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ABSTRACT

Modification of the expression profiles of 

Prnp and marker genes in early stage embryo 

by DNMT1 modulators

Jeong Bin Jo

Department of Biology

Graduate School 

Sungshin University

The products of Prnp gene are the functional molecule in development, 

physiology and disease. One of the possible reasons of prion disease is the 

amount of cellular prion protein (PrPC) in a tissue, and controlling the expression 

levels of PrPC is suspected as a way of protection the prion. In addition, PrPC

can affect stem cell proliferation, metastasis, drug resistant, and cancer stem cell 

phenotypes through several signaling pathways as a platform. Therefore, it is 

important to know the expression profiles during development. On the other 

hand, DNA methylation is a major epigenetic mechanism and plays critical roles 

in the silencing of retrotransposons, genomic imprinting, and cell differentiation.  

Even though the mechanisms of epigenetic modification are not fully unmasked 

during cleavage, the epigenetic modification is well studied. In this study, the 
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expression of the Prnp was examined in the cleavage stage and the changes of 

developmental genes by DNMT1 modifying molecules, S-adenosyl-

homocysteine (SAH), N-phthalyl-L-tryptophan (RG108), and maybridge (Myb1)

in WT and bankvole Prnp KI mouse. The developmental rates were high in 

DNMT1 modulator treated groups with exception. In wild type mice, the 

development to the hatched stage was similar between group excepted SAH 

group. Developmental rate to hatched stage were significantly high in Myb1 

group. In SAH group, the developmental rate was significantly lower after 

blastocyst stage compared to the other groups. On the other hand, in bank vole 

Knock-in mice, the developmental rates were significantly low after 4-cell stage 

in SAH group. The expression of the potency and lineage related genes such as 

MuERV-L, Cdx2, Sox2, Cx32, Dsc2, Yap, Cdh1, Pou5f1, Nanog were also modified 

with the inhibitor specific patterns. In WT, the SAH-treated particularly aberrant 

expression in these genes, as did the developmental rate decrease. On the one 

hand, Cdx2 expression was increased in 8-cell stage embryos treated with Myb1, 

and Pou5f1 gene level was also significantly increased compared to other 

groups after morula stage. Similarly, KI mice showed decreased expression of 

the above genes in SAH-treated embryos, and Myb1 treatment significantly 

increased Pou5f1 gene levels at the blastoderm stage of hatching progression. 

The expression of imprinting genes and DNMT enzyme genes were also 

analyzed and did not show significant changes in WT and KI mice. To investigate 

whether DNMT1 inhibitors affect PRNP expression, it was also identified that

the expression profiles of Prnp and PrPc in mouse early embryo. In the wild type, 

mRNA expression did not show any significant change, but PrPc protein was 

significantly increased at the morula stage compared to the control. In KI mice, 

there was a significant increase in both mRNA and protein in RG108-treated 
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morula stage embryos. To investigate whether the above DNMT1 inhibitors 

regulate expression by modulating the methylation of the CpG region of the 

Prnp gene, we performed bisulfite sequencing and found that Prnp expression 

is not regulated through this region. We then examined the effects of DNMT1 

inhibitor treatment on embryo development and growth by DNMT inhibitor 

treated embryo transfer into surrogate mothers. Myb1 treatment significantly 

increased the probability of live birth after embryo transfer compared to the 

control group and significantly decreased in SAH-treated embryos. Organ 

weights of 5-week-old pups born after embryo transfer were no differences in

all groups. RNA-seq results showed the high expression of carbohydrate 

metabolic genes in Myb1 treated embryos, immune related genes in SAH, and 

cell proliferation related genes in RG108. Put together, it is suggested that the 

gene expression is modified with the DNMT1 inhibitor specific manner and 

Myb1 is a useful DNMT1 inhibitor for the early stage embryo development 

along with the regulation of Prnp expression.
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INTRODUCTION

Prions are proteinaceous infectious particles that cause contagious or genetic 

neurodegenerative diseases. Creutzfeldt-Jakob disease (CDJ) and Gerstmann-

Straussler-Scheinker disease in humans, and scrapie and bovine spongiform 

encephalopathy (BSE) in animals (Chen et al., 1994). Prions are made from 

normal cellular prion protein (PrPc) found throughout the body of healthy 

people and animals. The prion protein is a conserved glycoprotein tethered to 

cell membranes by a glycosylphosphatidylinositol (GPI) anchor (Prusiner, 1998).  

However, the prion protein found in infectious substances has a different 

structure from these proteins and is not easily degraded by protease (Suzette, 

2003). Infectious prion particles consist largely, if not all, of an aberrant isoform 

of a prion protein encoded by a chromosomal gene. PrPc misfolding is facilitated 

by the conformational change of α-helix-rich cellular PrP to β-sheet-rich scrapie 

PrP (PrPSC) followed by the formation of insoluble aggregates of misfolded PrPSC

(Caughey et al., 2009). PrPC could be detected not only in neuronal cells but 

also in specific non-neuronal cells in the regional and temporal gene expression 

of prenatal PrP (Manson et al., 1992). And recent studies have shown that it 

affects cell proliferation, metastasis, drug resistance, and cancel stem cell 

phenotypes through several signaling pathways (Go et al., 2020). In particular, 

studies related of Prnp, differentiation, potency and stemness are being 

conducted in stem cell-related studies. Prnp was found to participate in the 

transcription of a pluripotency marker such as Nanog during embryonic stem 

cell differentiation (Miranda et al., 2011). In cancer stem cell, PrPc directly 

regulates stem cell marker such as Oct4 (Lee et al., 2018). These results suggest 

that Prnp genes are involved in the regulation of expression of genes involved 

in preimplantation embryo development.
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Methylation and demethylation of DNA are a crucial epigenetic mechanism 

and plays critical roles in transcriptional repression or activation, X-chromosome 

inactivation, cell differentiation, and tumorigenesis (Uysal et al. 2015). DNA 

methylation is especially catalyzed by several types of DNA methyltransferase 

(DNMT) enzymes. The DNMT1 protein primarily functions in maintenance 

methylation by adding methyl groups to the hemi-methylated DNA strands 

during DNA replication (Bestor, 2000). Recent studies have shown that DNMT1 

regulates the timing and genomic targets of de novo methylation by DNMT3b 

in mouse embryonic stem cells (Ito et al., 2022), and has de novo activity on 

transposable elements (Haggerty et al., 2021). Both DNMT3a and DNMT3b

essentially implicate in the de novo methylation process, commonly being 

appeared in the unmethylated DNA strands at the CpG islands (TurekPlewa and 

Jagodzinski 2005). DNMT3l induces the recruitment or activation of DNMT3a 

and 3b (Klose et al., 2006). DNMT2 is involved in tRNA methylation activity

(Jeltsch et al., 2017). During oogenesis and preimplantation embryo 

development, DNA methylation plays critical roles in strictly regulating 

stimulation or repression of the development related genes and in timely 

establishing maternal and paternal imprints (Bartolomei and Ferguson-Smith 

2011). Two isoforms of Dnmt1 have been identified in the mouse (Carlson et al., 

1992) and homologues have been identified in humans (Hayward et al., 2003): 

an oocyte-specific isoform (DNMT1o) found only in oocytes and cleavage stage 

preimplantation embryos and a somatic form (DNMT1s). DNMT1s express 

during oocyte and early embryo stage in nucleus. DNMT1o is present in the 

cytoplasm and undergoes a transition to the nucleus at the 8-cell stage (Fig. 1). 

