 

DNA accessibility and chromatin structure rather than by making changes in the DNA 

sequence8. Histone modifications and DNA methylation/demethylation are the major epigenetic 

processes that alter gene transcription9,10. While essential for development and differentiation in 
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organisms, epigenetic processes are influenced by endogenous, biotic, and abiotic factors11. 

These factors may initiate epigenetic changes such as histone modifications, DNA 

methylation/demethylation and transcription of microRNAs. DNA methylation is one of the 

major epigenetic factors involved in gene regulation. It regulates gene expression by either 

inhibiting the binding of transcription factor(s) to DNA or by recruiting proteins involved in gene 

repression12. Amino termini of histones contain a variety of posttranslational modifications13. 

Methylation of histones, by the addition of up to three methylations on a single lysine(K), can 

cause transcriptional activation or repression depending on the position of lysine residues14. 

Removal of an acetyl group from the lysine residues in histone tails renders chromatin less 

accessible and is usually associated with transcriptional repression15. On the other hand, 

microRNAs can impact transcription rates by affecting mRNA translation and degradation16. All 

these epigenetic modifications have been linked to promoting health issues in humans. 

 

Figure 1. The mechanism of DNA methylation7. 

 

1.2 Epigenetic Alterations and Diseases 

Many human disorders and diseases have been linked to alterations in epigenetic 

markers17. In the past few decades, epigenetic alterations have been implicated in promoting 

autoimmune disease17, tumor progression19, cardiovascular disease20, neurodegenerative 
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diseases21, and behavioral effects of drugs22. Additionally, exposure to xenobiotic compounds 

and chemicals including but not limited to phthalates plasticizers23,24, bisphenol A25-27 

pesticides28,29, herbicides30,31, arsenic32-35, asbestos36,37, and pharmaceuticals38-40 have also been 

found to cause epigenetic alterations in the germline. 

Modifications that occur either in the somatic cells or in the germline epigenome are 

known as epimutations. Epimutations can appear in the subsequent generations because of direct 

exposure to environmental conditions, such as xenobiotics, pharmaceuticals, diet, and abiotic 

stress. Epigenetic mutations that are transferred to subsequent generations via gametes are 

known as transgenerational epimutations and their inheritance is known as transgenerational 

epigenetic inheritance. Endocrine-disrupting chemicals (EDCs), which are chemicals that 

interfere with normal endocrine hormone action, have been implicated in increasing risk for 

cancer41 and childhood obesity42. Recently, the transgenerational epimutations caused by EDCs, 

such as BPA, have been extensively studied. Lifelong and transgenerational implications of 

prenatal exposure to environmental pollutants have also been described43. The association of 

epigenetic alterations with intergenerational44,45, and transgenerational disease phenotypes46-49 

have been confirmed; however, whether their role in the development of such diseases is 

causative or correlative in unknown. 

To understand the implication of specific epigenetic modifications with respect to disease 

pathogenesis, DNA binding proteins, namely, transcription activator-like effector nucleases 

(TALEs), zinc finger proteins (ZFNs), and most recently nuclease-deficient Cas9 fusions (dcas9) 

have been used. These engineered proteins have made it possible to effectively target and edit 

individual DNA/histone methylation/acetylation sites. Such studies have been critical in 

determining the function of those individual residues. Specifically, CRISPR-dCas9 has been 
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widely adopted for this function because of its simplicity and precise site-specific targeting. 

Hence, it has been widely utilized in developing gene suppression tools both in vivo and in vitro 

and provides an essential means to study the of the role of specific epimutations in 

transgenerational disease progression. 

 

1.3 CRISPR-dCas9 

CRISPR is an acronym for “Clustered Regularly Interspaced Short Palindromic Repeats”, 

which is a family of DNA sequences found in bacteria and archaea. Cas9 stands for “CRISPR-

associated protein 9” which is the most widely studied Cas protein found in the type II 

CRISPR/Cas system that uses the CRISPR DNA sequence as a guide to recognize and cleave 

specific DNA segments. The type II CRISPR/Cas system consists of CRISPR loci associated 

with short CRISPR RNA (crRNAs) composed of small DNA fragments called spacers, which in 

turn are annealed to trans-activating crRNAs (tracrRNAs). The CRISPR-cas9 system can be 

modified to target virtually any genomic sequence by simply redesigning the crRNA. The Cas9 

nuclease recognizes the PAM (protospacer-adjacent motif) sequence NGG which is 3’ to the 

target sequence in the genomic DNA, on the non-target strand. The Cas9 protein can be made 

devoid of its endonuclease activity by introducing two-point mutations into the RuvC and HNH 

nuclease domains resulting in a nuclease dead Cas9 (dCas9) molecule that cannot cleave target 

DNA. To date, the CRISPR system has been successfully manipulated to introduce DNA 

methylations in vitro50, DNA demethylation in vivo51, and histone acetylation in vitro52. 

CRISPR-dcas9 has been extensively used in genetic research to regulate transcriptional 

activation and repression both in vivo and in vitro. The DNMT3a gene has been successfully 

fused to dcas9 to target DNA methylation for gene suppression in vitro53,54. RNA-guided dCas9 
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methyltransferases such as DNMT3A and DNMT3B have been found to successfully methylate 

specific endogenous CpGs55. The dcas9 protein can be fused with a VP64 transcriptional 

activation domain increasing the expression of endogenous human genes in vitro56. In human 

cells, a 2-to-5-fold decrease in transgenic GFP signal was achieved in vitro upon transfection of 

dCas9-repressor fusion targeted to the transgene promoter57. The repression of GFP signal up to 

15-fold occurred after treatment with specific sgRNAs, while others knocked down the 

expression by up to 75%. Additionally, the expression of medically relevant genes was 

successfully activated, and a synergistic effect of co-transfection was established with multiple 

gRNAs in vitro58. However, the applicability of CRISPR-dcas9 in establishing epimutations that 

are transgenerationally inherited is unknown. The process of Epigenetic reprogramming enables 

an organism’s genotype to interact with the environment to produce its phenotype59. Given that 

embryos undergo epigenetic reprogramming of parental epigenetic marks during the cleavage 

stages, it is unknown if epigenome targeting at the one-cell stage can escape genome-wide 

reprogramming of the embryo occurring at cleavage stages. It is also unknown if de novo-

established epigenetic alterations are programmed differently from those inherited from parental 

gametes.  

 

1.4 Epigenetic Reprogramming of Cells 

Epigenetic carried by reproductive cells undergo reprogramming upon fertilization to 

establish full developmental potency60,61. When reprogramming occurs, the DNA methylation 

patterns of the male and female pronuclei are extremely different. Although previous studies 

suggested that the mother genome undergoes passive demethylation via DNA replication during 

cleavage62 and, only the paternal genome undergoes active demethylation by Tet dioxygenase-
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dependent oxidation of 5mC63, newer studies have suggested the significant presence of active 

demethylation in maternal genome too64. However, the demethylation of the paternal genome is 

much faster than that of the maternal genome rendering the genome-wide methylation level in 

male pronuclei lower than that in the female pronuclei after fertilization65. This requires the male 

genome to undergo massive reprogramming compared to the female genome. The methylation 

pattern in both the paternal and maternal genomes are restored before the blastula stage66. 

