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ABSTRACT 

 

 

DNA methylation is one of the principal epigenetic modifications that plays an 

essential role in transcriptional regulation. After fertilization, mammalian embryos 

undergo dynamic changes in genome-wide DNA methylation patterns and the changes 

are essential for normal embryo development. Ten-eleven translocation (TET) 

methylcytosine dioxygenases are implicated in DNA demethylation by catalyzing the 

conversion of 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC). The three 

members of TET protein family, TET1, TET2, and TET3, are highly expressed in 

preimplantation embryos in a stage-specific manner. Previous studies demonstrated that 

TET proteins are involved in diverse biological processes such as gene regulation, 

pluripotency maintenance, and cell differentiation by mediating 5mC oxidation. My 

dissertation research was conducted to elucidate the mechanistic roles of TET proteins in 

epigenetic reprogramming of mammalian embryos using porcine embryos as a model. 

The first set of studies focused on the relationship between TET proteins and 

pluripotency. To understand the role of TET proteins in establishing pluripotency in 

preimplantation embryos, CRISPR/Cas9 technology and TET-specific inhibitors were 

applied. TET1 depletion unexpectedly resulted in an increased expression of NANOG and 

ESRRB genes in blastocysts, although the DNA methylation levels of NANOG promoter 

were not changed. Interestingly, transcript abundance of TET3 was increased in 

blastocysts carrying inactivated TET1, which might have had an effect on the increase of 

NANOG and ESRRB. When the activity of TET enzymes was inhibited to eliminate the 

compensatory increase of TET3 under the absence of functional TET1, the expression 

levels of NANOG and ESRRB were decreased and methylation level of NANOG promoter 

was increased. In addition, ICM specification was impaired by the inhibition of TET 

enzymes. These results suggest that the TET family is a critical component of the 

pluripotency network of porcine embryos by regulating expression of genes involved in 

pluripotency and early lineage specification. In the next set of studies, the presence of 

TET3 isoforms in porcine oocytes and cumulus cells was investigated to dissect the gene 

structure of TET3 that could assist in understanding mechanistic actions of TET3 in the 

DNA demethylation process. Among the three TET3 isoforms identified in cumulus cells, 

only the pTET3L isoform, which contains CXXC domain that carry DNA binding 

property, was verified in mature porcine oocytes. Expression level of the pTET3L isoform 

was much higher in mature oocytes compared to that in somatic cells and tissues. In 

addition, the transcript level of this isoform was significantly increased during oocyte 

maturation. These results suggest that pTET3L isoform is predominantly present in 

mature porcine oocytes and that CXXC domain may play an important role in DNA 

demethylation in zygotes. In a follow-up study, the role of the TET3 CXXC domain in 

controlling post-fertilization demethylation in porcine embryos was investigated by 

injecting TET3 GFP-CXXC into mature porcine oocytes. The injected CXXC was 



exclusively localized in the pronuclei, indicating that the CXXC domain may localize 

TET3 to the nucleus. The CXXC overexpression reduced the 5mC level in zygotes and 

enhanced the DNA demethylation of the NANOG promoter in 2-cell stage embryos. 

Furthermore, the transcript abundance of NANOG and ESRRB was increased in 

blastocysts derived from GFP-CXXC overexpressing zygotes. These results provide an 

evidence that the CXXC domain of TET3 is critical for post-fertilization demethylation of 

porcine embryos and proper expression of pluripotency related genes in blastocysts. In 

the last set of studies, the impact of MBD proteins on porcine embryo development was 

examined under the hypothesis that competitive binding of MBD and TET proteins to 

5mC contributes to the proper maintenance of DNA methylation levels in embryos. 

Cloning of porcine MBD1, MBD3, and MBD4 from mature oocytes indicates that the 

genes are highly conserved among different species, implying the involvement of porcine 

MBD proteins in the maintenance of DNA methylation. MBD1 overexpression in oocytes 

impaired preimplantation development of porcine embryos, suggesting that the MBD1 

overexpression may have negatively affected porcine embryo development because 

proper DNA methylation levels were not preserved under the high level of MBD1.  

Collectively, the studies in my dissertation demonstrate that TET family proteins 

are important epigenetic players involved in the regulation of pluripotency and 

reprogramming of DNA methylation, and are thus crucial for normal embryo 

development. The findings in the dissertation will improve our understanding of 

epigenetic events occurring in mammalian embryos, and have the potential to overcome 

epigenetic defects that are observed in pluripotent stem cells and in-vitro derived 

embryos. 
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GENERAL AUDIENCE ABSTRACT 

 

 

Epigenetic modifications are heritable changes affecting the level of gene 

expression without changing the sequence of the genome. DNA methylation, one of the 

biggest epigenetic marks in mammalian genome, is often correlated to gene repression. In 

mammals, DNA methylation patterns are dramatically changed during preimplantation 

development to acquire embryonic developmental potential. Understanding of the 

epigenetic changes occurring in preimplantation embryos is necessary for producing 

healthy domestic animals in agriculture and for developing strategies for the treatment of 

epigenetic defects in human. Ten-eleven translocation (TET) family enzymes, TET1, 

TET2, and TET3, are known to function as a DNA methylation modifier by converting 5-

methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC). My dissertation research 

was performed to elucidate the role of TET family during preimplantation development 

using porcine embryos as a model. 

Pluripotency refers to the ability of cells to differentiate into all cell types of a 

mature organism. Pluripotent cells emerge in embryos as embryonic cells acquire 

lineage-specific characteristics. The first set of studies focused on the role of TET 

enzymes in regulating the pluripotency of porcine embryos. The impacts of inhibited 

activities of TET enzymes on the expression of pluripotency related genes were 

examined. We found that the inhibition of all TET enzymes leads to a decreased 

expression of pluripotency related genes, an altered DNA methylation level on a gene 

segment controlling pluripotency, and the impaired formation of pluripotent cell lineage 

in porcine embryos. This study demonstrates that the TET family is critical for the 

acquisition of pluripotency in porcine embryos. In the following sets of studies, the 

function of TET3 protein in the demethylation process occurring in preimplantation 

embryos was investigated. Fertilized mammalian embryos undergo genome-wide 

demethylation process to reset germ cell specific epigenetic marks into the embryonic 

epigenome. Previous studies indicate that TET3 is responsible for the demethylation 

process in mammalian embryos, although detailed mechanistic action of TET3 is still 

elusive. Here, we identified a predominant expression of a specific TET3 gene in porcine 

oocytes. The TET3 gene contained a CXXC domain, a potential DNA binding module, 

suggesting that TET3 may mediate DNA demethylation through its DNA binding 

property. To examine the function of the CXXC domain in TET3-mediated DNA 

demethylation, isolated CXXC domain was injected into porcine oocytes. The injection 

of CXXC domain facilitated DNA demethylation in embryos, demonstrating that the 

DNA binding property of TET3 is important for its functionality. In the last study, we 

investigated the importance of genes known to interact with TET enzymes in porcine 

embryos. Methyl-CpG-binding domain proteins (MBDs) have the ability to bind 

methylated region on the genome and play a critical role in mediating DNA methylation 

and gene repression. Our hypothesis was that a competitive binding of MBD and TET 



proteins to methylated regions was critical for proper DNA methylation levels in 

embryos. We identified that porcine MBD sequences were very similar to other species in 

terms of gene structure, indicating that the genes could also possess gene repressing 

activity by competing with TET enzymes during porcine embryo development. Injection 

of MBD1 mRNA to oocytes impaired normal embryo development, suggesting that the 

injected MBD1 may have negatively affected early embryo development in pigs by 

disrupting the proper maintenance of DNA methylation levels. 