DNMT3a is cytoplasmic in oocytes and then expressed in the nucleus in early 

embryos. DNMT3b is expressed in the nucleus from the 4-cell stage embryo 

(Petrussa et al., 2014).

The DNA methyltransferase inhibitor (DNMTi) is used as potential anticancer 
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drugs in cancer therapy such as colon, ovarian, and lung cancer and 

tumor immunotherapy (Lyko et al., 2005). In addition, DNMTi is also widely used 

in somatic cell nuclear transfer (SCNT) embryos to overcome epigenetic 

inhibition (Dean et al., 2001) and gene expression (Humpherys et al., 2003). In 

SCNT embryos, reprogramming of the nucleus of the oocyte or embryo by 

substituting nuclei of somatic cell is required (Wei eat al., 2011). DNMT1 

inhibitors are often used to overcome abnormal epigenetic modifications 

caused by DNMT1s of somatic cell origin. Previous studies have shown that X-

chromosome inactivation and in vitro development were improved when SAH, 

a competitive inhibitor for DNMT1, was treated during mouse SCNT at a 

concentration of 1 mM (Jeon et al., 2008). And RG108, a non-nucleoside 

inhibitor that inhibits enzyme activity by binding to the DNMT active site, 

improved epigenetic reprogramming in porcine (Zhai et al., 2018) and buffalo 

(Sun et al., 2016) SCNT embryo treated with 20μM.

Besides, The Prnp expression or localization in mouse early embryo has not 

been revealed. Many studies have been conducted on methylation profiling 

during oogenesis and embryo development, little is known about the 

methylation pattern of Prnp gene during early stage embryo. In here, the 

possible role of DNMT1 inhibitor (Myb1, SAH, RG108) was examined. The 

developmental rate and methylation pattern at 2-cell, 4-cell, 8-cell, morula, 

blastocyst stage embryos in vitro culture were analyzed. Collectively, the effect 

of myb1 on early embryo development was evaluated. In addition, the effect of 

CpG methylation change on the Prnp promoter region in mouse embryos was 

investigated, and Prnp gene expression profiling was performed accordingly. 

Our results provide how Prnp is altered by DNMT1 inhibitors treated during 

early embryonic development.
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Figure 1. Diagram of expression of mouse DNMT in oocyte and early stage 

embryo

The DNMT enzymes are present in the mouse oocyte and early embryo, of 

which DNMT1s, DNMT1o, DNMT3a, and DNMT3b are mainly functions. The 

expression pattern of DNMT enzymes changes dynamically during oogenesis 

and embryogenesis. MⅡ ;MⅡ stage oocyte, 1-c ;1-cell stage embryo, 2-c ;2-

cell stage embryo, 4-c ;4-cell stage embryo, 8-c ;8-cell stage embryo, M ;morula, 

Bla ;blastocyst.
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MATERIALS AND METHODS

Experimental animals

All experimental animals were conducted according to the Guide for the Care 

and Use of Laboratory Animals published by the National Institute of Health 

(NIH). All animal procedures were approved by the Institutional Animal Care and 

Use Committee (IACUC) of Sungshin University (SSWIACUC-2023-010). Involving 

experiment animals were maintained under standard condition at Sungshin 

University. Diurnal rhythm kept under the 14L : 10D schedule with light-on at 

6:00 and clean system. Bank vole PrP GPI KI(I109) (bvPrp GPI KI I109) mouse 

were on a C57BL/6 background. Genomic DNA was isolated from ear and the 

primer combination bvPrp GPI KI 1 (5’-GTATTAGAACTCACAGCCGTC-3’) and 

bvPrp GPI KI 2 (5’-CCTGAGTAACCGTAACACCACA-3’) was used to determine the 

genotype. 6-8-weeks-old female C57BL/6J mice was used as wild type.

Chemicals

Dimethyl sulfoxide (DMSO) purchased from Sigma (Sigma, D2650, Missouri, 

USA). DNMT1 inhibitors, N-phthalyl-L-tryptophan (RG108) purchased from 

Abcam (Abcam, ab141013, Cambridge, UK) and S-adenosylhomocysteine from 

Sigma (Sigma, A9384, Missouri, USA). maybridge (Myb1) was synthesized in 

Ambinter. 0.5% DMSO in media is used as a vehicle. 20 µM RG108 and 1 mM 

SAH, 0.5 µM, 1 µM, 10 µM, 20 µM Myb1 were used in the experiment.
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Superovulation induction and embryo collection

Female C57BL/6 mice were superovulated by intraperitoneal injection 6 IU of 

PMSG followed 48 h later by intraperitoneal injection 6 IU hCG. And then these 

female mice were placed with stud males of the same strain. Mating status was 

confirmed by checking a presence of vaginal plug following morning. After 48 

h, mouse embryos were collected 2-cell from oviduct by flushing with BWW 

medium containing 0.4% bovine serum albumin (BSA). To obtain the 

developmental embryos, 2-cell embryos were cultured for differenced time. 

After culture, 48 h (2-cell), 60 h (4-cell), 72 h (8-cell), 84 h (morula), 96 h

(blastocyst), 120 h (hatching blastocyst), 144 h (hatched blastocyst) were 

collected for additional experiment. The collected samples were immediately 

stored at -196℃ liquid nitrogen in sterile tubes for real time quantitative PCR 

and RNA sequencing. 

Total RNA extraction and First strand cDNA synthesis

Total RNAs were extracted from 10 pooled embryos using RNeasy®Micro Kit 

(QIAGEN, 74004, Germantown, USA) according to the manufacturer’s

instructions. First Strand cDNA Synthesis Kit (Agilent, 200820, California, USA) 

were used. Briefly, reaction reagents are 28 μl total RNA, 10 μl MMLV 5X buffer, 

1 μl oligo dT primer (0.5 μg/μl), 1 μl random primer (0.1 μg/μl), 4 μl dNTP mix 

(100 mM). Reaction mixture was incubated at 65℃ for 5 min, placed the tube 

at RT for 5 min, and then added 4.5 μl DTT (100 mM), 2 μl M-MLV Reverse 

Transcriptase (Promega, M170B, Wisconsin, USA), 1 μl RNase block ribonu-

clease inhibitor (40 U/ml). The mixture was incubated at 42℃ for 1 hr and 70℃

for 15 min to terminate cDNA synthesis. And kept -20℃ before it used.
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Real-time PCR analysis

For quantification of expression levels, transcripts of target genes were 

amplified using reverse transcript (RT)-PCR and the specific primers (Table 2). 

Quantification real time RT-PCR was performed using SYBR Premix Ex TaqTM

(TaKaRa, RR420, Shiga, Japan) and AriaMx Real-time PCR System (Agilent,

G8830A, California, USA). Information of the thermal cycle are in Table 1. Each 

reaction was run in triplicate and consisted of 1 μl cDNA. Dissociation curves 

were run on all reactions to ensure amplification of a single product with the 

appropriate melting temperature. The fold change in gene expression was 

calculated using the ΔΔCt method with the housekeeping gene, ribosomal 

protein, 36B4, as the internal control. 