Environmentally induced epimutations can be erased and reestablished during the 

reprogramming of maternal and paternal pronuclei, or they can escape reprogramming in a 

similar fashion to imprinted loci67. 

Primordial germ cells (PGC) are undifferentiated germline stem cells that eventually 

differentiate into gamete-producing cells. Before a PGC differentiates into a sex-specific germ 

cell (spermatogonia or oogonia), it undergoes epigenetic reprogramming during which its DNA 

methylation profile is completely wiped and reestablished66,68-70. This is a crucial phenomenon 

that, if altered, can adversely affect the health and overall reproductive process of the derived 

offspring71. Reprogramming errors during this stage can result in epigenetic modifications that 

could be permanently programmed and transmitted to succeeding generations72,73. Environmental 

stressors and lifestyle can alter the epigenetic profile of germ cells by causing epimutations. 

The epigenetic reprogramming pattern in zebrafish has been found to be profoundly 

different than classical mammalian models74. Unlike zebrafish, the present animal model medaka 

(Oryzias latipes) shares a common pattern of epigenetic reprogramming with mice and humans75 

(Figure 2). In this organism, the epigenetic memories passed on by parental gametes are 

reprogrammed in the embryo by the blastula stage. Similar to humans and mice, in medaka the 

DNA methylation pattern in the paternal genome is erased in the first cell cycle in embryos, and 
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the global DNA methylation levels gradually increase from 16-cell stages to gastrula stages76. 

DNA methylation marks induced by environmental stressors survive 2 reprogramming windows 

before being established into the genome. Having similar DNA methylation reprogramming 

mechanisms to mammals makes medaka an excellent model to study the underlying mechanisms 

of epigenetic transgenerational inheritance. 

 

Figure 2. DNA methylation reprogramming in an embryo and primordial germ cells75. The left 

panel shows the dynamics of DNA methylation (5mC) in a post-fertilizations stage embryo 

undergoing cleavage stages. The right panel shows the dynamics of DNA methylation (5mC) in 

primordial germ cells (PGCs) which are the precursors of eggs and sperm. Similar DNA 

methylation profiles are maintained in mice and medaka, while a different profile is maintained 

in zebrafish. 
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1.5 The Medaka Fish Model 

Accomplishing epigenome editing in mammals requires the arduous task of the injection 

of fertilized eggs and their transplantation into the host uterus. The process of epigenome editing 

in a simpler fish model can arguably be as informative provided the model species is similar to 

mammals with regards to epigenetic inheritance mechanisms. The Bhandari Laboratory has 

established medaka (Oryzias latipes) as an excellent biomedical model organism given its 

similarity in germ cell development and DNA methylation reprogramming process with 

mammals76. In addition, medaka’s short life span and transparent eggs also make it easy to 

microinject plasmid DNA and follow embryonic development and phenotypic changes 

throughout embryogenesis. The present study relies on the efficiency of microinjection and non-

invasive monitoring of injected embryos at various stages of their embryonic and postnatal 

development. This makes it a perfect animal model for this study. 

 

1.6 The Present Study 

DNA methylation marks on the genome are the earliest known and most studied 

epigenetic modifications. The relationship between DNA demethylation and gene expression has 

been explored for over three decades now77. Recently, epigenetic alterations, particularly DNA 

methylation changes that occur due to early-life adverse exposures, have been identified as 

potential contributors to the developmental origins of health and disease (DOHaD)78. Their 

association with health and disease has been demonstrated28,29,32; however, whether these 

epigenetic alterations are causative has not been experimentally demonstrated. With new 

disorders and diseases being linked to epigenetic alterations, a toolkit that can effectively target 

and reverse induced epigenetic alterations (epimutations) could be a saving grace for the modern 
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human civilization that has been exposed to various environmental biotic and abiotic stressors. 

Methods for studying the role of genetic factors in diseases and human health have been 

formulated and refined over the last decade. However, being a budding field, concrete methods 

for studying the role of epigenetic factors in diseases and human health are yet to be formulated. 

 The CRISPR-Cas9 system and its ever-expanding toolkit have revolutionized the field of 

precision genome editing. Although being extensively used to explore physiological 

relationships in almost every system, collectively, there have been no studies demonstrating the 

applicability of the CRISPR-Cas9 system to study the fate of epigenetic edits during epigenetic 

reprogramming in vivo and it seems imperative to develop strategies to study it. The catalytically 

dead Cas9 binds the DNA but does not cleavage it. This dCas9 protein has been fused with the 

catalytic domains of genes like human acetyltransferase enzyme, p300 and DNA 

methyltransferases, DNMT3a and DNMT3b, to achieve targeted histone acetylation and DNA 

methylation of the targeted region, respectively. 

Here we describe the development of an epigenome editing technique based on 

suppression of the germline-specific promoter of olvas gene by dcas9-effector complex. The 

vasa gene (olvas) is expressed in primordial germ cells of the medaka embryo. The transgenic 

line of medaka fish harbors 5.1 kb olvas promoter, including exon 1 and 2 and 3’ region of olvas 

gene79. The transgenic medaka that the present study used contains an olvas-promoter transgene 

coupled with coding sequences for green fluorescent protein (GFP), which expresses exclusively 

in PGCs of medaka embryos from day 4 through day 2579(Figure 3a). Given that converting 

unmethylated cytosine to 5-mC can inhibit the binding of transcription factors and decrease 

expression of the target gene, the use of olvas-GFP transgenic fish will further allow the 

characterization and tracing of gene expression following manipulation of DNA methylation on 
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an olvas core promoter region53,80-82. This study will examine and optimize the combination of 

CRISPR-dCas9-dnmt3aa and guide RNAs and determine the most effective dose and 

combination to effectively induce stable epigenetic modifications leading to transcriptional 

regulation in the olvas promoter in the medaka genome. 

 

Figure 3. (a) Structure of olvas-GFP vector79 and GFP expression in adult medaka testis and 

ovary. (b) CRISPR-dCas9-dnmt3aa injection and examination site through the somatic cell 

reprogramming window. (c) olvas promoter with guide RNA target sites for the proposed study.  

 

1.7 Aims and Objectives 

The present study has two aims: a) Prepare CRISPR-dCas9-dnmt3aa and multiple single 

guide RNAs (sgRNAs) targeting the olvas promoter and b) Determine the efficacy of epigenome 

editing by introducing methyl groups directed by sgRNAs at one cell stage without causing 

toxicity to the embryo.  