My dissertation researches demonstrate that maintaining proper DNA methylation 

levels through the TET family is critical for normal embryo development in pigs. This 

research assists in improving our understating of epigenetic dynamics occurring in 

mammalian embryos and offers a potential solution to the epigenetic defects frequently 

observed in mammalian embryos produced through artificial reproductive technologies 

and pluripotent stem cells reprogrammed from somatic cells. 
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Chapter 1. Literature Review 

Preimplantation embryo development is initiated by the fusion of two gametes, the sperm 

and oocyte. Once the haploid genomes of each gamete are combined, embryos go through cell 

cleavage and morula compaction to reach the blastocyst stage. During preimplantation embryo 

development, the epigenetic landscape of embryos is dynamically changed through a series of 

well-orchestrated epigenetic changes that are essential for embryo survival and successful 

development. The epigenetic changes that preimplantation embryos undergo include DNA 

methylation, histone modification, and chromatin remodeling. Epigenetic reprogramming factors 

originating in oocytes play a crucial role during early embryo development by remodeling the 

epigenetic status of the zygotic genome. Although proper DNA methylation reprogramming is 

key for development, the detailed mechanism governing the reprogramming process has 

remained elusive. Furthermore, different mammals present unique epigenetic dynamics during 

embryo development. Understanding key molecules governing the differences as a comparative 

study can expand our knowledge on epigenetic regulations during embryogenesis. Recent studies 

indicate that the Ten-eleven translocation (TET) family is a key epigenetic modulator regulating 

DNA methylation in preimplantation embryos. Specifically, TET family is suggested to initiate 

the DNA demethylation process after fertilization and maintain proper levels of DNA 

methylation during embryogenesis by catalyzing the oxidation of 5-methylcytosine (5mC). 

Although the role of TET family as an initiator of DNA demethylation has been reported, 

detailed mechanistic action of TET-mediated epigenetic control is still under investigation.  In 

this review, I illustrate the importance of DNA methylation for normal embryo development and 

current knowledge on the function of TET family in controlling DNA methylation in mammalian 

embryos.   
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1. Developmental consequences of epigenetic reprogramming failure   

Genome-wide epigenetic reprogramming, including imprinting, DNA methylation, 

histone modification, and chromatin remodeling, occurs during germ cell and preimplantation 

embryo development. Epigenetic reprogramming is involved in embryo development, fetal 

development, and birthweight; thus, disrupted reprogramming can lead to embryonic defects, 

mortality, or postnatal disorders. DNA methylation is established and maintained by DNA 

methyltransferases, DNMT1 and DNMT3A/B. In mice, the loss of DNMTs results in 

midgestational or postnatal lethality (1). In humans, mutations in the DNMT3B gene lead to 

immunodeficiency, facial anomalies, mental retardation and developmental delay in patients (2). 

Methyl-CpG binding proteins, such as MECP2, are recruited to methylated genomic regions and 

induce changes in chromatin configuration and transcription (3). The methyl-CpG binding 

proteins are crucial for embryo viability during peri-implantation development, thus mouse 

embryos lacking the methyl-CpG binding proteins cannot survive beyond 12.5 days postcoitum 

(4). In humans, mutations in the methyl-CpG binding proteins prevent transcriptional repression 

of methylated DNA, ultimately leading to Rett syndrome or X-linked syndrome of psychosis (5, 

6). DNA methylation is also crucial for regulating the expression of imprinted genes.  

Unlike most autosomal genes, imprinted genes only express one allele of a gene pair and 

expression occurs in a parent-of-origin-specific manner, which is mostly determined by the 

methylation level in imprinting control regions (7, 8). Genomic imprinting is erased in 

primordial germ cells (PGCs), allowing germ cell specific imprints to be established in gametes 

and maintained during post-fertilization development (9). The allele-specific expression of 

imprinted genes, controlled by DNA methylation, is crucial for embryonic and postnatal growth, 

and placental functions (10). For example, an oocyte specific variant of DNMT1 (DNMT1o) is 
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responsible for maintenance of genomic imprints in preimplantation embryos. Mouse embryos 

lacking DNMT1o lose genomic imprints, and subsequently die before birth (1, 11, 12). 

Mutations in imprinted genes cause a number of human imprinting diseases. For instance, 

genetic or epigenetic abnormalities at the H19/IGF2 locus results in Beckwith-Wiedemann 

syndrome or Russell-Silver syndrome, and failure of allele-specific expression of SNRPN gene 

causes Prader-Willi syndrome or Angelman syndrome (13). Cancers in various tissues are also 

caused by mutations in epigenetic modifiers, such as DNMTs, TET enzymes, and histone 

modifiers (14). Hence, studies of epigenetic regulation of gene expression and chromatin 

configuration during development will be beneficial to reveal the underlying causes of epigenetic 

reprogramming related human diseases.  

 

2. DNA methylation dynamics during preimplantation development 

In 1975, it was reported that methylation of cytosine residues in the genome can serve as 

an epigenetic mark in vertebrates (15, 16). Methylation on the fifth carbon of cytosine produces 

5-methylcytosine (5mC), which carries epigenetic information, primarily in the context of CpG 

dinucleotides in mammals (17, 18). Non-CpG methylation has recently been identified in 

oocytes, embryonic stem cells (ESCs), and neurons (19-22); however, the epigenetic role of such 

methylation marks still remain to be identified. Generally, high level of DNA methylation is 

linked to gene repression because high CpG density in promoter regions generally codes for the 

repression of gene transcription (23-25). The formation of DNA methylation is mediated by 

DNA methyltransferases (DNMTs), which catalyze the transfer of methyl groups from S-

adenosyl-l-methionine to the fifth carbon of cytosine residues (26).  
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Although differences in methylation levels between the two gametes exist, the genomes 

of mature sperm and oocytes are highly methylated compared to that of somatic cells (27). 

Following fertilization, global epigenetic reprogramming occurs during early embryo 

development by erasing germ cell-specific epigenetic marks and replacing them with embryo-

specific markers. This global epigenetic reprogramming is crucial for establishing pluripotency 

of developing embryos. In the mouse, highly methylated genomes, inherited from germ cells, are 

dramatically demethylated after fertilization until the blastocyst stage (28-31); the demethylation 

excludes imprinted genes and repetitive elements. The paternal and maternal genome exhibits 

different rates of demethylation during preimplantation development and involvement of distinct 

demethylation pathways in the parental genomes has been reported (28-31). Overall, the level of 

CpG methylation of the mature sperm genome is 80 – 90%, while the methylation level of a 

mature oocyte is comparatively lower (about 40 %) in mice (32).  The highly methylated paternal 

genome is completely demethylated shortly after fertilization, whereas the maternal genome is 

gradually demethylated as embryos develop, implicating the presence of distinct demethylation 

mechanisms in the parental genomes (33). The gradual loss of methylation in the maternal 

genome indicates that methylation marks are presumably diluted following successive DNA 

replications in the absence of active DNMT1 (34-36), as DNMT1 adds methyl groups to the 

nascent strand of hemimethylated DNA after DNA replication (18, 37). While the maternal 

genome is passively demethylated following DNA replication, the complete loss of methylation 

in the paternal genome suggests the existence of an active demethylation process, as methylation 

marks are erased before the onset of DNA replication at the pronuclear stage 3 (PN3) (33, 38). 

Although immunocytochemistry assays for 5mC have demonstrated the rapid loss of methylation 

marks in the paternal pronucleus, incomplete demethylation has been detected in bisulfite 
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sequencing analysis at the same embryonic stage (39, 40), raising a possibility of an unknown 

mechanism that mediates demethylation of the paternal genome. A leading mechanistic 

explanation is deamination of 5mC to thymidine by the activation-induced deaminase (AID) 

followed by thymine-DNA glycosylase (TDG) recognition and base pair excision repair (BER) 

(41). However, weak catalytic activity of TDG on the demethylation of 5mC:G dinucleotides 

(42) suggests that 5mC removal can be induced by unknown secondary modification of 5mC that 

induce TDG activity. Indeed, the discovery of novel modifications of cytosine in mammalian 

cells led to the identification of different demethylation mechanism in zygotes (43).  