Whole mount immunofluorescence of mouse embryo

Fixed embryos permeabilized with 0.5% PBST (PBS containing 0.5% Triton X-

100) for 3 h. The embryos were blocked in PBS containing 1% BSA for 1 h at

RT. After then, the embryos were incubated with primary antibody Prion (Table 

3) diluted 1:200 in PBS containing 2% BSA at 4℃ overnight. After incubation, 

embryos were washed by transferring from drop to drop. The washed embryos 

were incubated with fluorescence 2nd antibody Alexa 594 diluted 1:200 in 0.5% 

PBST for 2 h at RT. The nuclear of embryos was staining with 4’ , 6-Diamidino-

2-Phenylindole (DAPI) (Sigma, D9542, Missouri, USA) at 10 min. Dot slides were 

used for mounting. For negative control, we deleted primary antibodies. Finally, 

fluorescent images were analyzed by Zeiss LSM 700 laser microscope with ZEN 

software.
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Sodium bisulfite genomic sequencing

Genomic DNAs were extracted from 10 pooled embryos using AllPrep®

DNA/RNA/Protein Mini Kit (QIAGEN, 80004, Germantown, USA) and was then 

subjected to sodium bisulfite treatment using EpiJET Bisulfite Conversion Kit

(thermo scientific, k1461, Massachusetts, USA) according to the manufacturer’s 

instructions. Converted DNA was then amplified using bisulfite-specific PCR to 

obtain products for sequencing. PCR products were then gel-purified using a 

QIAquick® Gel Extraction Kit (Qiagen, 28704, Germantown, USA), and DNA 

methylation levels were quantified using colony sequencing. Briefly, purified 

products were inserted into T vector using AccuRapidTMTA Cloning Kit (Bioneer, 

k-7170, Daejeon, Korea) and were transformed into competent TOP10 cell

(Invitrogen, C404010, Massachusetts, USA). Colonies were then selected on 

lysogeny broth-ampicillin (100 μg/μl) agar using the IPTG/X-gal method, and 

plasmid DNA was subsequently extracted using QIAprep® Spin Miniprep Kit

(Qiagen, 27104, Germantown, USA). Finally, sequencing was performed with 

BigDye Terminator v3.1 Cycle Sequencing Kit and applied Biosystems 3730xl

DNA Analyzer. Sequencing results were analyzed using a quantification tool for 

DNAme analysis, QUMA.

Embryo transfer

Estrus stage female CD1 mice, mated with vasectomized CD1 males, were 

used as recipients for embryo transfers. Mating was confirmed by the presence 

of a vaginal plug the following morning. Blastocyst transfers were performed 

2.5 days post coitum. Early blastocysts of similar morphology were then 

transferred to the uterus (n = 8 per horn) of pseudo-pregnant recipients. 
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RNA-seq library preparation and sequencing data processing

To generate RNA-seq library, 50 embryos were used per reaction. The 

sequencing libraries were constructed using the TruePrep Index Kit V2 for 

Illumina (Vazyme Biotech, TD502-01) according to the manufacturer’s instruction. 

All libraries were sequenced on the Illumina NovaSeq platform in 101-bp paired-

end mode at the Rokit Genomics Company (Seoul, Korea). Raw data files were 

generated through sequencing and processed into information of read quality, 

total base number, total read number, GC content through quality control. And 

low-quality reads, adapter sequence and PCR-duplicated reads were removed 

by adapter trimming Trimmomatic V 0.38. Preprocessing reads were aligned

using HISAT2 V 2.1.0. And gene expression profile matrixes were generated

using StringTie V 2.1.3b by sample, by gene, by quantification. Then 

Differentially expression (DE) and downstream analysis conducted using DESeq2 

V 1.38.0.

Statistics

The results represent means ± SED. The data were analyzed using one-way 

analysis of variance (ANOVA) and t-test between control and experimental 

group. In all cases, values of p<0.05 were deemed to indicate statistical 

significance. 
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Table 1. Real-time RT-PCR Thermal cycler schedule

Step Temperature (℃) Time cycles

Hold 94 30 min 1

3 steps PCR

Denaturation 95 1 min

45Annealing 59 30 sec

Extension 72 1 min

Dissociation

Denaturation 95 15 sec

1Annealing 60 30 sec

Extension 95 15 sec

Hold 4 Indefinitely 1
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Table 2. Primer sequences for quantitative real-time PCR

Gene Symbol
NCBI gene 

reference
Primer sequence (5'-3')

Amplified 

length (bp)

Endogenous retroviral 

sequence 4 

MuERV-L
NM_001166206.1 

S TGGTGGTCGAGATGGAGGTTA
231

(Erv4) AS CCGTGAATGGTGGTTTTAGCA

Caudal type homeobox2 Cdx2 NM_007673.3
S CCCTAGGAAGCCAAGTGAAAACCA

265
AS TTGGCTCTGCGGTTCTGAAAC

SRY-box transcription 

factor 2
Sox2 NM_011443.4

S TGAACGCCTTCATGGTATGGTC
240

AS TCCTTCTTCATGTGCGTCTTGG

Gap junction protein, 

beta 1

Cx32
NM_001302496.1 

S TCCGGCATCTGCATTATCCT
287

(Gjb1) AS AGCATCGGTCGCTGTTTTCA

Desmocollin2 Dsc2 NM_001317363.1
S AATGACAACCTGCCCACGTT

322
AS CTGTGCTCATGGGTGACTTTGA

E-cadherin Cdh1 NM_009864.3
S GATTCAGTTCCGAGGTCTACACCTT

265
AS GGAGCTTTAGATGCCGCTTCACT

Yes1 associated 

transcriptional regulator
Yap1 NM_001171147.1

S GACTTGGAGGCGCTCTTCAAT
243

AS GAACATGCTGTGGAGTCAGAGCT

POU domain, class 5, 

transcription factor 1

Oct4
NM_001252452.1 

S CGTGAAGTTGGAGAAGGTGGAA
211

(Pou5f1) AS GCCGCAGCTTACACATGTTCTT
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Nanog homeobox Nanog NM_001289828.1
S TCTGGGAACGCCTCATCAAT

241
AS TGAGAGAACACAGTCCGCATC

DNA methyltransferase 1 Dnmt1 NM_001199431.2 
S AGCGTTGTGGTGGATGACAAGAA

243
AS TGTGGTATGGGCTCTGCTCAGGTT

DNA methyltransferase 

3A
Dnmt3a NM_001271753.2

S CATCTGTAACCCCAGCCCTTTT
230

AS TTTACTCGCTAACCCAGAGCCT

DNA methyltransferase 

3B
Dnmt3b NM_001003960.5

S ACCGGTCATCAGACACCTGTTT
194

AS ACTGAGCAGGAGAAAGCTGAGGTA

Imprinted maternally 

expressed transcript
H19 NR_130973.1

S ACCATGGGATCCAGCAAGAA
204

AS TGCACTGCCCTTCTTTTCCA

Small nuclear 

ribonucleoprotein N
Snrpn NM_001082961.2 

S AAGGCAATGCAGCAACCAAG
225

AS CCAAGAGGGAATCACAGCAGAT

Prion protein Prnp NM_001278256.1
S ATCATGGCGAACCTTGGCTACT

243
AS AACTACCACCATGAGGTTGTCCC

Methyl-Prion protein Prnp NM_001278256.1
S GGAGCATTGGGTACTGGATCAG

544
AS TGCTGAGCTGTGAATCTGGC

60S acidic ribosomal 

protein P0

Rplp0
NM_007475

S CGACCTGGAAGTCCAACTACTTCCT

303
(36B4) AS GCACCTTATTGGCCAACAGCAT
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Table 3. Antibody information