To fulfill our aims, we examined the a) effectiveness of CRISPR-dCas9-dnmt3aa in 

altering the methylation pattern during the first somatic cellular reprogramming window and  b) 
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the effect of the introduced methylation on the olvas-GFP expression. These studies are highly 

significant and timely for the following reasons: 

1) To determine strategies to mitigate transgenerational epigenetic inheritance: It has been 

established that environmental insults can increase the susceptibility of reproductive83-86 and 

metabolic87,88 diseases. Several studies have suggested changes in DNA methylation patterns in 

differentially methylated regions (DMRs) may be  useful biomarkers to study transgenerational 

epigenetic inheritance (TEI)89-93. TEI has been observed over multiple generations in both animal 

and human models94,95. A major barrier to TEI, however, is germline reprogramming where 

histone modifications and DNA methylation marks are reset both in the germ line and early in 

pre-implantation mammalian development. Experimental studies clearly suggest that epigenetic 

modifications established by many environmental cues or stressors can either withstand the 

epigenetic resetting process or can reset and reestablish later96. It is unclear whether such 

environmentally established epigenetic alterations are the drivers of the observed phenotypes. To 

understand the role of epigenetic alterations in the onset or progression of health and disease, it is 

essential to establish de novo epimutations by epigenome editing. So far, there are no reports on 

studies utilizing the CRISPR-dCas9 system in editing transgenerational methylation marks in 

vivo. There have been a few epigenome editing studies focusing on DNA methylation in vivo97-

99. However, these techniques are yet to be improved and tested in other biomedical disease 

models. In this study, we focused on the applicability of CRISPR-dCas9-dnmt3aa in editing 

DNA methylation in medaka (Oryzias latipes) to understand its effectiveness to escaping the 

epigenetic reprogramming window. 

2) To ascertain how in vivo DNA methylation editing affects phenotype: Epigenetic 

modifications in the germline have been found to alter phenotypes in successive generations96. 



  13 

So far, no studies have studied the phenotypic response to CRISPR-dCas9- based DNA 

methylation editing in vivo in a TEI setting. This study observes the response of olvas-GFP to 

site-specific DNA methylation during the first epigenetic reprogramming window. 

 

1.8 Experimental Design 

Briefly, the present study examined whether the epigenome editing performed at zygotic 

stages will result in a heritable trait that can withstand the reprogramming window during 

cleavage stages. To understand if gene expression can be silenced by employing epigenome 

editing of the core promoter, we used a CRISPR inhibitor approach by fusing the dnmt3aa 

effector domain into the CRISPR-dcas9 plasmid and tested the efficacy of the plasmid alongside 

sgRNAs to alter epigenetic marks linked with transcriptional regulation of the olvas gene in vivo. 

To do so, we injected multiple combinations of CRISPR-dcas9-dnmt3aa and sgRNAs into the 

one-cell stage of the medaka embryo and verified the methylation change at the blastula stage by 

amplicon sequencing on bisulfite-converted DNA. We further made observations about the GFP-

positive rate in the microinjected embryos 5 days post-fertilization. 
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Figure 4. Overall experimental Design 

 



  15 

CHAPTER II: MATERIALS AND METHODS 

2.1 Preparation of CRISPR-dCas9-dnmt3aa plasmid 

The CRISPR plasmid backbone pCS2+hSpCas9(Figure 4) was ordered from Addgene 

(Plasmid #51815) and point mutations (D10A and H840A) were introduced to the cas9 sequence 

to synthesize a nuclease dead Cas9 (dCas9) molecule by Dr. Xuegeng Wang at the Bhandari 

Laboratory. A GGGGS linker and multiple clone sites(gaattcgctagcctcgag) were introduced 

consecutively following the nucleoplasmin Nuclear Localization Signal (NLS) region in the 

CRISPR plasmid. The mutations were introduced using the Q5® Site-Directed Mutagenesis Kit 

following the protocol and primers recommended on NEBaseChanger™ website. 

 

Figure 5. pCS2+hSpCas9 CRISPR backbone. 

The dnmt3aa gene sequence was collected from Ensembl genome browser 107, the 

conserved domain characterization was done using NCBI Conserved Domain Search. After the 
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selection of the conserved domain, the gene fragment was designed with EcoRI and XhoI sites 

and ordered to be chemically synthesized from Integrated DNA Technologies, Inc, USA. The 

dnmt3aa gene fragment was then restriction digested with EcoRI-HF and XhoI enzymes 

alongside the CRISPR-dcas9 vector plasmid and the product was cleaned and ligated overnight 

at 4 °C. The reaction mixture was transformed into competent E. coli and grown for 12 hours. 

Multiple colonies were picked and restreaked to grow overnight. The following day, Colony 

PCR was performed using back-bone specific primers to verify the presence of the insert. 

Specific primers in the CRISPR backbone designed using Primer3web were used for Colony 

PCR which are shown in appendix A. Colonies with bands ≈ 2kb were grown in LB broth 

overnight and extracted. The extracted colonies were further restriction digested to verify the 

presence of DNMT3aa and sent for Sanger sequencing at NC state University's Genomic 

Sciences Laboratory alongside specific primer pairs to identify samples without mutations. The 

primers are shown in Table 1. 

 

Figure 6. (a) Domain structure of the dCas9-DNMT3aa catalytic domain fusion protein; (b) 

Illustration of the locations of the three sgRNAs designed to target olvas coding sequence. 

 



  17 

Primer Name Length (bp) Primer Sequence 

CRISPRdcas9-F1 18 GATCCACCAGAGCATCAC 

CRISPRdcas9-R2 23 CATGTCTGGATCTACGTAATACG 

Dnmt3aa-Fi-1 19 TCCAGAAAGAGGAGGAGCC 

Dnmt3aa-Fi-2 20 AAGCCTCAACGTCTCTCTGG 

Dnmt3aa-Fi-3 20 TGACCTCTCCATCGTGAACC 

Dnmt3aa-Ri-1 20 GAGGTGTGTAGGCTGCTTCA 

Dnmt3aa-Ri-2 20 GATGCCACGTACTTGTCCAC 

Dnmt3aa-Ri-3 20 GCGAAGAGGTGCCTGATAAC 

Table 1. CRISPR-dCas9-dnmt3aa plasmid verification Sanger sequencing primes. 