 

3. 5-hydroxymethycytosine (5hmC) and Ten-eleven translocation (TET) family 

For more than six decades, 5mC has been recognized as the fifth base of mammalian 

DNA because of its important role as an epigenetic mark. On the other hand, the hydroxylated 

form of 5mC, 5-hydroxymethylcytosine (5hmC), received only little attention although the 

existence in mammalian DNA was first reported in the early 1970s by Penn et al. (44). In the 

study, they reported that 5hmC account for ~15% of total cytosines in DNA isolated from brain 

tissues of rat, mouse, and frog; however, the presence of 5hmC in mammalian DNA could not be 

confirmed by other studies until it was robustly detected in the mouse cerebellum (45) and ESCs 

(43) by two research groups in 2009. 5hmC accounted for 0.6% of the total nucleotides in mouse 

Purkinje neurons (45) and 0.03% of the total nucleotides in mouse ESCs (43). Later studies 

found 5hmC in various mouse and human tissues with high levels in the central nervous system 

(46). These findings led to the hypothesis that 5hmC may be an intermediate base pair during the 

process of 5mC removal.      
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Discovery of ten-eleven translocation (TET) proteins was inspired by the presence of 

base J (β-D-glucosyl hydroxymethyluracil) in trypanosomes, a modified thymine associated with 

gene silencing similar to 5mC  (47). The production of base J is initiated by hydroxylation of the 

methyl group of thymine (47). JBP1 and JBP2, enzymes of the 2-oxoglutarate (2OG)- and Fe(II)-

dependent oxygenase superfamily, have been predicted to catalyze the hydroxylation of the 

methyl group of thymine (48, 49). In 2009, Tahiliani et al. identified the ten-eleven translocation 

(TET) proteins as mammalian homologs of the trypanosome proteins JBP1 and JBP2 (43). TET 

enzymes are 2OG- and Fe(II)-dependent enzymes that catalyze the conversion of 5mC to 5hmC. 

Subsequent studies revealed that 5hmC can be further oxidized to 5-formylcytosien (5fC) and 5-

carboxycytosine (5caC) by the TET enzymes (50, 51). The discovery of the three 5mC 

derivatives and TET enzymes suggested a new demethylation mechanism. Recent studies found 

that TDG, an enzyme mediating base excision repair of DNA, has direct activity with 5fC and 

5caC, implying that the two 5mC derivatives are intermediates of the active demethylation 

process (50, 52). In addition, conversion of 5mC to 5hmC by TET enzymes may aid in the 

acceleration of passive demethylation even in the presence of active DNMT1 because the affinity 

of DNMT1 for 5hmC is much lower than for 5mC in hemi-methylated (5mC or 5hmC) DNA 

strands (53, 54).  

In mammals, the TET family consists of three enzymes, TET1/2/3, and they are 

differentially expressed during embryo development and in adult tissues (43). TET1 and TET2 

are highly expressed in the inner cell mass (ICM) of blastocysts, embryonic stem cells (ESCs), 

and primordial germ cells (PGCs) (55, 56). TET2 is also highly expressed in hematopoietic stem 

cells (HSCs) and essential in hematopoiesis, including HSCs self-renewal and lineage 

commitment (57). TET1 knockout (KO) resulted in reduced birth weight and subfertility in both 
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male and female mice; however, the modification did not lead to embryo lethality (58, 59). The 

mild impact of TET1 KO on development likely is due to the functional redundancy with TET1 

and TET2, as they possess overlapping expression patterns in ESCs and HSCs (60, 61). Indeed, 

TET1/2 double KO led to more obvious developmental defects than the TET1 single KO such as 

perinatal lethality, although some of the double KO mice were viable and fertile (62). TET3 is 

detected in oocytes and early stage preimplantation embryos including zygotes, and also highly 

expressed in neurons (63-66). Homozygous TET3 KO resulted in neonatal lethality, and the loss 

of maternal TET3 caused embryonic sublethality (67).  

 

3.1. Active DNA demethylation in the paternal genome of zygotes 

As noted above, different demethylation statuses in the paternal genome of zygotes from 

immunocytochemistry assays and bisulfite sequencing analyses (39, 40) imply the involvement 

of unknown DNA demethylation pathways. The discovery of TET3 protein and 5hmC in oocytes 

and zygotes could provide an explanation for a mechanism mediating demethylation of the 

paternal genome in fertilized oocytes (67). Indeed, studies have demonstrated that the TET3 

protein mediates demethylation of the paternal genome in zygotes by converting 5mC to 5hmC 

(63, 64, 67). The different results of methylation status from immunocytochemistry and bisulfite 

sequencing was due to the presence of 5hmC in the paternal pronucleus. Specifically, 5mC and 

its oxidative derivative 5hmC cannot be distinguished by conventional bisulfite sequencing 

analysis, whereas 5mC antibody specifically recognizes 5mC through immunocytochemistry. 

TET3 is enriched in the paternal pronucleus, where it catalyzes the oxidation of 5mC to 5hmC 

(63, 67). In the absence of TET3, 5mC remained constant in the paternal genome in zygotes (67). 

The deficiency of TET3 also impeded the demethylation of paternal alleles of genes essential for 
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embryo development and pluripotency (e.g. OCT4 and NANOG), and delayed activation of 

paternally derived genes (67). These findings demonstrate that demethylation of the paternal 

genome in zygotes is initiated by TET3-mediated conversion of 5mC to 5hmC and is critical for 

proper activation of genes related to embryo development and pluripotency. In addition to 5hmC, 

5fC and 5caC appear in zygotes concurrently with the loss of 5mC, suggesting that 5hmC is 

further oxidized potentially by TET3 before cleavage (68). The three 5mC derivatives, 5hmC, 

5fC, and 5caC, can be direct targets for TDG/BER pathways (50, 69), thus ultimately can be 

converted into unmethylated cytosines. Further studies are necessary to clarify the subsequent 

demethylation process that reverts oxidized 5mC to unmethylated cytosine because TDG is not 

consistently detectable in zygotes (70).  

 

3.2. Absence of active DNA demethylation in maternal pronucleus 

In contrast to the paternal genome, 5mC in the maternal pronucleus is not targeted by 

TET3, thus protected from active demethylation in zygotes (63). STELLA protein, a maternal 

factor, is known to play a protective role against TET3-mediated 5mC oxidation in methylation 

status of the maternal pronucleus (63, 71). STELLA (also known as PGC7 and DPPA3) is a 

nuclear polypeptide that is highly expressed in PGCs, oocytes, and pluripotent cells, and is 

essential for embryo viability (72, 73). While mating heterozygous STELLA mutant mice 

resulted in the birth of STELLA-null offspring without developmental defects, the development 

of oocytes from STELLA-deficient females arrested during early cleavage (mostly arrested at 4-

cell stage) following fertilization due to the lack of maternally inherited STELLA in the oocytes 

(74, 75). Prior to the discovery of 5hmC and TET proteins in mammals, in 2007, Nakamura and 

colleagues suggested that STELLA likely protects the maternal genome from demethylation 
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shortly after localizing to the maternal pronucleus in zygotes (76). Indeed, STELLA deficiency 

resulted in TET3-mediated 5hmC accumulation in the maternal pronucleus, demonstrating that 

STELLA is an important maternal factor for protecting the genome of maternal pronucleus 

against active TET3-mediated demethylation (63, 71). It has been demonstrated that the 

protective role of STELLA is determined by its interaction with dimethylated histone H3 Lys9 

(H3K9me2), a histone methylation mark enriched only in the maternal pronucleus (71). STELLA 

preferentially binds to the maternal genome harboring H3K9me2 marks in zygotes and alters 

chromatin configuration, thus preventing TET3 binding and inhibiting TET3-mediated 5mC 

oxidation (71, 77). Interestingly, a large portion of the maternal genome remained methylated in 

the absence of STELLA (76) and, in the most recent study, global 5mC level was increased, 

rather than decreased in the STELLA-deficient zygotes (78). Further studies are needed to clarify 

the molecular mechanism by which STELLA suppresses TET3-mediated demethylation in the 

maternal pronucleus.    