Antibody Description Cat # Company

Prion Mouse monoclonal MA1-750 Invitrogen
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RESULTS

Effects of the of Myb1 on early stage embryo development

So far, it has been studied that the DNMT1 modulators have anticancer activity 

and causes the reactivation of the tumor suppressor gene and have been shown 

positive effect on embryo development. To test whether myb1 could improve 

the early development of mouse embryo in vitro culture, we treated the 2-cell 

stage embryos with different concentrations of myb1 and evaluated the 

developmental rates from 60 h (4-cell) (Table 4). There was no difference at 

developmental rate between 60 h (4-cell) and 72 h (8-cell). But, In 10 μM myb1, 

≥hatching blastocyst (120 h) rate (40.00%) was significantly increased than 

vehicle group (22.44%). There was no significant increase in the remaining 

concentration groups. Therefore, 10 μM myb1 was selected in this study.
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Table 4. Developmental rate of early mouse embryos 

Developmental rate (%)

60h 72h 84h 96h 120h 144h

(≥4-cell) (≥8-cell) (≥Morula) (≥Blastocyst)
(≥Hatching        

    Blastocyst)

(≥Hatched

     Blastocyst)

vehicle 93.87 92.85 89.87 72.44 22.44 35.71

0.5μM Myb1 89.47 94.73 92.85 65.78 18.42 30.26

1μM Myb1 91.46 98.78 100 70.73 36.58 35.36

10μM Myb1 96.47 96.47 100 72.94 40.00* 37.65

20μM Myb1 95.61 96.49 97.36 72.80 38.59 28.07

After 2-cell embryos were cultured with DNMT1modulator, Myb1, developmental rate of ≥4-cell (post hCG 60 h),

≥8-cell (72 h), ≥morula (84 h), ≥blastocyst (96 h), ≥hatching blastocyst (120 h), ≥hatched blastocyst (144 h) 

embryos was examined.

*, p < 0.05 compared with vehicle
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Developmental rate of WT early embryos under different DNMT1

modulators.

The possible roles of Myb1 was evaluated with comparing in developmental 

capacity of embryos (Table 5). 2-cell embryos were treated with DNMT1 

inhibitors SAH, RG108. The development to 72 h (8-cell) was similar between 

groups. But showed difference after 84 h post hCG (Morula stage).

Developmental rate of embryos treated with SAH was significantly decreased of

≥blastocyst (96 h), and ≥hatched blastocyst (144 h) than vehicle and myb1. 

Developmental rate of embryos treated with RG108 was similar with vehicle. In

≥hatching blastocyst (120 h), developmental rate was increased but not 

significant. 
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Table 5. Developmental rate of WT early embryos

Developmental rate (%)

60h 72h 84h 96h 120h 144h

(≥4-cell) (≥8-cell) (≥Morula) (≥Blastocyst)
(≥Hatching

    Blastocyst)

(≥Hatched

     Blastocyst)

vehicle 93.87 92.85 89.87 72.44 22.44 35.71

10μM Myb1 96.4 96.47 100 72.94 40a 37.65

1mM SAH 91.17 89.7 92.68 42.64ab 17.64ab 14.71ab

20μM RG108 92.42 95.45 87.8 74.24 33.33 28.79

After 2-cell embryos culture with DNMT1 inhibitors, developmental rate of ≥4-cell (post hCG 60 h), ≥8-cell (72 h), 

≥morula (84 h), ≥blastocyst (96 h), ≥hatching blastocyst (120 h), ≥hatched blastocyst (144 h) embryos was

examined.

a, p < 0.05 compared with vehicle

b, p < 0.05 compared with 10 μM Myb1
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Developmental rate of KI early embryos under different DNMT1 modulators

As with the results of WT, development rate had a gradual decrease in embryo 

treated with SAH from morula (84 h) and a significant decrease compared to 

the vehicle and Myb1 at 96 h,120 h and 144 h. Embryo treated with Myb1 was 

similar to the developmental rate of embryo treated with vehicle by 144 h (Table 

6). On the other hand, embryo treated with RG108 increased the developmental 

rate compared to vehicle. In particular, it increased significantly at ≥hatching 

blastocyst (120 h).
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Table 6. Developmental rate of KI early embryos

Developmental rate(%)

60h 72h 84h 96h 120h 144h

(≥4-cell) (≥8-cell) (≥Morula) (≥Blastocyst)
(≥Hatching

    Blastocyst)

(≥Hatched

     Blastocyst)

vehicle 98.41 95.28 89.67 83.96 55.66 41.50

10μM Myb1 98.36 97.85 98.92 78.49 54.83 55.91

1mM SAH 97.70 86.92
b

72.92 60
ab

36.15
ab

26.15
ab

20μM RG108 96.72 95.14 98.05 94.17 85.39
a

60.19

After 2-cell embryos culture with DNMT1 inhibitors, developmental rate of ≥4-cell (post hCG 60 h), ≥8-cell (72 h), 

≥morula (84 h), ≥blastocyst (96 h), ≥hatching blastocyst (120 h), ≥hatched blastocyst (144 h) embryos was 

examined.

a, p < 0.05 compared with vehicle

b, p < 0.05 compared with 10 μM Myb1
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Expression level of potency and competency markers on WT early stage 

embryo after DNMT1 modulators treatment

We investigated the expression levels of nine genes affecting the development 

in DNMT1 inhibitor-treated embryos (Figure 2). MuERV-L as a totipotency

marker, Cdx2 and Sox2 as TE lineage-related markers, Cx32 and Dsc2 as polarity-

related markers, Yap and Cdh1 as forming related markers, and Pou5f1 and 

Nanog as pluripotent-related markers were used. MuERV-L mRNA levels were 

shown a similar pattern between oocytes and embryos treated vehicle and myb1. 

At the 4-cell stage embryo of SAH-treated group, it increased compared to the 

vehicle, but there was no significant difference. But, The RG108 treatment group 

showed a higher pattern than the vehicle group except for the morula stage 

and was significantly higher in the hatching blastocyst stage embryos (Fig. 2A). 

In Cdx2, vehicle and myb1 treatment groups and the SAH and RG108 treatment 

groups showed similar patterns as a whole. In 8-cell stage, SAH and RG108 

treatment groups were decreased, and SAH showed significant levels (Fig. 2B). 

The Sox2 mRNA levels of the vehicle and myb1-treated groups were very similar 

across all stages, and the RG108-treated groups were similar except for the 

hatching blastocyst stage. However, the SAH treatment group showed an overall 

decreasing pattern and was significant in hatching and hatched blastocyst stage

(Fig. 2C). The Cx32 mRNA levels in vehicle, myb1, and RG108-treated groups 

were similar, but significantly increased in blastocyst stage embryo in SAH-

treated groups (Fig. 2D). There were showed similarity in Dsc2 between all 

groups, but significantly reduced in the blastocyst stage of the SAH-treated 

group (Fig. 2E). There was no difference in the mRNA levels of Yap and Cdh1 in 

all groups (Fig. 2F, G). In Pou5f1, the mRNA level of the myb1-treated group 

was significantly increased after morula stage compared to the vehicle (Fig. 2H). 