 

2.2 Preparation of single guide RNAs (sgRNAs) 

The crRNAs were designed using online tools; http://crispor.tefor.net/ and 

https://www.benchling.com/ . The crRNAs with low off-target scores (from CRISPOR.org) and 

close to the most CpG-rich regions were chosen. 6 crRNAs 50 to 200 bps apart from each other 

were selected and a scrambled crRNA was designed and verified by BLASTN against Japanese 

medaka Hd-rR ASM223467v1 (Genomic sequence). The crRNA fragments were exported to 

Integrated DNA Technologies, Inc, USA to chemically synthesize sgRNAs. The sgRNAs(Table 

2) were then dissolved in RNase-free water as 1000 ng/μL stock solution and stored at -80 °C.  The 

sgRNA concentrations were quantified using a Qubit 4 fluorometer. The selection criteria for 

crRNAs are shown in Table 3 and further elaborated in the discussion section. 
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Guide Name DNA Strand crRNA Sequence (without PAM) 

sgRNA1 Forward 5’ TGTGCAAACAAGTTTTCACT 3’ 

sgRNA2 Forward 5’ ACTGATTGGCTGGCCACAGA 3’ 

sgRNA3 Reverse 5’ ACTCTGGACAAATGTTTACG 3’ 

sgRNA4 Forward 5’ AAGGGGAATTCGGACTTTGT 3’ 

sgRNA5 Forward 5’ TTCAGATCTTTTCACAGAAA 3’ 

sgRNA6 Forward 5’ GTCAGAACCGGTGTTCTGTG 3’ 

sgRNA7 Forward 5’ TCGTGTTCATAACGTTGTCA 3’ 

Scrambled sgRNA Forward 5’ TTTTTTTTTTTTTTTTTTTT 3’ 

Table 2. Single-Guide RNA sequences. 

 

Guide Name MITSpecScore Off-target Count Mismatch Count 

sgRNA1 88 74 4 

sgRNA2 93 32 4 

sgRNA3 97 19 4 

sgRNA4 93 29 4 

sgRNA5 69 154 4 

sgRNA6 86 28 3 

Table 3. crRNA selection criteria110. 

 

2.3 Animal Care and Colony Selection 

All fish husbandry, tissue collection, germ cell preparation, and DNA/RNA sample preparation 

will be performed at Bhandari Laboratory, and the procedure for animal care and handling is 
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approved by Institutional Care Committee of the University of North Carolina Greensboro (#20-

002). We reared 100% Olvas-GFP positive stock after careful observation of eggs collected from 

the original line under the microscope. Fish were fed Otohime C1 medaka food (Reed Mariculture, 

USA) twice daily. Water temperature was maintained at 26 ±0.5°C and the light: dark cycle was 

set at 16:8 hours. A total of 3 glass tanks were maintained. Water quality was monitored daily 

(dissolved oxygen, temperature, pH) and weekly (ammonia and hardness). Unused food and debris 

were siphoned out from the tanks daily. 

 

Figure 7. (a) Female medaka(Oryzias latipes) with eggs; (b) Early developmental stages in 

Oryzias latipes100. 

 

2.4 Mating and Offspring Production 

Embryos were collected right after mating between 8 and 8:30 am, cleaned and incubated 

in 0.001% methylene blue solution on ice. The embryos were staged by developmental time 

under brightfield microscope. After microinjection, some 40 to 50 eggs were incubated in 
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0.001% methylene blue at 27 °C until hatching on 5th day for quantification of GFP 

fluorescence. 

 

2.5 Microinjection 

The cast to hold the embryos was prepared setting fine borosilicate tubes at the bottom of 

the on Petri-dish and pouring 3% molten Agarose (ThermoScientific J32802-36) gel on it. It was 

let dry for 30 minutes and turned upside down to remove the borosilicate tube to obtain cast to 

hold the medaka eggs within the groove. 

 

Figure 8. (a) Narishige IM-21 microinjector setup; (b) Gel Cast for holding eggs; (c) 

Microinjection needles; (d) Microinjection with Phenol Red into Yolk. 
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The CRISPR-dCas9 DNA and 4 gRNAs were mixed to a final concentration of 300μg/μL 

and 30μg/μL respectively. 0.3 μL of Phenol Red 0.5% (Sigma-Aldrich #P0290) was added to the 

solution per μL of mixture to distinguish injected and non-injected eggs. The mixture was stored 

on ice for 10 to 20 minutes before being micropipetted into the microneedles for injection. The 

protocol was optimized to microinject 1 nL of solution at the blastodisc of the embryos as 1 cell 

stage. Scrambled guide RNA and Guides 1 through 6 were separately mixed with CRISPR-

dnmt3aa. Each combination of CRISPR-dnmt3aa and sgRNA was microinjected into more than 

150 embryos over the course of a month. 

 

Figure 9. (a) Microscope used for microinjection and GFP quantification; (b) UV light-source 

Out of which 80 to 100 surviving embryos were used for DNA extraction and targeted 

sequencing at blastula stage, 40 to 50 embryos were used for measurement and quantification of 

GFP fluorescence at Day 5 for each combination of CRISPR-dCas9-dnmt3aa. 
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2.6  DNA isolation 

The DNA was extracted from the injected and uninjected eggs at 4 cell, 8-cell, and 

blastula stages by collecting 25-30 eggs per replicate. The stages were selected because as 

depicted in Figure 2, we expect 4- and 8-cell stages of the embryos to have genome to undergo 

global demethylation, whereas we expect a higher methylation level at the blastula stage. The 

eggs were collected and directly transferred to -80 C freezer. Zymoresearch Quick-DNA 

Miniprep Plus Kit (D4068) used to extract DNA according to the manufacturer’s instructions. To 

compare the hypermethylated blastula samples to hypomethylated genome, The DNA from 

ovary samples was extracted using Zymoresearch Quick-DNA/RNA Microprep Plus kit (D7003. 

The extracted DNA sample concentrations were quantified using a Qubit 4 fluorometer and 

stored in a -20 °C freezer in the water until further analysis. 

 

2.7  Bisulfite Conversion of the genomic DNA and bsPCR 

The extracted DNA from samples were bisulfite converted with EZ DNA Methylation-

Lightning Kit (ZymoResearch, D5030-E) according to the manufacturer’s user manual. Hence, 

the converted DNA was used to amplify the targeted Olvas promoter amplicon using ZymoTaq 

DNA Polymerase Kit (ZymoResearch, E2002) by nested PCR with the following primers (Table 

3) and temperature regimes: 10 min at 95°C, 1 cycle; 1 min at 95°C, 1 min at 55°C and 2 min at 

72°C, 40 cycles; 7 min at 72°C, 1 cycle followed by a  hold at 4°C. The PCR products were 

purified using the NEBNext Sample Purification Beads by adding beads in a 2:5 and 1:7 ratio in 

two consecutive cleanup steps following the manufacturer’s user manual.  
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Primer Name Length (bp) Primer Sequence 

OlvasBBSF1 30 AGAATTTTAATATTTTAAAGAATGTTTTGT 

OlvasBBSR1 24 TACAACTACACAACCTCAAAATAC 

OlvasBBSF2 28 AGAATGTTTTGTTTTTCCCAGATCATGA 

OlvasBBSR2 28 GTGGACCTCCACCCTGACTCTGACTCTG 

Table 4. Bisulfite DNA amplification primers. 