 

3.3. TET family and pluripotency 

Pluripotency refers to the ability of cells to differentiate into all cell types of a mature 

organism. DNA methylation is closely associated with pluripotency because it can regulate 

activation or repression of genes that determine cell fate (79). Although DNA methylation on the 

gene promoter mostly represses transcription (23), the effects can vary depending on the regions. 

For instance, a positive correlation between DNA methylation and gene transcription activity has 

been reported (80, 81). DNA methylation status is determined and balanced by the 

interconnected activities of methylation writers and erasers: establishment of de novo 

methylation marks and maintenance of methylation patterns are accomplished by DNMT3A/B 
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and DNMT1 respectively, and TET proteins remove methylation marks by oxidizing 5mC to 

5hmC. Among the TET family members, TET1 and TET2 proteins are detected in the ICM of 

blastocysts and ESCs, implicating that the two TET proteins could be related to the 

establishment or regulation of pluripotency (55). Indeed, skewed commitment to trophectoderm 

lineage in TET1 knockdown embryos demonstrates that TET1 is important for ICM specification 

during preimplantation embryo development (55). TET1 knockdown also impaired the self-

renewal of mouse ESCs via downregulation of NANOG expression, a key pluripotency marker 

(55). Along with the reduced NANOG expression, an increased DNA methylation level in the 

NANOG promoter supported the role of TET1 as a regulator of DNA methylation (55). In 

contrast, subsequent studies found that TET1-depleted mouse ESCs are morphologically 

indistinguishable from control ESCs and possessed self-renewal capacity without changes in 

NANOG expression (58, 82-85). Expression of other key pluripotency genes, including OCT4 

(POU5F1) and SOX2, was also unaffected by the loss of TET1 in mouse ESCs (82, 85). The 

contrasting results of TET1-depleted mouse ESCs could be caused by different knockdown 

efficiency or off-target RNA interference. Although the loss of TET1 showed little impact on the 

ESCs maintenance, differentiation of TET1-depleted ESCs skewed into certain lineages, such as 

trophectoderm or endoderm, in vitro (58, 82), suggesting that TET1 is critical in lineage 

differentiation of ESCs.      

Although TET1 is responsible for the formation of 5hmC, the loss of TET1 results in 

partial reduction of 5hmC (~35%) and a very subtle increase of 5mC (~1%) in mouse ESCs (58, 

82). This result implies that other TET proteins have an overlapping function with TET1 or 

compensate for the loss of TET1 in ESCs. Similar to TET1-depletion, loss of TET2 does not 

affect the maintenance of pluripotency and has little impact on the global methylation level, 
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including 5hmC in mouse ESCs (62, 82). Unlike TET1 or TET2 single mutant ESCs, TET1/2 

double KO ESCs were depleted of 5hmC and exhibited a greater increase in the global 5mC 

level, indicating that both TET1 and TET2 are responsible for regulating the methylation level in 

mouse ESCs. Despite the dramatic change in the global methylation level, the TET1/2 double 

KO ESCs were pluripotent and had skewed differentiation capacity, similar to TET1 single KO 

ESCs (62). Interestingly, TET3 expression was increased and a significant level of 5hmC was 

detected in the TET1/2 double KO ESCs and in various tissues of the postnatal mouse, raising 

the possibility that TET3 compensates for the loss of TET1/2 (62). The reduction of 5hmC was 

enhanced in TET1/2/3 triple KO ESCs compared to that in TET1/2 double KO ESCs; there was 

no detectable 5hmC in TET1/2/3 triple KO ESCs while there was ~ 5% 5hmC in TET1/2 double 

KO ESCs (86, 87). The triple KO ESCs also possessed a higher global 5mC level (about 6 %) 

than the double KO ESCs (about 4.5%) (87). The triple KO ESCs were largely normal under the 

stem cell culture conditions, but their differentiation potential was restricted to endoderm and 

other specified lineages were absent in the teratoma (87). Collectively, according to the studies 

of mouse ESCs, TET proteins are likely to be involved in regulating lineage differentiation rather 

than the maintenance of pluripotency, and have overlapping functions.  

The pluripotent state of ESCs is controlled by a network of key transcription factors, such 

as OCT4, NANOG, and SOX2. Although the pluripotency of mouse ESCs can be maintained in 

the absence of TET proteins, the expression of key pluripotency factors is highly associated with 

TET proteins. For instance, OCT4 can promote TET2 expression by directly binding to its 

proximal promoter region (82, 88). NANOG and TET1 physically interact and co-occupy 

genome loci of genes related to maintenance of pluripotency (60). The transcription of TET1 is 

also dependent upon OCT4 and SOX2 (82, 89). Furthermore, the close relationship between TET 
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proteins and pluripotency factors was also identified in the establishment of induced pluripotent 

stem cells (iPSCs). In general, iPSCs are derived via reprogramming of differentiated somatic 

cells by ectopic expression of the key pluripotency factors including OCT4, SOX2, KLF4, and c-

MYC (OKSM) (90-92). At the early stage of somatic cell reprogramming, TET2 is recruited to 

the endogenous NANOG locus and establishes epigenetic marks that direct the subsequent 

transcriptional induction of pluripotency genes (93). In addition, TET1 facilitates derivation of 

iPSCs by promoting demethylation and reactivation of endogenous OCT4 (94). Moreover, TET1 

can replace OCT4 and initiate the reprogramming of somatic cells when combined with the other 

reprogramming factors, SOX2, KLF2, and c-MYC (94). Although there was no obvious effect of 

TET protein deficiency on pluripotency maintenance in mouse ESCs, these data demonstrate the 

involvement of TET proteins in the pluripotency circuits.   

 

4. Epigenetic reprogramming of mammalian embryos and pluripotent cells 

Dysregulation of epigenetic reprogramming during germ cell and embryo development 

has been implicated in human disease and infertility. Intensive investigations using mouse 

models have allowed unprecedented mapping of epigenetic modifications in germ cells and 

embryos. However, the epigenetic dynamics in human germ cells and embryos has not been fully 

defined due to the limitations of obtaining a large number of samples. Recent advances in low 

input sequencing technologies improved the understanding of epigenetic dynamics including 

DNA methylation in human germ cells and embryos (95-97) and eventually, are expected to aid 

in the development of strategies for resolving issues regarding human disease and infertility. 

To date, human studies have shown that DNA methylation patterns and reprogramming 

events are relatively conserved between mouse and human. Human PGCs undergo global 
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demethylation and mature gametes acquire germ cell specific methylation patterns (98-100). The 

genome of human mature sperm is hypermethylated (~75%), similar to mouse sperm (~80%) 

(97, 101). However, fully grown human oocytes have a higher average methylation level (~54%) 

than mouse oocytes (~40%) (28, 102). After fertilization, global reprogramming occurs and the 

methylation level reaches the lowest level at the blastocyst stage (95, 97, 102). A distinct feature 

of the demethylation process is a dramatic decrease of methylation that occurs between 

fertilization and 2-cell stage in human and at the zygote stage in mouse (97). The difference 

could be attributed to the discrepancy in the timing of zygotic genome activation (ZGA) between 

human and mouse embryos because human embryos have a prolonged period before the onset of 

ZGA; while mouse embryos undergo major ZGA at 2-cell stage, it occurs at 8-cell stage in 

human embryos (103, 104). 