Similarly, in mRNA level of Nanog, myb1 showed higher expression compared 

to the other groups but was not significant (Fig. 2I). Overall, embryos cultured 

by SAH treatment showed a severe decrease in the development rate from 
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≥blastocyst (96 h), especially in TE lineage and polarity-related genes. This 

suggests that culture with 1 mM SAH treatment on an early stage embryo has 

a bad effect on forming a blastocyst. On the other hand, 10 μM myb1 is treated 

and the developmental rate increases in the ≥hatching blastocyst (120 h) stage, 

which is seen as the effect of the increase in the expression of pluripotency-

related genes. Similar to the results of WT, SAH-treated embryos showed defects 

in TE lineage, polarity-related genes from 72 h (8-cell) and 84 h (morula), and 

increased expression of pluripotency-related genes in Myb1 treated embryos.
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Figure 2. Profile of potency and competency markers in DNMT1 inhibitors treatment on WT early embryos

Relative expression levels of MuERV-L mRNA (A), Cdx2 mRNA (B), Sox2 mRNA (C), Cx32 mRNA (D), Dsc2 mRNA (E), 

Yap mRNA (F), Cdh1 mRNA (G), Pou5f1 mRNA (H) and Nanog mRNA (I) expression level changes in wild type early 

stage embryos were cultured with each DNMT1 inhibitors. Gray solid line is vehicle group, black solid line is myb1 

group, black dotted line is SAH group and black dashed line is RG108 group. Gene expression was calculated using 

the ΔΔCt method with the 36B4, as the internal control. a: p< 0.05 (vehicle to myb1), b: p< 0.05 (vehicle to SAH), c: 

p< 0.05 (vehicle to RG108). Data are represented as the mean ±SEM.
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Expression level of potency and competency markers on KI early stage 

embryo after DNMT1 modulators treatment

In KI mice, we also examined the mRNA expression of potency and 

competency related genes to investigate the effects of DNMT1 inhibitors on 

early embryo development (Figure 3). MuERV-L levels of 2-cell embryo treated 

Myb1 was decreased but, embryo treated SAH, RG108 were increased than 

vehicle. It was not significant (Fig. 3A). Levels of Cdx2 increased but not 

significantly in 120 h (hatching blastocyst) embryo treated with Myb1, RG108, 

and SAH decreased (Fig. 3B). In Sox2, it increased in Myb1, Rg108 treated 

embryo compared to vehicle from 96 h (blastocyst) but decreased significantly 

from 84 h (morula) in SAH-treated embryo (Fig. 3C). When treated with RG108, 

the Cx32 level was significantly reduced at 60 h (4-cell), continued to be low, 

and showed a similar pattern to the rest of the vehicle (Fig. 3D). In Dsc2, the 

embryo treated with SAH decreased from 60 h (4-cell) and was significantly 

reduced in 72 h (8-cell), 96 h (blastocyst), 120 h (hatching blastocyst), and 144

h (hatched blastocyst) (Fig. 3E). There was no difference in the mRNA levels of 

Yap and Cdh1 in all groups (Fig. 3F, G). In Pou5f1, the mRNA level of the myb1-

treated group was increased after morula stage compared to the vehicle and it 

was significantly increased at 120 h (hatching blastocyst). However, it was 

significantly reduced at 96 h (blastocyst) and 144 h (hatched blastocyst) in SAH-

treated embryos (Fig. 3H). Nanog mRNA levels in embryos treated with all 

inhibitors showed similar pattern (Fig. 3I). 
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Figure 3. Profile of potency and competency markers in DNMT1 inhibitors treatment on KI early embryos

Relative expression levels of MuERV-L mRNA (A), Cdx2 mRNA (B), Sox2 mRNA (C), Cx32 mRNA (D), Dsc2 mRNA (E), 

Yap mRNA (F), Cdh1 mRNA (G), Pou5f1 mRNA (H) and Nanog mRNA (I) expression level changes in wild type early 

stage embryos were cultured with each DNMT1 inhibitors. Gray solid line is vehicle group, black solid line is myb1 

group, black dotted line is SAH group and black dashed line is RG108 group. Gene expression was calculated using 

the ΔΔCt method with the 36B4, as the internal control. a: p< 0.05 (vehicle to myb1), b: p< 0.05 (vehicle to SAH), c: 

p< 0.05 (vehicle to RG108). Data are represented as the mean ±SEM.
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Expression level of imprinted genes and DNA methyltransferase genes on

WT early stage embryo after DNMT1 modulators treatment

H19 gene is imprinted in mammals and transcribed from maternal allele. On 

the other hand, Snrpn is a maternal imprinting gene, and these transcripts are 

paternally expressed. The expression level of imprinted genes and DNA 

methyltransferase genes is also vital for nuclear reprogramming. When mRNA 

levels of H19 and Snrpn genes were compared in embryo cultured by treatment 

with DNMT1 inhibitors, no significant difference was found between each 

treatment group (Fig. 4A, B). At the mRNA level of Dnmt1, the three DNMT 

inhibitor treated groups tended to be lower than the vehicle, but not significant

(Fig. 4C). The Dnmt3a mRNA level showed a similar pattern without significant 

differences between groups (Fig. 4D). And at the Dnmt3b mRNA level, there was 

little difference from the vehicle in the SAH-treated embryos, and the myb1 and 

RG108-treated groups showed a slightly decreasing pattern after the morula 

stage (Fig. 4E). Therefore, it is suggested that treating 10 μM myb1, 1 mM SAH, 

and 20 μM RG108 during mouse early embryo culture does not affect the 

imprinted genes and does not significantly change the mRNA levels of DNA

methyltransferase genes.
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Figure 4. Profiles of imprinted genes and DNA methyltransferase genes after DNMT1 inhibitors treatment on 

WT early embryos

Relative H19 mRNA (A), Snrpn mRNA (B), Dnmt1 mRNA (C), Dnmt3a mRNA (D) and Dnmt3b mRNA (E) expression 

level changes in wild type early stage embryos cultured with each DNMT1 inhibitors. Gray solid line is vehicle group, 

black solid line is myb1 group, black dotted line is SAH group and black dashed line is RG108 group. Gene expression 

was calculated using the ΔΔCt method with the 36B4, as the internal control. a: p< 0.05 (vehicle to myb1), b: p< 0.05 

(vehicle to SAH), c: p< 0.05 (vehicle to RG108). Data are represented as the mean ±SEM.
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Expression level of imprinted genes and DNA methyltransferase genes on

KI early stage embryo after DNMT1 modulators treatment

When the expression of imprinted genes and DNMT family genes was examined 

in KI mice, the results were similar to WT. H19 and Snrpn were compared in 

embryo cultured by treatment with DNMT1 inhibitors, no significant difference 

was found between each treatment group (Fig. 5A, B). At the mRNA level of 

Dnmt1, the three DNMT inhibitor treated groups tended to be lower than the 

vehicle, but not significant (Fig. 5C). The Dnmt3a and Dnmt3b mRNA level showed 

a similar pattern without significant differences between groups (Fig. 5D, E).