 

2.8  Targeted Amplicon Library Preparation for Methylome Analysis 

 The amplicon library was prepared using NEBNext® Ultra™ II FS DNA Library Prep 

Kit (NEB, E7805S) using bisulfite-converted amplicon as the starting point. A total of 10 μL of 

the bisulfite converted amplicon PCR product was validated for the presence of expected 

amplicon size using gel electrophoresis and cleaned using NEBNext Sample Purification Beads 

(E7767L) for size selection according to the protocol. The amplicons were then ligated with the 

methylated adapters by incubating the size-selected amplicon solution, enzyme mix, and adaptor 

at 20°C overnight. After incubation of the ligation mixture with USER enzyme (NEB, 

E7338AA) as per the manufacturer’s user protocol, NEBNext Sample Purification Beads 

(E7767L) were used for size selection according to the protocol. DNA fragments were then 

amplified with Universal and Index PCR primers for 13 cycles and size selected to remove 

adapters/ primer-dimers using the NEBNext Sample Purification Beads in a one-step cleanup 

procedure by adding beads in a 9:10 ratio to the PCR reaction solution following the 

manufacturer’s user manual. 
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2.9  Gel Electrophoresis 

2% Agarose was used for gel electrophoresis. DNA samples were mixed with 6x DNA gel 

loading dye (Thermo Scientific™) prior to loading. The gel was run at 100 volts for 60 minutes. 

DNA gels were imaged by Biorad Molecular Imager ChemiDoc XRS System. 

 

2.10 Sanger Sequencing   

After the blastulas were injected at 1 cell stage, DNA was extracted, bisulfite converted, 

and PCR amplified. Similar process was taken upon uninjected blastula samples, 4-cell stage, 8 

cell stage embryos, and ovary samples. Amplicon-specific primer pairs were designed using 

Primer3web and are shown in appendix B. The DNA for each sample was quantified to be at 

least 40 ng in a volume of 10ul and 2ul primer was added before sending NC State University's 

Genomic Sciences Laboratory for Sanger sequencing. 

 

2.11 Statistical Analysis 

Data are expressed as mean ± S.EM. All data were analyzed using GraphPad Prism 

version 9 (GraphPad by Dotmatics, Boston, MA)101 with a significant difference established at a 

P value < 0.05. The unpaired 2-tailed t-test was applied to compare values between groups. 

 

2.12 Bioinformatics Data Analysis 

Methylome Data Analysis: Bioinformatic analysis of amplicon Bisulfite Sequencing data was 

conducted by Dr. Santosh Anand using the pipelines previously developed in our laboratory for 

medaka epigenome analysis. Briefly, a three-step process was applied: adapter trimming, read 

alignment, and quantification of methylation levels. Trim Galore (v0.6.7; 
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https://github.com/FelixKrueger/TrimGalore) was used for adapter trimming as well as quality 

control of 250bp paired-end read sequences. Trim Galore removes low-quality base calls (Phred 

score &lt;20) from the 3&#39; end of the reads before adapter removal. The filtered reads thus 

obtained were mapped to the reference sequence of the amplicon (chr2:945157-945563:-1 

medaka_primary_assembly ASM223467v1) using Bismark (version: v0.22.3)134. Given that 

there is only one short reference sequence (407bp) (without adapter) the reads were mapped in 

single-end mode to maximize mapping efficiency. The methylation levels in each sample at each 

CpG position was extracted using the bismark_methylation_extractor (v0.22.3) script of 

Bismark. The methylation data were plotted using Methylation plotter135 (and custom R/ggplot2 

scripts. The Mean quality score of all sample replicates was plotted against their Phred scores 

using MultiQC136. 
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CHAPTER III: RESULTS 

3.1 Injection of embryos with shorter DNMT3aa Conserved Domain 

Work previously done in the lab analyzed GFP positive rate [(total number of GFP 

positive eggs/total number of eggs) ×100%] using CRISPR-dCas9 with two olvas guide RNAs 

(Reverse crRNAs: XWgRNA1:GGTATTGAGGTTCTAGATCA and XWgRNA2: 

AACCTGACCCCACAGAACAC), alongside CRISPR-dCas9-dnmt3aa microinjected egg. The 

GFP positive rate [(total number of GFP positive eggs/total number of eggs) ×100%], was 

significantly reduced in the CRISPR-dCas9-guide injected samples compared to the mock. 

 

Figure 10. GFP Quantification of CRISPR-dcas9-dnmt3aa-gRNA injected samples vs only 

CRISPR-dcas9-dnmt3aa injected samples. (a) The GFP positive rate of guide-dcas9 vs mock 

5dfp. The GFP rate in promoter-targeted embryos was significantly reduced. *: significance. 

Mean ± SEM. ∇ p<0.05. (b) Visual representation of GFP expression in mock vs target samples. 

The white arrow marks the presumed location of PGCs. 

Work previously done in the lab also subjected the olvas promoter region to MeDIP 

(Methylated DNA Immunoprecipitation) and then analyzed the product by quantitative real-time 
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qPCR with primers specific for the gRNA targeted region. 5mC was successfully added to the 

targeted locus of the olvas-GFP promoter in vivo, which survived epigenetic reprogramming of 

embryo. 

 

Figure 11. qPCR results of MeDIP-Seq DNA of mock vs guide-RNA targeted embryos. The 

5mC level in the targeted embryos was ∼4 times higher than the mock. 

 

3.2 Sanger Sequencing Results of Experimental and Control Samples 

The methylation pattern in the experimental and control samples were deduced by 

performing Sanger Sequencing with appropriate primers. No significant difference in 

methylation pattern was seen between samples as shown in Figure 12. The data also suggested 

gaps in reads which rendered the data incomplete. 
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Figure 12. Methylation pattern on the targeted site on olvas gene at different developmental 

stages. 

 

3.3 GFP Quantification in 5-day old embryos 

GFP positive rate was analyzed [(total number of GFP positive eggs/total number of 

eggs) ×100%] in all CRISPR-dCas9-dnmt3aa-guide RNA microinjected and Control eggs. The 

GFP positive rate was significantly reduced in the microinjected samples compared to the 

scramble-injected and the control samples(Figure 13). 
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Figure 13. GFP Quantification of sgRNA injected samples vs control 5 days post-fertilization. 

(a) The GFP positive rate microinjected embryos vs control 5-dfp. The GFP rate in promoter-

targeted embryos was significantly reduced. *: significance. Mean ± SEM. ∇ p<0.05. (b) Visual 

representation of GFP expression in control vs target samples. Red arrows mark the presumed 

location of PGCs. 
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3.4 Targeted Amplicon Sequencing-MiSeq Results 

Final methylation levels at each CpG sites were calculated by Next Generation 

Sequencing (NGS). We sequenced all the uninjected and CRISPR-DNMT3aa-guideRNA-

injected samples at Blastula stage along with 4-cell, 8-cell, and embryo DNA. Between 4 and 16 

cell stage, the medaka embryos go through a methylation reprogramming which ends at Blastula. 