Although the functions of TET proteins and 5hmC marks in developing human embryos 

have not been fully investigated due to the scarcity of samples, studies using ESCs proposed that 

TET proteins may be crucial players in maintaining pluripotency networks in human cells. In 

human ESCs, 5hmC marks can be found in enhancers and gene-bodies and enriched in 

transcription factor binding sites, suggesting a potential role of TET proteins in gene regulation 

(105, 106). Indeed, all three TET genes were expressed in human ESCs and were responsible for 

the appearance of 5hmC (107). TET2 protein could bind to the NANOG promoter and the 

methylation level was correlated with decreased expression of NANOG when TET2 was 

knocked down in human ESCs (108). Furthermore, a recent study showed that TET proteins are 

crucial for maintaining bivalent promoters in a hypomethylated state in human ESCs by 

preventing de novo methylation (107). Similar to mouse ESCs, human ESCs can be maintained 

under stem cell culture conditions, regardless of TET proteins. TET2-deficient human ESCs 
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presented normal morphology and self-renewal capacity; however, their differentiation skewed 

to the neuroectoderm lineage both in vitro and in vivo (108). Human ESCs lacking all three TET 

genes were not distinguishable from wild-type cells in morphology, self-renewal capacity, or 

pluripotency marker expression (107). Nonetheless, the TET1/2/3 triple KO human ESCs were 

not able to form a teratoma and unable to fully induce key differentiation genes during 

spontaneous in vitro differentiation (107). These data suggest that the TET proteins are also 

crucial in regulating lineage differentiation in human ESCs, supporting a conserved action of 

TET family among species.  

 

5. Epigenetic reprogramming in domestic animal species 

Domestic animals, such as cow, pig, and sheep, are valuable resources in agriculture, as 

well as in biomedicine as a model of human disease. For agricultural or biomedical purposes, 

genetically engineered animals have been generated by the use of somatic cell nuclear transfer 

(SCNT). Despite the generation of cloned animals in multiple species (109-111), the overall 

efficiency of obtaining live cloned animals remains extremely low (2-5%) due to high losses 

during embryonic and fetal development (112, 113). Incomplete reprogramming of the somatic 

genome has been suggested as a major cause of the developmental failure of cloned animals. 

Still, it is challenging to understand the molecular and epigenetic events occurring in cloned 

embryos because of the lack of knowledge in the dynamics of epigenetic reprogramming process 

during embryo development in domestic species. In addition, the limited knowledge of 

reprogramming is associated with the difficulty in deriving stable iPSCs in domestic species. 

Although pluripotent cells are great sources for genetic engineering and the study of 

developmental biology, establishment of stable iPSC lines in domestic species have been 
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plagued by incomplete reprogramming of the somatic cell genome. Therefore, it is essential to 

understand the epigenetic events, including DNA methylation dynamics, during embryo 

development to overcome the difficulties in the production of SCNT animals and derivation of 

iPSCs in domestic animal species.  

 

5.1. Bovine  

The global DNA methylation dynamics of bovine embryos have been investigated by 

immunostaining of 5mC in studies (114-116). These studies found that active demethylation of 

the paternal genome and passive demethylation of the maternal genome are also observed in 

bovine zygotes. The global methylation level is reduced from 2-cell to 8-cell stage through DNA 

replication; embryos between 8-cell and 16-cell stage acquire de novo methylation (115). In 

addition to the immunostaining results, recent studies provided more detailed and sequence-

specific methylation profiles of bovine embryos using genome-scale bisulfite sequencing tools 

(117, 118). The average global CpG methylation levels of sperm and oocytes are about 70% and 

30% respectively, and subsequently decrease to 25% in 2-cell stage embryos (117). As 

development progresses, further demethylation occurs and the level reaches the lowest point 

(15%) at the 8-cell stage (117), which coincides with the onset of zygotic genome activation in 

cattle (119). At the 16-cell stage, the methylation level increases to 32% (117, 118), which is 

consistent with elevated expression of DNMT3A/B at that stage (120), suggesting that de novo 

methylation initiates at 16-cell stage in bovine embryos. TET3 expression is detected in bovine 

oocytes and early stage embryos and TET1 is highly expressed in blastocysts (121, 122). 

Intriguingly, TET2 follows a similar expression pattern to TET3, which is distinct from mouse 

and human embryos where TET2 is highly expressed in the morula and blastocyst stage (121, 
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122). TET3 knockdown in oocytes resulted in an elevated 5mC level and a reduced 5hmC level 

in early cleaving embryos, indicating TET3 is responsible for active demethylation in bovine 

embryos (121). Similar to mouse, STELLA is also likely to be involved in the protection of the 

maternal genome from TET3-mediated active demethylation in bovine zygotes because STELLA 

knockdown leads to an increased 5hmC level in the maternal pronucleus (122). The relationship 

between TET proteins and pluripotency in bovine embryos has been poorly investigated. A 

recent study reported that bovine embryos treated with an inhibitor of TET proteins exhibited 

increased DNA methylation level in the NANOG promoter and reduced expression of NANOG 

(123). This result suggests a potential role of TET proteins in regulating pluripotency in bovine 

embryos, although further investigation is needed.     

 

5.2. Porcine  

As observed in other mammals, the differential demethylation process has been reported, 

(115, 124) implying conserved active and passive demethylation processes. Specifically, in the 

immunostaining assay, 5mC intensity decreases and 5hmC intensity increases in the paternal 

pronucleus during the transition from early to late zygote stage, whereas the 5mC level is not 

changed and the 5hmC signal remains very low in the maternal pronucleus during the same time 

period (125). Consistent with the global demethylation results from the immunostaining assay, 

locus specific analysis showed an increase of 5hmC and a decrease of 5mC in the repetitive 

element and OCT4 gene during the progression from early to late zygote stage (126). These 

results indicate potential involvement of TET proteins in demethylation of the paternal 

pronucleus in porcine zygotes. Indeed, TET3 is highly expressed in oocytes and zygotes and 

mainly localized to the male pronucleus (125-127). Knockdown of maternal TET3 interferes 
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with the formation of 5hmC in the paternal pronucleus, demonstrating that TET3 mediates 

demethylation of the paternal genome by catalyzing the conversion of 5mC to 5hmC in porcine 

zygotes (127). The methylation level continuously decreases from 2-cell to 8-cell stage, and 

methylation marks are reestablished at the blastocyst stage (124). The implication of TET 

proteins in regulation of porcine pluripotency is unclear; however, several studies provided 

evidence supporting the involvement of TET proteins in pluripotency maintenance of porcine 

embryos and iPSCs. Post-fertilization demethylation by TET3 is likely important for proper 

expression of pluripotency markers in porcine blastocysts because the knockdown of maternal 

TET3 resulted in decreased NANOG expression in blastocysts (127). In porcine iPSCs, TET1 

knockdown directly affects the pluripotency maintenance; TET1-deficient iPSCs are 

morphologically altered and differentiated with decreased expression of pluripotency-related 

genes and upregulation of differentiation markers (128). This result is contrary to the mouse and 

human pluripotent stem cells, which maintain pluripotency in the absence of all three TET 

proteins. Overexpression of TET1 was complementary to the incomplete reprogramming of the 

somatic cell genome during iPSC derivation, leading to increased expression of pluripotency 

genes and enhanced differentiation capacity (128). These data suggest that TET1 is an important 

player in the regulation of pluripotency in porcine pluripotent cells. However, the molecular 

mechanism of TET1-mediated reprogramming and pluripotency maintenance is still ambiguous. 

For example, it remains unknown whether 5hmC formation by TET1 is necessary for reducing 

the global DNA methylation level or related to maintaining pluripotency.      
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5.3. Ovine  

Contrary to other mammalian species, ovine embryos undergo a very limited 

demethylation process rather than global demethylation during preimplantation development. 