Therefore, it is suggested that treating 10 μM myb1, 1 mM SAH, and 20 μM 

RG108 during KI mouse early embryo culture does not affect the imprinted genes 

and does not significantly change the mRNA levels of DNA methyltransferase 

genes. These results suggest that DNMT1 inhibitors affect early embryo 

development without altering the expression of imprinted genes and DNMT 

family genes.
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Figure 5. Profiles of imprinted genes and DNA methyltransferase genes after DNMT1 inhibitors treatment

Relative H19 mRNA (A), Snrpn mRNA (B), Dnmt1 mRNA (C), Dnmt3a mRNA (D) and Dnmt3b mRNA (E) expression 

level changes in wild type early stage embryos cultured with each DNMT1 inhibitors. Gray solid line is vehicle group, 

black solid line is myb1 group, black dotted line is SAH group and black dashed line is RG108 group. Gene expression 

was calculated using the ΔΔCt method with the 36B4, as the internal control. a: p< 0.05 (vehicle to myb1), b: p< 0.05 

(vehicle to SAH), c: p< 0.05 (vehicle to RG108). Data are represented as the mean ±SEM.
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Expression pattern of Prnp on WT mouse early embryo development after 

DNMT1 modulators treatment

To analyze the Prnp Gene expression pattern of preimplantation embryos from 

MⅡ stage oocytes to hatched embryos, mRNA was analyzed by quantitative 

PCR and protein was analyzed by whole-mount embryo immunofluorescence.

When analyzing the Prnp mRNA pattern of oocytes and embryos, it increased 

slightly at 1-cell stage, then decreased to morula stage, and then increased 

again from blastocyst stage (96 h), and all DNMT1 inhibitors treatment groups 

showed similar patterns (Fig. 6A). Also, we checked the protein level of the 

detected PrP. Protein expression level can confirm localization in early stage 

embryo. PrP expression is strongly expressed in 2-cell, and continues to be 

expressed from morula stage similar to mRNA expression (Fig 6B). And from 2-

cell to hatching blastocyst (120 h), Prion protein is localized in cytoplasm.

However, PrP expression at morula was significantly decreased than vehicle 

group in embryos treated DNMT1 inhibitors. In 96h (blastocyst stage), intensity 

of PrP rises again and then slightly decreases in 120h (hatching blastocyst) (Fig 

6C). These data indicate that DNMT inhibitors affect PrP expression in morula 

stage (84 h) embryo.
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Figure 6. Expression of Prnp on WT early embryo development

(A) mRNA expression of PRNP gene, (B) Whole-mount immunofluorescence images of preimplantation embryos 

stained with antibody against Prion protein (red). DNA was counterstained with DAPI (blue). *: p<0.05(vehicle to each 

group). Data are represented as the mean ±SEM. Magnification X630.



- 36 -

Expression pattern of Prnp on KI mouse early embryo development after 

DNMT1 modulators treatment

When Prnp mRNA was analyzed in KI mice, it showed an increase in DNMT1 

inhibitors treated embryos starting at 96h (blastocyst) (Fig 7A). In 1-cell embryos, 

vehicle and Myb1 showed high levels, but in embryos treated with SAH and 

RG108, the levels were lower than vehicle, although not significantly different. 

Prnp levels were significantly increased in embryos treated with RG108 at 84 h 

(morula). Then, PrP levels were examined in embryos by embryo whole mount 

immunofluorescence (Fig 7C). PrP expression was located in the cytoplasm 

throughout and showed strong expression than in WT, and increased at 96 h 

(blastocyst) and then decreased again at 120 h (hatching blastocyst). At 84 h 

(morula), in embryos treated with RG108, the intensity was inductively increased 

compared to vehicle, similar to the mRNA results (Fig 7B). This data suggests 

that DNMT1 inhibitor affects Prnp expression.
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Figure 7. Expression of Prnp on KI early embryo development

(A) mRNA expression of PRNP gene, (B) Whole-mount immunofluorescence images of preimplantation embryos 

stained with antibody against Prion protein (red). DNA was counterstained with DAPI (blue). *: p<0.05(vehicle to each 

group). Data are represented as the mean ±SEM. Magnification X630.
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Effect of DNA methylation pattern of CpG island in Prnp promotor region 

after DNMT1 modulators treatment on WT early embryo

In mouse, the Prnp gene exists within chromosome 2 and consists of three 

exons. The Prnp region we targeted in this study is the as the promoter region

(428 bp upstream the transcription start site (TSS)) between exons 1 and 2. 

Among them, the methylation pattern was investigated in a region of 544 bp 

containing 38 CpG sites in a region known as CpG island (CGI). Bisulfite 

sequencing was performed whether DNMT1 inhibitors change the DNA 

methylation pattern in Prnp gene in mouse early embryo. We analyzed 

methylation pattern in 2-cell, morula (84 h), hatching blastocyst (120 h), hatched 

blastocyst (144 h) stage embryos (Fig. 8). However, all stages and treatment 

groups showed the result of the hypomethylated state.
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Figure 8. Bisulfite sequencing on promotor region in preimplantation WT mouse embryo after DNMT1 inhibitors 

treatment

Schematics indicate the position of analyzed CpG islands in promoter regions. (white circles) unmethylated CpGs. 

Within a group, 8 random colonies from each group were used for this assay.
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Effect of DNA methylation pattern of CpG island in Prnp promotor region 

after DNMT1 modulators treatment on KI early embryo

We performed bisulfite sequencing on the CpG island of the Prnp gene 

promoter region in KI mice (Figure 9). As in WT, there was no change in all 

stages and DNMT1 inhibitor treated embryos, and all remained hypomethylated

state. These results suggest that Myb1, SAH, and RG108 do not affect 

methylation at CpG sites in the Prnp gene promoter region. And it means that 

DNMT1 inhibitor regulates expression through other regions without affecting 

the DNA methylation pattern at the Prnp gene CpG site. 
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Figure 9. Bisulfite sequencing on promotor region in preimplantation KI mouse embryo after DNMT1 inhibitors 

treatment

Schematics indicate the position of analyzed CpG islands in promoter regions. (white circles) unmethylated CpGs. 

Within a group, 8 random colonies from each group were used for this assay.
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Effect of different DNMT1 modulators on the implantation and litter size

In order to evaluate the effects of DNMT modulators after implantation of 

embryos which cultured during cleavage in vitro with DNMT modulators.

Embryo transfer was performed post hCG 96 h blastocyst stage. When the 

embryo cultured by myb1 treatment was transferred, the ratio of the number 

of pups born was significantly higher than that of the vehicle group. On the 

other hand, in the SAH-treated group, the proportion was significantly reduced, 

and the RG108-treated group showed a similar pattern to the vehicle (Table 7). 