As expected,  most reads in the MiSeq result suggest a hypermethylated state of CpGs in 

Blastula. The data also suggested a considerable difference in methylation pattern between 

uninjected, scrambled injected and the sgRNA-injected samples. Comparing between the 

uninjected embryo samples (Control) and the samples injected with gRNA 4, 5 and 6, the CpGs 

at positions 235 bp downstream, 25, 39 and 6 bp upstream of the transcriptional start site had a 

lower methylation rate. Reads across samples suggest a hypermethylated state of CpGs in 

blastula. 
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Figure 14. Grid Plot of methylation levels of control compared to guide-injected samples. Scale 

on the right-hand side represents the change in methylation level from NA(not available) to 0 to 

1 as gradual color change from light blue to white to black. 

The methylation status of almost of all CpG sites in the ovary DNA are hypomethylated 

compared to the rest of the experimental data. 8 cell stage DNA also shows hypomethylation 

status in CpGs closer to the TSS. A large portion of 4-cell stage and Ovary DNA didn’t produce 

any reads. 
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Figure 15. Grid Plot of methylation levels of 4-cell stage, 8-cell stage and ovary samples. Scale 

on the right-hand side represents the change in methylation level from NA to 0 to 1 as gradual 

color change from light blue to white to black. 

 

3.4.1 sgRNA4 vs Control 

The sgRNA4 targeted at 405 bp downstream of the TSS. The two CpG sites in proximity 

to the sgRNA4 injected site (-261bp and -236 bp)  show a significant increase in the methylation 

status compared to the CRISPR-guide-uninjected samples. There was also a significant increase 

in methylation rate seen at +25bp CpG site, which is 430 bp downstream from the gRNA target 
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site. However, the CpG at -49 bp in the control samples also had a significantly higher 

methylation rate than the sgRNA4 injected samples. 

 

Figure 16. Plot of methylation levels in sgRNA4 microinjected samples compared to control. 

Significant increase in methylation levels is observed at -261bp and -236 bp in close proximity to 

sgRNA4 target site. 

 

3.4.2 sgRNA5 vs Control 

The sgRNA5 targeted at 206 bp downstream of the TSS. The two CpG sites in proximity 

to the guide injected site (-261bp and -236 bp)  show a significant increase in the methylation 

status compared to the guide-uninjected samples. CpG at -198 bp, which is only 8 nucleotides 

apart from the guide attachment site, only showed a non-significant increase in methylation. A 

significant increase in methylation rate was seen at -7 bp and +25 bp CpG site, which are 211bp 
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and 244 bp downstream from the gRNA target site. However, the CpGs at -108 bp and -49  bp in 

the control samples also had a significantly higher methylation rate than the sgRNA5-injected 

samples. 

 

Figure 17. Plot of methylation levels in sgRNA5 microinjected samples compared to control. 

Observable increase in methylation level is observed in CpGs in close proximity to sgRNA5 

target site.  

 

3.4.3 sgRNA6 vs Control 

The sgRNA6 targeted at region of the promoter containing CpG site at -77 bp 

downstream from TSS. The CpGs at -261 bp, -7 bp and+25 bp of TSS were significantly 

methylated compared to the guide-uninjected samples. Surprisingly, the CpG sites at positions -

77bp, -49 bp and 6 bp had a significantly lower methylation status compared to the control. 
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Figure 18. Plot of methylation levels in sgRNA6 microinjected samples compared to control. A 

noticeable decrease in methylation level was observed in CpGs in close proximity to sgRNA6 

target site, however, CpGs at -7bp and 25 bp showed a significant increase in methylation. 

In all three sgRNA injected samples, there was a significant increase in methylation level seen at 

-261 bp and +25 bp CpGs. This suggests an increase in methylation beyond targeted sites  which 

could be secondary effects that occurred in response to alterations at the targeted sites. 
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CHAPTER IV: DISCUSSION 

The main objective of the present study is to develop a DNA methylation editing tool 

using CRISPR-dCas9-Dnmt3aa system. Using this method, it will be possible to alter the DNA 

methylation status of a genomic region in vivo. The significance of the study lies in the 

possibility for altering the epigenetic landscape of the genome and studying epigenetic regulation 

of gene transcription in health and disease in any vertebrate. Literature suggests that an alteration 

in the epigenetic landscape can promote diseases in humans17-22.Many xenobiotic chemicals have 

been implicated in introducing epimutations in the germline and their association with disease 

traits23-37.  

In vertebrates, the epigenetic landscape goes through 2 reprogramming windows before 

being established in the genome. First, the gametes undergo massive active demethylation 

following fertlization64, which is restored before the blastula stage66. Literature suggests that in 

some cases, epimutations can escape this reprogramming stage in a similar fashion to imprinted 

loci67 or can reset and reestablish later96. TEI has been observed over multiple generations in 

both animal and human models94,95. The alteration in DNA methylation patterns in differentially 

methylated regions (DMRs) has been proposed as a potential biomarker to investigate epigenetic 

inheritance of paternally or ancestrally established disease traits89-93. DNA methylation is one of 

the major epigenetic factors involved in gene regulation12. Second erasure and reestablishment of 

DNA methylation occurs before PGCs differentiate into sex-specific germ cells66,68-70. 

Reprogramming errors during this stage could result in an altered epigenetic landscape being 

programmed in differentiated germ cells such as spermatogonia and oogonia and transmitted to 

subsequent generations via gametes72,73. 
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The CRISPR-Cas9 system has been widely used for epigenetic research since its 

discovery. CRISPR-dCas9, devoid of nuclease activity, has been utilized to introduce 

transcriptional activators and repressors both in vivo and in vitro. Transcriptional repressors such 

as DNMT3a and DNMT3b have already been used to introduce DNA methylation for gene 

suppression in vitro53,54,55. Although some epigenome editing studies concentrating on DNA 

methylation in vivo have also been conducted97-99, there have been no studies using the CRISPR-

dCas9 technology to modify transgenerational methylation marks in vivo. It is critical to establish 

de novo epimutations or eliminate existing ones using epigenome editing or other appropriate 

approaches to comprehend the function of epigenetic alterations in the initiation and progression 

of health and illness. To understand how successful the methylation marks introduced by 

CRISPR-dCas9-dnmt3aa are at bypassing the epigenetic reprogramming window, the present 

study targeted a regulatory region of the olvas gene in olvas-GFP transgenic medaka. 