Several studies reported that active demethylation does not occur in the paternal pronucleus of 

ovine zygotes (114, 116). However, the absence of active demethylation is controversial because 

the paternal pronucleus is less methylated than the maternal pronucleus in other studies, although 

methylation level of paternal pronucleus is higher compared to that in mouse zygotes (129, 130). 

Furthermore, recent findings of the restricted accumulation of 5hmC on the paternal pronucleus 

and expression of TET3 in oocytes and zygotes raise the possibility of active demethylation of 

the paternal genome (130, 131). The global methylation level is partially reduced between 2- and 

8-cell stage, but then stabilizes through the morula stage (114, 132). The decrease in methylation 

level between the 2-cell and 8-cell stage could be related to the preparation for ZGA, which 

occurs at 8-16 cell stage in ovine embryos (133). However, in contrast to other species such as 

mouse and bovine, dramatic genome-wide demethylation does not occur before the onset of 

ZGA. At the blastocyst stage, trophectoderm cells are partially demethylated compared to morula 

embryos, while the ICM is still substantially methylated (114, 132). Interestingly, de novo 

methylation is not obviously detected in fertilized ovine embryos before the blastocyst stage 

(114, 132). Taken together, these findings indicate that ovine embryos likely do not undergo 

dynamic reprogramming of DNA methylation during preimplantation development compared to 

other mammalian embryos. The distinct epigenetic features of ovine embryos can provide 

meaningful information to understand the importance of DNA methylation reprogramming in 

developmental competence of mammalian embryos. 
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6. Porcine embryos as a model  

Mouse models carrying gene modifications have been used to understand epigenetic 

reprogramming events occurring in human germ cells and embryos; however, differences in the 

epigenetic status and mechanisms between the human and mouse provides a challenge to 

interpret data generated using mouse models. For example, DNMTs, which are critical for mouse 

spermatogenesis, are not expressed during human spermatogenesis. Human oocytes have a 

higher average DNA methylation level than mouse oocytes (28, 102). After fertilization, the 

maternal pronucleus of a human zygote undergoes less demethylation than the maternal 

pronucleus of a mouse zygote (95, 97, 102). These differences indicate that mouse models may 

not be representative of the reprogramming events of human embryos. Despite the differences 

between mouse and human, mouse models are still utilized as a key model because direct 

examination of human embryos using variable genetic tools, such as gene editing, is restricted 

due to the scarcity of human embryos and ethical issues. Therefore, use of other model 

organisms can contribute to the elucidation of mechanisms of epigenetic reprogramming in early 

human embryos. Porcine embryos are suitable to model embryogenesis in humans because 

porcine embryos share key developmental events with humans. First, both human and porcine 

embryos present similar demethylation patterns after fertilization. In human and porcine 

embryos, post-fertilization demethylation progresses until the 4- to 8-cell stage (95, 134), 

whereas the major demethylation wave is completed before 2-cell stage in mouse (135). Second, 

the timing of zygotic genome activation is similar between human (103) and porcine (136). The 

zygotic genome activation occurs at 4-cell stage and 8-cell stage in porcine and human embryos, 

respectively. Third, unlike mouse, OCT4, the key pluripotent gene, is initially expressed in both 

the ICM and trophectoderm in porcine (137) and human (138) blastocysts. Lastly, human and 
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porcine embryos share similar amino acid metabolism, especially during morula to blastocyst 

transition (139). Given these similarities between human and porcine embryos, it is beneficial to 

use porcine embryos, instead of mouse embryos, for a better understanding of reprogramming 

events and underlying mechanisms in human embryos. 

 In addition to the beneficial use as a model for human embryo studies, basic research of 

porcine embryos in the areas of molecular and developmental biology is necessary to achieve 

biomedical and agricultural advances. Domestic pigs are an important meat source commonly 

consumed worldwide. Traditionally, the desired characteristics of pigs for agricultural purposes 

have been acquired through selective breeding, which is time consuming. However, the 

efficiency of the process could be revolutionarily improved by genetic engineering, including 

gene knockout and knockin. Economically valuable traits, such as increased meat production 

(140-142) and enhanced disease resistance, (143-145) could be efficiently obtained through 

genetic engineering in pigs. In biomedical research, pigs serve as an important model for human 

disease because of high similarities with humans in body/organ size, physiology, metabolism, 

and lifespan, compared to small rodents. For example, the pig genome can be modified to carry 

the same gene mutation found in human disease (146), or to provide organs with reduced 

immune rejection for xenotransplantation (147). In order to exploit the full potential of pigs for 

agricultural and biomedical purposes, understanding the molecular events occurring during 

embryo development or reprogramming processes, such as SCNT and iPSC derivation, is 

essential. Although porcine embryos appear to share similarities with the embryos of other 

species, they possess unique features with respect to significant aspects of developmental 

biology. The difficulty in establishing well-characterized pluripotent stem cell lines in pigs is one 

example that illustrates the different features of porcine embryos. Furthermore, molecular events 
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during embryo development, including cell signaling pathways and epigenetic changes, are less 

defined in porcine embryos than in other species. Research on molecular mechanisms controlling 

initial development of porcine embryos is necessary to facilitate agricultural and biomedical 

advances.  

 

7. Conclusion  

This literature reviewed here suggests that there is a lack of understanding of the 

epigenetic reprogramming processes occurring during mammalian preimplantation embryo 

development. Expanding our knowledge of the reprogramming process is critical to address the 

current problem of incomplete reprogramming of the somatic cell genome present in cloned 

embryos and iPSCs, and provide strategies to cure related human diseases. Topics in this 

dissertation will focus on elucidating the role of TET proteins in reprogramming of the 

embryonic genome in mammals. Although TET proteins are essential in genome-wide 

demethylation of fertilized embryos, the mechanism of TET-mediated demethylation remains 

unclear. Furthermore, the functions of TET proteins as regulators of pluripotency is 

controversial, as shown in the inconsistent results from the previous reports. In these studies, the 

mechanistic role of TET proteins in regulating the DNA methylation level and pluripotency in 

mammals will be explored using pig embryos. This work is expected to contribute to the 

understanding of how the reprogramming process resets the embryonic epigenome and affects 

the acquisition of pluripotency.  
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Chapter 2. TET family regulates the embryonic pluripotency of porcine preimplantation 

embryos by maintaining the DNA methylation level of NANOG 

 

Abstract 

The TET family (TET1/2/3) initiates conversion of 5-methylcytosine (5mC) to 5-

hydroxymethylcytosine (5hmC), thereby orchestrating the DNA demethylation process and 

changes in epigenetic marks during early embryogenesis. In this study, CRISPR/Cas9 

technology and a TET specific inhibitor were applied to elucidate the role of TET family in 

regulating pluripotency in preimplantation embryos using porcine embryos as a model. 

Disruption of TET1 unexpectedly resulted in the upregulation of NANOG and ESRRB transcripts, 

although there was no change to the level of DNA methylation in the promoter of NANOG. 

Surprisingly, a three-fold increase in the transcript level of TET3 was observed in blastocysts 

carrying modified TET1, which may explain the upregulation of NANOG and ESRRB. When the 

activity of TET enzymes was inhibited by dimethyloxalylglycine (DMOG) treatment, a 

dioxygenase inhibitor, to investigate the role of TET1 while eliminating the potential 

compensatory activation of TET3, reduced level of pluripotency genes including NANOG and 

ESRRB, and increased level of DNA methylation in the NANOG promoter were detected. 

Blastocysts treated with DMOG also presented a lower ICM/TE ratio, implying the involvement 

of TET family in lineage specification in blastocysts.  Our results indicate that the TET family 

modulates proper expression of NANOG, a key pluripotency marker, by controlling its DNA 

methylation profile in the promoter during embryogenesis. This study suggests that TET family 

is a critical component in pluripotency network of porcine embryos by regulating gene 

expression involved in pluripotency and early lineage specification. 