Therefore, it can be seen that mouse embryo cultured by treating myb1 can 

have a positive effect on development potency even after implantation.
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Table 7. Live birth rate of the DNMT1 inhibitor treated embryos during cleavage

Embryo transfer 

vehicle myb1 SAH RG108

No. of transferred embryos 180 102 64 116

pup number 22 19 4 15

ET percentage 11.87% 16.43%a 6.25%b 11.61%

After embryo transfer, we compared the number of pups born compared to the number of embryos that were treated 

and in vitro-cultured by DNMT inhibitors.

a, P < 0.05 significantly increased compared to vehicle 

b, P < 0.05 significantly reduced compared to vehicle
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Organ weights of 5 weeks old mice which were developed from the 

DNMT1 modulator treated embryos 

To investigate whether pups born after embryo transfer have defects in their 

development, we compared the organ weights of 5-week-old pups (Table 8). 

Heart, lung, stomach, spleen, kidney, liver, uterus, ovaries, testes, and epididymis 

were weighed. All DNMT1 inhibitor treatment groups were similar with little 

difference from control. These results suggest that early embryonic treatment 

with the DNMT1 inhibitors Myb1, SAH, and RG108 does not affect postnatal 

development.
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Table 8. Organ weights of 5 weeks embryo transferred mice

Weight (g)

vehicle Myb1 SAH RG108

Body weight 19.927 ± 0.10 20.643 ± 0.65 19.716 ± 0.142 20.512 ± 1.00

Heart 0.195 ± 0.04 0.182 ± 0.05 0.14 ± 0.005 0.218 ± 0.20

Lungs 0.189 ± 0.01 0.191 ± 0.015 0.2 ± 0.005 0.14 ± 0.005

Stomach 0.185 ± 0.01 0.20 ± 0.008 0.25 ± 0.05 0.1584 ± 0.014

Spleen 0.113 ± 0.0.2 0.091 ± 0.002 0.086 ± 0.02 0.124 ± 0.01

Kidneys 0.257 ± 0.01 0.285 ± 0.013 0.283 ± 0.003 0.298 ± 0.02

Liver 0.997 ± 0.049 0.958 ± 0.010 0.72 ± 0.162 0.8712 ± 0.07

Testes 0.122 ± 0.017 0.15 ± 0.01 0.1 ± 0.02 0.1407 ± 0.02

Epididymis 0.029 ± 0.005 0.035 ± 0.005 0.029 ± 0.008 0.0307 ± 0.01

Uterus 0.037 ± 0.001 0.0305 ± 0.006 0.0285 ± 0.01 0.04 ± 0.01

ovaries 0.0045 ± 0.005 0.005 ± 0.001 0.0035 ± 0.001 0.004 ± 0.001

Mean ± S.D.
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Comparison of mRNA profiling between DNMT1 modulators

Gene expression profiling in preimplantation embryo was studied with RNA-

seq data mentioned at Materials and Methods. Considering the development 

rate, the 2-C stage, which is the first treatment point, the morula stage (84 h), 

which has high variation in phenotype between treatment groups and where 

compaction occurred, the hatching blastocyst (120 h), and the hatched 

blastocyst stage (144 h), which is the stage just before implantation, were 

selected. RNA seq was then performed. The transcriptomes of between treated 

group were shown no distinct clustering by PCA in 2-C stage and hatched 

blastocyst stage (Fig 10A). But at morula stage, SAH treated embryos were 

shown a higher variation. And at the hatching blastocyst stage, vehicle and 

Myb1, SAH and RG108 groups showed more similarity. It means that more 

dynamic transcriptomic change occurs in the morula and hatching blastocyst

stage. A further GO analysis of the DEGs in embryo treated Myb1 revealed that 

the DEGs in carbohydrate metabolic, JAK-STAT signaling pathway, regulation of 

miRNA, intermediate filament genes were significantly enriched (Fig 10B). GO 

analysis of the DEGs in embryo treated SAH revealed that the DEGs in immune

cell, intermediated filament cytoskeleton, peptidase regulation genes were 

significantly enriched (Fig 10C). The results of the GO analysis of RG108 and 

Myb14 were similar. GO analysis of the DEGs in embryo treated RG108 revealed 

that the DEGs in cell proliferation, carbohydrate metabolic, cytokine receptor 

activity related genes were significantly enriched (Fig 10D). Collectively the 

results suggest that the inactivity of DNMT1 implicates specific genetic pathways 

in fundamental biological function. 
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Figure 10. Global gene expression profiling on early stage mouse embryo 

through RNA sequencing 

(A) The principle component plot shows the distribution of gene expression 

replicates for by treated group at 2-cell, Morula, Hatching blastocyst, Hatched 

blastocyst. (B-D) Representative GO term BP (biological process), CC (cellular 

component), MF (molecular function) enriched in embryo treated Myb1 (B) 

embryo treated SAH (C) embryo treated RG108 (D). p value indicates the 

significance of the enrichment. 
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DISCUSSION

DNA methylation is dramatically changed during early stage embryo 

development and DNMT1 inhibitors have positive or negative effects on embryo 

development (Yin et al. 2012; Zhang et al., 2015). the effects of three DNMT1 

modulators on the expression of the Prnp during preimplantation embryonic 

stage were investigated using bank vole Prnp GPI KI mice. In WT early mice

treated with 10 μM Myb1 resulted in increase the developmental rate to 

hatching blastocyst at 120 h, in KI mice embryo, it was similar to the vehicle. In 

1 mM SAH-treated groups, the developmental rate decreased from 96 h 

(blastocyst) in WT and 72 h (8-cell) in KI, and in 20 μM RG108-treated embryos, 

the developmental rate was not different from vehicle in WT and significantly 

increased from 120 h (hatching blastocyst) in KI. The effects of the DNMT1 

modulators were different by chemicals, the development to the hatching stage 

was increased by Myb1 and RG108, but not SAH.

To identify which genes are involved in the developmental rate effects of 

DNMT1 modulator treatment, the mRNA levels of the genes which are 

concerned with early embryonic potency and competency-related genes. In 

Myb1-treated embryos, Cdx2, a TE lineage related gene, was increased at 72 h 

(8-cell) in WT, and Pou5f1, a pluripotency related gene, continued to increase 

after the 84 h (morula) stage. The increase in these genes may have promoted 

blastocyst formation and increased the development rate. In KI, the expression 

of Pou5f1 was increased as in WT, but the developmental rate was not affected. 

In SAH-treated embryos, the expression of Sox2, a TE lineage-related gene, and 

Dsc2, a polarity-related gene, decreased in both WT and KI. In addition, Pou5f1

was reduced in KI mice at 96 h (blastocyst) and 144 h (hatched blastocyst). The 

decrease was mainly in TE-related genes, and it is expected that this decrease 
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leads to a decrease in developmental rate. In RG108, MuERV-L was increased at 

120 h (hatching blastocyst) in WT and Cx32 was increased at 60 h (4-cell) in KI.

The expression profiles were similar between chemicals except in Pou5f1 and 

Sox2 in background dependent manners.

The number of pups born from embryo transfer of DNMT1-treated embryos to 

surrogate mothers and the normal organization of the pups were examined, 

and the number of pups born from embryo transfer of Myb1-treated embryos 

was increased in WT and decreased in SAH, and there was no difference 

between the groups in the organ weights of the pups born. The expression of 

other genes should not be affected for normal development, and the imprinted 

genes and DNMT enzyme family genes were not affected. Those may be cause 

of normal development in the live pubs.