To fulfill the first aim of the study, an effector domain that would be effective in 

introducing DNA methylation into our model animal was chosen. Work previously done in the 

Bhandari Lab elucidated the presence of  de novo methyltransferases DNMT3AA and 

DNMT3BB.1 in all stages of early embryonic development76. DNMT3AA was for this study 

because of its active methylation activity when coupled with CRISPR-dcas9 as suggested in 

previous studies53,54. At least one study suggested edge of DNMT3AA over DNMT3BB with 

regard to CpG methylation in vivo102. Although fusing only the Cyt_C5_DNA_methylase super 

family present in the DNMT3AA catalytic domain for preliminary studies, the whole protein 

coding region containing the ADDz superfamily domain (ATRX, Dnmt3 and Dnmt3l PHD-like 

zinc finger domain) and the chromatin-association PWWP superfamily domain was used for this 

study following suit with previous studies53,54. ADDz superfamily domain consists of a cysteine-
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rich domain that binds to the tail of histone H3, which is essential to stimulate the de novo DNA 

methylation activity of Dnmt3a103. The PWWP domain is involved in protein-protein interactions 

in DNA-binding proteins that function as transcription factors regulating developmental 

processes104. A gene fragment of length ∼ 2kb was identified as the effector domain. 

Continued trial to amplify the DNMT3AA from the medaka cDNA was inadvertently met 

with failure. Primers were designed to include 5-6 nucleotides complementary to the genome 

followed by switching a couple nucleotides to include EcoRI restriction site, and ATG start 

codon (in the forward primer), and XhoI restriction site and TAA stop codon (in the reverse 

primer) followed by a few nucleotides. To reiterate, primers were designed as follows: 

5' Leader sequence (6 nt)---RE site (6nt)---Start/stop codon---Target gene sequence (6-11 nt) 3’ 

The PCR amplification, done using high-fidelity DNA polymerase, however, was not successful 

in isolating the effector domain of interest, with no lack of effort. We recognized that the 

problem could have been resolved using a longer target gene sequence between 12 to 18 bp on 

the 5’ end of the primer105. The effector domain was hence chemically synthesized for insertion 

into the CRIPSR-dCas9 plasmid.  

The plasmid-effector ligation /amplification process was fairly straightforward until the 

time for verification of the final synthesized plasmid. The problem persistent in this part was low 

quality/short Sanger sequencing reads and misread nucleotide sequences. During the first 

sequencing run, most of the samples were either not sequenced at all, had less than 100 bp reads 

or had a lot of nucleotide mismatch. The low quality and short read problem was resolved fairly 

simply by adding an additional cleanup step with 100% ethanol before sending off the plasmids 

for sequencing. Since even the samples that produced a result in the first sequencing run had a lot 

of nucleotide “mutations”, we were led to believe these was a problem with our competent cells 
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in the bacterial transformation step. However, upon using multiple primers with significant 

overlap during the second sequencing run, these presumed mutations simply turned out to 

misread nucleotides towards the end of reads through analysis of the corresponding sequencing 

chromatograms. 

Another factor to be considered while designing the study is the selection of the target 

region in the promoter of the gene of interest. DNA methylation is commonplace at a gene 

promoter region106 and has been exhibited to inhibit DNA transcription by preventing the 

recruitment of RNA polymerases and/or other transcriptional components to the promoter 

region107. CpG dense regions present at gene promoters called CpG islands (CGIs). CGIs' ability 

to function as transcription start sites is closely related to the absence of DNA methylation at 

these sites, which has been evolutionarily conserved108. In the present study, we used the 

transgenic line of Oryzias latipes and its vasa gene coupled with GFP (olvas-GFP), where the 

GFP fluorescence is controlled by the regulatory regions of the olvas gene in the germ cells100. 

The vasa gene is effectively transcribed in PGCs where the promoter is hypomethylated109. 

Therefore, it’s safe to assume the methylation status of the CpG sites in proximity to the 

transcriptional start site in olvas-GFP should be unmethylated. In addition, in medaka, the 

genome is globally hypomethylated during the first four cleavages after fertilization76. Of the 5.1 

kb olvas promoter, including exon 1 and 2 and 3’ region of olvas gene79, 450 bp core promoter 

consists of 77 CpG sites. Targeting the CpG-rich promoter region of the olvas gene during these 

stages would help us understand the role of DNA methylation in transcriptional control of the 

gene, which is only transcribed in the hypomethylated promoter state.  

The crRNAs to target the olvas promoter region were synthetically prepared using the 

CRISPOR110,112-115 and Benchling111 online software. The MITSpecScore, Off-target Count and 
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Mismatch Count obtained from the CRISPOR110 software were taken into account(Table 3) to 

select the crRNAs. The study suggests using a MITSpecScore cutoff score of 70-80112. Hence, 

only guideRNA5 with a lower score of 69 was selected for the study to target the CpG sites on 

that region. The guides hence selected were further verified using Benchling. At least one study 

using CRISPR system in medaka selected gRNAs with 3 to 4 mismatch count116 and a similar 

strategy was applied in this study. Other CRISPR studies in medaka used CHOPCHOP website 

117,118 and CCtop CRISPR/Cas9 target online predictor118,120 to design guide RNAs. 

The next pivotal step in the study is the microinjection of the constructs into the embryos. 

In this study, we microinjected the prepared construct-guide RNA mix into the blastodisc region 

of the fertilized embryos at the 1-cell stage. Studies have suggested that microinjecting directly 

into the cytoplasm at 1-cell stage is the most effective technique in medaka121,122. It has also been 

emphasized that microinjection into eggs after the two-cell stage significantly decreases the 

effectiveness of injection unless the injection is performed into each cell individually122. Unlike 

zebrafish, microinjection into the yolk is rendered ineffective in medaka121. At least one previous 

study in medaka used electroporation for the transfection of nucleoplasmin into medaka cells 

effectively116. The use of phenol red as a tracer is also discouraged in practical experiments 

because of the possibility of it adding RNAses or clogging the microinjection needle. In this 

study, however, an effective, non-toxic dose of the CRISPR-dcas9-phenol red combination was 

established before injection in the research samples.  

The experimental protocol was designed by dividing the promoter region in two regions: 

A and B, each targeted by 3 sgRNAs. The present study, however, only produced amplicon data 

for 3 sgRNAs targeting region B closer to the transcriptional start site (TSS), given ongoing 

complications with the amplification of promoter DNA beyond 320 bp downstream of TSS. The 
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problem could be resolved by characterizing the whole olvas promoter region by Sanger 

Sequencing followed by preparing primers specific to amplify the Region A (sgRNA1, sgRNA2 

and sgRNA3) in future studies.  