23 
 

 

Introduction 

DNA methylation at CpG dinucleotides is an important epigenetic mark that regulates 

gene expression and its proper maintenance is essential for normal embryo development (17, 

148, 149). Although DNA methylation patterns are stably preserved without dynamic changes in 

somatic cells, genome-wide reprogramming of DNA methylation occurs after fertilization and 

during germ cell development (150, 151).  Asymmetric global DNA demethylation in paternal 

and maternal genomes of fertilized zygotes has been reported in multiple species (115, 116, 152). 

Specifically, the paternal genome undergoes an active demethylation process in zygotes, while 

DNA methylation level is gradually decreased following embryo cleavage in the maternal 

genome through DNA replication dependent manner in the absence of maintenance 

methyltransferase DNMT1 (33, 38). More recent studies challenges the theory and suggest that 

the presence of active and passive demethylation processes in both maternal and paternal 

genomes of zygotes (153, 154), indicating that the mechanism of the global reprogramming of 

DNA methylation marks upon fertilization is a complicated process. De novo methylation near 

or at the blastocyst stage establishes hypermethylation of inner cell mass (ICM) compared to 

trophectoderm (135, 155), which is essential for establishing lineage-specific pluripotency of 

embryos. 

Ten-eleven translocation (TET) proteins are 2-oxoglutarate (2OG)- and Fe(II)-dependent 

enzymes that catalyze successive conversion of 5-methylcytosine (5mC) to 5-

hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC), and 5-carboxylcytosine (5caC) (43, 50, 

55). These 5mC oxidation products are implicated as intermediates of the DNA demethylation 

process since the oxidized 5mC derivatives are ultimately transformed to unmodified cytosine 
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through thymine DNA glycosylase (TDG)-mediated base excision repair (50, 69). The TET gene 

family includes three members, TET1, TET2, and TET3 (43, 55), and their expression patterns 

are individually distinct during preimplantation development. TET3 is highly expressed in 

oocytes and fertilized zygotes, and known to be responsible for active DNA demethylation in 

zygote genomes (64, 67, 153, 154). In contrast, the expression level of TET1 and TET2 are very 

low in oocytes or zygotes, but increases following preimplantation development and both are 

highly expressed in blastocysts (55, 82). 

To understand the physiological relevance of TET enzymes and 5hmC in development, 

mouse models carrying knockout (KO) alleles for TET genes have been generated. Mouse with 

an individual KO of TET1 (58) or TET2 (156, 157) gene develops to adults without critical 

developmental defects, whereas TET3 depletion leads to neonatal lethality for unknown reasons 

(67). In contrast, embryos deficient in both TET1 and TET2 present substantial perinatal lethality, 

while a fraction of the double KO embryos survives and develops normally in mice (62). Triple 

KO (TET1, TET2, and TET3) mouse ES cells fail to support embryonic development at E9.5 in 

tetraploid complementation assay (87). These suggests that the effects of single or dual KO of 

TET genes on development can be partially offset by the involvement of redundancy in the 

function among the TET enzymes.  

Both TET1 and 5hmC are highly detected in mouse embryonic stem (ES) cells and the 

ICM of blastocyst. The role of TET1 in maintaining pluripotency and development has been 

studied using a TET1 knockdown model (43, 55) and knockout mouse ES cells (58). Using 

shRNA to knockdown TET1 gene in mouse ES cells, one study reported that TET1 is involved in 

maintaining NANOG gene expression and important for self-renewal of ES cells (55). However, 

in another study, TET1 KO lead to reduction of the 5hmC level, but did not affect the 
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pluripotency of mouse ES cells (58). Moreover, pluripotency is maintained in TET1 and TET2 

double KO mouse ES cells, albeit with some defects in differentiation (62).  These reports raise 

the possibility that activities of more than one TET family are involved in regulation of 

pluripotency, despite of the higher abundance of TET1 than other TET proteins in ES cells.  

Although the subtle effect of TET1 depletion on pluripotency and full-term development 

has been demonstrated using mouse ES cells, the role of TET1 during preimplantation embryo 

development, especially in blastocysts where embryonic blastomeres differentiate into ICM and 

trophectoderm, has not been well characterized. Here, we investigated the role of TET1 in 

regulating gene expression involved in pluripotency and preimplantation development using 

porcine embryos to expand our understanding of TET1-mediated regulation of pluripotency. To 

define the necessity of combined activities of TET family in pluripotency of developing 

embryos, gene expression profiles, as well as global and locus-specific DNA methylation (5hmC 

and 5mC) status were examined in TET1 KO blastocysts and blastocysts impaired in overall 

activities of TET enzymes. Our results identify that a proper level of TET1 is critical for 

establishing proper expression of pluripotency genes in embryos by delineating the level of DNA 

methylation. 

 

Materials and Methods 

Chemicals 

All chemicals used in the experiments were purchased from Sigma Aldrich Chemical 

Company (St. Louise, MU, USA) unless indicated otherwise. 
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In vitro embryo production 

Porcine oocytes were collected from ovaries obtained from an abattoir or purchased from 

Desoto Biosciences LLC (Seymour, TN, USA). Collected cumulus oocyte complexes (COCs) 

were placed in 4-well dishes containing maturation medium, which was TCM-199 (Invitrogen) 

supplemented with 3.05-mM glucose, 0.91-mM sodium pyruvate, 0.57-mM cysteine, 10-ng/mL 

EGF, 0.5-mg/mL LH, 0.5-mg/mL FSH, 10-ng/mL gentamicin, and 0.1% polyvinyl alcohol 

(PVA) at 38.5 °C, 5% CO2 in humidified air. After 42 – 44 h of maturation, cumulus cells were 

removed by vortexing in the presence of 0.03% hyaluronidase. Oocytes with a polar body were 

collected in manipulation medium (TCM-199 supplemented with 0.6 mM NaHCO3, 2.9 mM 

Hepes, 30 mM NaCl, 10 ng/ml gentamicin, and 3 mg/ml bovine serum albumin (BSA)) and 

placed in 50 µl droplets of fertilization medium (modified Tris-buffered medium with 113. 1mM 

NaCl, 3mM KCl, 7.5mM CaCl2, 11mM glucose, 20mM Tris, 2mM caffeine,5mM sodium 

pyruvate, and 2 mg/ml BSA) in a group of 25 – 30 oocytes. Fresh semen obtained from boars 

was diluted with semen extender (MOFA, Verona, WI, USA) and stored at 17 °C for one week. 

To wash semen, 1 ml of diluted semen was added to 9 ml of DPBS supplemented with 0.1 % 

BSA and washed at 720 × g for 3 min by centrifugation. After 3 washing steps, the semen pellet 

was resuspended with fertilization medium to 0.5 × 106/ml. Fifty microliters of diluted semen 

was added to the droplets with oocytes. Oocytes and sperms were co-incubated in fertilization 

medium at 38.5 °C, 5% CO2 in humidified air for 5 h. After fertilization, embryos were cultured 

in PZM3 medium (158) at 38.5 °C, 5% CO2, 5% O2 in humidified air.   

 

Dimethyloxallyl glycine (DMOG) treatment 
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To test the ability of DMOG blocking catalytic activity of TET3 enzyme, oocytes were 

incubated in fertilization medium in the presence of 1mM DMOG for 30 min before fertilization. 

Then, oocytes and sperms were co-incubated in fertilization medium with 1mM DMOG for 5 h. 