During oogenesis and preimplantation embryo development, DNA 

methylation plays critical roles in strictly regulating stimulation or repression of 

the development related genes and in timely establishing maternal and paternal 

imprints (Bartolomei and Ferguson-Smith, 2011). Following fertilization,

maternal genome undergoes passive DNA demethylation throughout several 

round of DNA replication. The paternal genome undergoes active demethylation 

before DNA replication in zygote ensure (Messerschmidt et al., 2014). It is 

important that demethylation of parental genomes during zygotic genome 

activation (ZGA). At this time, we processed the DNMT1 modulator that helps 

with demethylation, and it showed elevated embryo development.

DNA methyltransferase inhibitors (DNMTi) are divided into nucleoside analogs 

and non-nucleoside analogs. The nucleoside analog and metabolizes DNMT 

before they are incorporated into DNA, so irreversible covalent degradation 

occurs and multiple side effects can occur. SAH is a non-nucleoside analog. On 
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the other hand, RG 108 is a non-nucleoside analog and this inhibits DNMT 

activity by Blocking the active site of DNMT enzyme, so Reversible inhibition of 

DNMT is possible and can exist stable. The DNMT1 inhibitor Myb1, which we 

want to study in this experiment, is also a non-nucleoside analog as a binding 

site specific small molecule. Myb1 was also designed through the process of 

CADD (Computer-Aided Drug Discovery) that basically relies on the computer 

modeling and predicting applications. Therefore, it can bind with DNMTs in a 

structurally stable manner through predicting Interatomic Bonds.

In addition, this study identified the expression pattern and location of PrPc

in mouse early embryo. Although it didn't affect the DNA methylation pattern, 

at 84 h (morula), mRNA was unchanged in WT and increased in both DNMT1 

inhibitor-treated groups compared to vehicle in Protein. In KI, both mRNA and 

protein increased upon RG108 treatment. These results suggest that DNMT1

inhibitor may affect the expression of PrPc via regulation of other region other 

than the CpG site of the promoter.

The epigenetic modulation might be involved in the chromatin remodeling, 

leading to a more permissive chromatin state and these changes could 

contribute to the proposed role of Myb1 in improving the efficiency of embryo 

development. The results show that treatment of early embryo with 10 μM 

Myb1 has no cytotoxic effect, results in significant increase in mRNA levels of 

Pou5f1 and leads to improvement of developmental rate. Myb1 increase PrPc

levels at morula stage embryo without DNA methylation change.

On, summary, Myb1 increased Pou5f1 mRNA expression in WT mouse early 

embryos and improved the developmental potency. It did not affect the 

expression of imprinted genes and DNMT enzyme family genes and showed no 



- 56 -

defect during embryonic development. It also altered PrPc expression at the 

morula stage without changing the mRNA of Prnp.

In future experiment including, in vivo experiments and experiment targeting 

other regulating sites in the Prnp will help to know study the effect and role of 

Prnp on mouse early embryos.
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논문개요

Prnp 유전자의 산물은 발달과 질병에 관여하는 기능성 분자이다. 프리온 질환의

원인 중 하나는 조직 내 PrPC 의 양때문이며, 프리온으로부터 보호하는 방법으로

PrPC 의 발현 수준을 조절하는 것이 제안되고 있다. 또한 PrPC 는 여러 신호 전달

경로를 통해 세포 증식, 전이, 약물 내성, 암 줄기세포 표현형 등에 영향을 미칠

수 있다. DNA 메틸화는 주요 후성유전학적 메커니즘이며 레트로 트랜스포존의

침묵, 게놈 각인 및 세포 분화에 중요한 역할을 한다. 후성유전학적 변형은 초기

배아 단계에서 일어나지만, 난할 과정에서의 후성유전학적 조절은 완전히

밝혀지지 않았다. 이 연구에서는 난할 시기에서 Prnp 의 발현을 조사하고 DNMT1 

조절제인 Myb1, SAH, RG108 을 통해 배아 발달 관련 유전자의 변화를 야생형

생쥐와 뱅크볼 Prnp 동형접합 생쥐에서 평가했다. 야생형 생쥐에서 배반포기

단계로의 발달은 10μM My 에서 대조군보다 유의하게 높았지만 1mM SAH 에서는

그렇지 않았다. MuERV-L, Cdx2, Sox2, Cx32, Dsc2, Yap, Cdh1, Pou5f1, Nanog 와 같은

분화능 관련 유전자 및 계통 관련 유전자의 발현도 억제제 특이적 패턴에 따라

변형되었다. SAH 를 처리한 그룹은 발달 속도 감소와 마찬가지로 위 유전자들에서

특히 비정상적인 발현을 보였다. 한편, Myb1 을 처리한 8 세포기 배아에서는 Cdx2

발현이 증가했고, 상실배 단계 이후에는 Pou5f1 유전자 수준도 다른 그룹에 비해

유의하게 증가했다. KI 생쥐에서도 마찬가지로 SAH 를 처리한 배아에서 위

유전자들의 발현 감소가 나타났고 Myb1 을 처리했을 때 부화진행 포배 단계에서

Pou5f1 유전자 수준이 유의적으로 증가했다. 각인유전자와 DNMT 유전자들의

발현도 분석해보았을 때 야생형과 뱅크볼 Prnp 동형접합 생쥐에서 유의적인

변화를 보이지 않았다. 그리고 DNMT1 억제제가 PRNP 발현에 영향을 미치는지

조사하기 위해 마우스 초기 배아에서 Prnp 와 PrP 의 발현 프로파일을 확인했다. 

야생형에서 mRNA 발현은 유의적인 변화를 보이지 않았지만 상실배 단계에서 PrP 

단백질은 대조군에 비해서 유의적으로 증가했다. 뱅크볼 Prnp 동형접합

생쥐에서는 RG108 을 처리한 상실배 단계의 배아가 mRNA 와 단백질에서 모두

유의적으로 증가했다. 위 DNMT1 억제제들이 Prnp 유전자의 CpG 영역의
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메틸화를 조절하여 발현을 조절하는 지를 조사하기 위해 아황산수소

염기서열분석을 진행했지만 이 영역을 통하여 Prnp 발현이 조절되는 것은 아님을

밝혔다. 이후, DNMT1 억제제를 처리하여 키운 배아를 대리모에 배 이식을

함으로서 배아 발달과 성장에 영향을 어떤 영향을 미치는 지를 조사했다. Myb1 을

처리해서 배아의 배 이식 후 새끼가 태어날 확률이 대조군에 비해 유의적으로

증가했고 SAH 처리한 배아에서는 유의적으로 감소했다. 배 이식 후 태어난 뒤

5 주령된 새끼의 장기 무게를 비교했고 모든 그룹간 유의적인 차이는 없었다. RNA 

시퀀스 분석 결과 Myb1 처리 배아에서 탄수화물 대사 관련 유전자, SAH 에서

면역 관련 유전자, RG108 에서 세포 증식 관련 유전자의 발현이 높은 것으로

나타났다. 이를 종합해 볼 때, DNMT1 억제제에 특이적으로 발생 관련 유전자

발현이 조절되며, Myb1 이 초기 배아 발달에 유용한 DNMT1 억제제로서 Prnp 

발현 조절과 함께 초기 배아 발달에 유용한 것으로 추정된다.
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