Furthermore, this study sequenced amplicons using both Sanger sequencing and miSeq 

technologies. We found almost all CpG sites to be methylated and no significant difference in 

methylation patterns among the experimental, negative, and positive control samples through 

Sanger sequencing. Contrary to what was expected, most of the targeted CpGs were 

hypermethylated even in MiSeq data. Pyrosequencing needs to be done in the whole presumed 

promoter region of the olvas gene to pinpoint unmethylated CPGs. However, the targeted CpGs 

were found to be significantly hypomethylated in the ovary (Figure 15). The expression of olvas-

GFP gradually decreases after the establishment of PGCs, hence this hypomethylated state of 

ovary reinstates the importance hypomethylated state of olvas promoter for its expression. In the 

uninjected blastula samples, the only relatively hypomethylated CpGs were the farthest from the 

TSS; -261, -236 and -198 bp (Figure 14 and 16). Two of these three sites were significantly 

methylated with application of both sgRNA4 and sgRNA5. With both guides in close proximity, 

the methylation level at these sites could be increased further by using both the guide RNAs 

together because of the synergetic effect133 of gRNAs on relatively unmethylated cytosine. Those 

two sites were also seen to be significantly methylated in sgRNA6 injected replicates, which 

could be because of proximity of sgRNA targeted site to that section of DNA because of 

chromatin arrangement. A study using CRISPR-dcas9-DNMT7CD for a similar in vivo study has 

suggested the methylation effect of dCas9-DNMT up to 400 bp away from the protospacer 

adjacent motif (PAM)98 (Figure S4). Hence, similar assumption can be made about CpGs at -7bp 

and 25 bp which also have relatively higher methylation compared to the control in all three 
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sgRNA-injected samples. Further research needs to be done to summarize the dCas9-dnmt3aa 

activity in the olvas promoter region. 

Even though, both Sanger sequencing and NGS employ fundamentally the same concept 

to identify nucleotide sequences, the critical difference between these technologies is the 

sequencing volume. NGS technologies like MiSeq sequence millions of fragments 

simultaneously hence providing higher sensitivity to detect low frequency variants123. This 

enables the identification of novel variants within samples. Sanger sequencing, on the other 

hand, reads include a single DNA fragment per sample. In the present study, each sample 

replicate contains bisulfite converted amplicon from 20 to 25 embryos at blastula stage which 

contain about 1000 cells100 each. Since Sanger Sequencing provides data for only one read per 

replicate, it’s safe to assume methylation patterns in the rest of the 20 to 25 thousand novel DNA 

would not be discovered. Therefore, it is evident that in studies like this, it is important to use 

NGS with higher sequencing depth for increased sensitivity124 and discovery125 of unique 

methylation patterns.  

The GFP positive rate in all promoter-targeted embryos was significantly reduced 

compared to both the control and scrambled-sgRNA-injected embryos (Figure 13). Among the 6 

sgRNAs, sgRNA5 has a slightly higher GFP-positive rate, which could be credited to its 

MITSpecScore being lower than the suggested cutoff score and a high off-target count. A 

smaller DNMT3A effector region (containing only Cyt_C5_DNA_methylase super family 

domain) significantly reduced the GFP positive rate by 25%. In contrast, in the present study, we 

designed CRISPR-dCas9-dnmt3aa containing all 3 super families (Cyt_C5_DNA_methylase , 

ADDz and PWWP) as previously discussed. Using the guides sgRNA4 and sgRNA6 separately 

to target approximately the same promoter region as the guides used in the previous study 
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(XWgRNA1 and XWgRNA2), significantly reduced the GFP positive rate by 75% and 67%, 

respectively, compared to scrambled gRNA injected samples. The MitSpecScore of both 

XWgRNA1:96 and XWgRNA2:93 is higher than sgRNA4:93 and sgRNA6:86, respectively. 

However, XWgRNA2:44 has a higher off-target count compared to sgRNA6:28. These data 

suggest the difference in GFP positive rates is probably not because of inefficiency of guide 

RNAs and we shift the focus towards the CRISPR plasmid used in these studies. This solidifies 

the importance of ADDz and PWWP domains in stimulating the de novo DNA methylation 

activity of DNMT3AA. Besides that, further research needs to be conducted to examine GFP 

positive rate in embryos injected with multiple guide RNAs. 

In the present study, the results show a strong indication of CRISPR-dcas9-dnmt3aa’s 

transcriptional silencing activity that can escape the reprogramming stages and persist in the 

offspring somatic genome. Our data suggests a negative correlation between introduced methylation 

and GFP expression. However, it is important to do further studies targeting the gene promoter with 

only CRISPR-dCas9 to analyze if our results are because of blockade caused by the cas9 protein. 

Such blockage could prevent methylating and demethylating enzymes necessary for normal growth 

thereby resulting in reduced GFP positive rate. Further studies using dCas9 paired with a dead 

DNMT3aa protein domain would also be necessary to verify the results in this study. It is also 

important to consider injection of dCas9-effector-guide combination at a different cell stage during 

early development since the medaka embryos are going through active demethylation until the 4-cell 

stage. In addition, since the methylation levels reach peak during Blastula, it is difficult to evaluate a 

methylation increase. Hence, the methylation levels should also be verified at later developmental 

stages. Furthermore, the impact of sgRNAs present within the cytoplasm on mitosis and its effect on 

the targeted genome through cell division should also be considered.  
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 It is important to continue this study using other transcriptional repression complexes as 

effector proteins. Before selecting another transcriptional inhibitor, however, it is imperative to 

survey the histone acetylation and methylation in the olvas promoter loci by performing chromatin 

immunoprecipitation followed by high-throughput DNA sequencing (ChIP-seq). HDAC family of 

transcriptional inhibitors have been well-established to promote transcriptional repression alongside 

DNMT3AA in sequence-dependent synergetic fashion126,127. Studies have shown the function of 

CRISPR-dcas9-HDAC to significantly modulate gene expression in vitro128,129. Histone demethylases 

like LSD1130, Histone methylases like KRAB131 and Histone methyltransferase like EZH2132 have also 

been fused with CRISPR-dCas9 for successful transcriptional repression in vitro. Moreover, using 

DNMT3BB alone or alongside DNMT3AA could also aid in successful transcriptional suppression of 

the olvas gene given DNMT3BB’s significant involvement in de novo methylation during early 

developmental stages in medaka embryo76.  

In the present study, we observed the first methylation peak -25 bp upstream from the PAM 

sequence, which is similar to other studies employing DNMT3a reporting peaks at +25 bp 

downstream137, +27 bp downstream54 and +40 bp downstream98 respectively. However, it is 

important to note that none of the above studied the effect of CRISPRdCas9-dnmt on DNA 

methylation during active epigenetic reprogramming window. Here, we showed the phenotypic 

and methylation-level alteration of olvas gene during the early cleavage stage in medaka. Hence, 

our study sets a benchmark for future studies to develop epigenetic interference tools harnessing 

the simplicity of CRISPR-Cas9 to further understand the phenotypic and epigenome-level effects 

of early development epigenetic alteration and the huge significance that entails. 
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