Subsequently, oocytes were cultured in PZM3 medium with 1mM DMOG for 16 h and collected 

for measurement of 5hmC level by immune-staining. For inhibition of TET family in blastocysts, 

oocytes and sperms were fertilized and cultured until day 4 without DMOG. At day 4, embryos 

were moved to PZM3 medium with 1mM DMOG and cultured until day 7. Blastocysts were 

collected at day 7 for further examinations.   

 

Microinjection 

Three sgRNAs targeting different regions of TET1 gene were designed using the Zhang 

laboratory CRISPR design tool (http://crispr.mit.edu) (Fig. 2-1A and Table 2-1). In vitro-

synthesized Cas9 mRNA (20ng/µl) and three sgRNAs (10ng/µl each) were injected into the 

cytoplasm of presumable zygotes after in vitro fertilization (IVF) using the FemtoJet 

microinjector (Eppendorf) as previously described (159, 160). Embryos were microinjected in 

manipulation medium on a heated stage of a Nikon inverted microscope. After the 

microinjection, the zygotes were washed and then cultured in PZM3 media for 7 days. 

 

Quantification of TET enzyme activity 

Nuclear proteins were extracted from control and TET1 KO blastocysts (30 each) at day 7 

using the Nuclear Extraction Kit (Abcam). The TET enzyme activity was quantified in triplicate 

using the TET Hydroxylase Activity Quantification Kit (Abcam) from the extracted nuclear 
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proteins according to the manufacturer’s instruction. The activity was measured on a Tecan 

Infinite M200 Pro plate reader (Tecan) by measuring the fluorescence intensity at the excitation 

wavelength of 530 nm and the emission wavelength of 590 nm. The relative fluorescence units 

of control and TET1 KO samples were subtracted by that of blank and then compared each other.    

 

Immunocytochemistry and blastomere counting 

Zona-free embryos were fixed in 4% paraformaldehyde for 15 min at room temperature. 

The fixed embryos were washed and permeabilized in PBS containing 0.25% TritonX-100 for 

1h. Then, they were treated with 2N HCl for 30 min and neutralized in Tris–HCl pH 8.5 for 10 

min. The samples were incubated in PBS containing 0.1% Tween- 20 and 2% bovine serum 

albumin for 1h at room temperature. After blocking, embryos were incubated in blocking 

solution together with 5hmC (dilution 1:100; Active Motif) or 5mC (dilution 1:100; Active 

Motif) or CDX2 (dilution 1:20; Biogenex) antibody overnight at 4°C. The next day, the samples 

were washed in blocking solution and stained with FITC-conjugated secondary antibodies 

(dilution 1:200; Santa Cruz Biotechnology or dilution 1:500; Thermo Fisher Scientific) for 1h at 

room temperature. DNA was stained with 10 µg/ml propidium iodide (PI) or 1 µg/ml DAPI. The 

total cell number was calculated by counting PI/DAPI positive cells in day 7 blastocysts stained 

with 5hmC antibody, then the average numbers were compared between control and TET-

modified blastocysts. The number of ICM and TE cells were calculated by counting the numbers 

of CDX2 negative and positive cells in DAPI-stained blastocysts. 

 

Quantitative RT-PCR (RT-qPCR) 
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Nine to ten blastocysts per group were collected at day 7 to analyze gene expression 

patterns of pluripotency-related and extra-embryonic lineage genes using RT-qPCR. mRNA was 

immediately isolated from the pooled embryos using Dynabeads mRNA Direct Kit (Thermo 

Fisher Scientific), followed by cDNA synthesis using Maxima H Minus First Strand cDNA 

Synthesis Kit (Thermo Fisher Scientific) according to the manufacturer’s instructions. 

Amplification and detection were conducted with the ABI 7500 Real-Time PCR System 

(Applied Biosystems) using PerfeCTa SYBR Green SuperMix (Quantabio) under the following 

conditions: 95°C for 3 min, 40 cycles of denaturation at 95°C for 10 sec, and annealing at 60°C 

for 60 sec. Primers used in RT-qPCR analysis are listed in Table 2-2. All of the threshold cycle 

(CT) values of the tested genes were normalized to GAPDH level, and relative ratios were 

calculated using the 2−ΔΔCt method. Four biological and three experimental replications were 

used. Differences in the gene expression were evaluated by student’s t-test. P<0.05 was 

considered as statistically significant.   

 

Bisulfite DNA sequencing 

For analysis of DNA methylation status of repetitive elements and NANOG gene, 15 to 

18 blastocysts at day 7 were collected and their DNA was treated with bisulfite using EZ DNA 

methylation kit (Zymo Research) following the manufacturer’s instruction. Subsequently, the 

bisulfite-treated DNA was PCR amplified using specific primer sets. Details of primer 

information and PCR conditions are described in Table 2-3 and Table 2-4. The PCR products 

were purified using GeneJet gel extraction kit (Thermo Fisher Scientific) and were then ligated 

into pCR 2.1 TA cloning vector (Invitrogen). Twelve to sixteen colonies of each cloned samples 

were sequenced and evaluated. 
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Detection of locus-specific 5hmC 

Detection of locus-specific 5hmC was done using Quest 5-hmC detection kit (Zymo 

Research). This kit enables detection of 5hmC in DNA sequence through glycosylation of 5hmC 

and treatment of restriction endonucleases; 5hmC in DNA is specifically tagged with a glucose 

moiety by glucosyltransferase yielding a modified base, glucosyl-5hmC, which is not digested 

with a glucosyl-5hmC sensitive restriction endonuclease (MspI) whereas 5C and 5mC are 

digested with the enzyme. To analyze 5hmC level in promoter and gene-body regions of 

NANOG gene, genomic DNA was isolated from 15 to 18 day 7 blastocysts using Purelink 

genomic DNA mini kit (Invitrogen), and then equal amounts of DNA from samples were divided 

into two groups; one group was treated with a glucosyltransferase and the other group did not 

receive the treatment. An internal control sample was included for reference. Glycosylation 

reaction was performed at 37 °C for 2 h, and then both groups were digested with 15 units of 

MspI for 4 h following manufacturer’s instruction. The enzyme-digested DNA was purified with 

DNA clean & concentrator kit (Zymo Research) and used for qPCR. Test DNA that had not been 

processed was used as an internal control. NANOG promoter and gene-body regions were 

amplified from DNA using the following primers: 5’-ACAGACCAATGGAACAGAATAG-3’ 

(forward) and 5’-CACTCATGTTGAGTTGAAGAG-3’ (reverse) for promoter region and 5’-

AGGACAGCCCTGATTCTTCCACAA-3’ (forward) and 5’-GTTGCTCCATGATGGGTTAT-

3’ (reverse) for gene-body region.  PCR amplification was performed with the ABI 7500 Real-

Time PCR System (Applied Biosystems) using PerfeCTa SYBR Green SuperMix (Quantabio) 

under the following conditions: 95°C for 1 min, 40 cycles of denaturation at 95°C for 30 sec, 

annealing at 60°C for 15 sec and extension at 72°C for 25 sec. Percentage of hydroxymethylation 
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was obtained by the following formula: % = ((–control) – (+5hmC)/(–control) – (no treatment)) 

× 100, where “–control” is unglycosylated but MspI digested, “+5hmC” is glycosylated and 

MspI digested, and no treatment is unglycosylated and not digested with MspI   

 

Statistical analysis 

Differences in the frequency of blastocyst formation were determined by the chi-square 

test. Average total cell numbers in IVF control, injection control, and TET1 KO blastocysts were 

compared using one-way ANOVA, and Student t-test was used to determine the difference in the 

average total cell numbers in control and DMOG-treated blastocysts. To determine the difference 

in the ICM/TE ratio between control and TET1 KO or DMOG treatment embryos, Student t–test 

was used. Statistical calculations of TET enzyme activity, RT-qPCR and locus-specific 5hmC 

levels were performed using Student t-test. For calculations, the statistical software GraphPad 

Prism was used. Differences with P < 0.05 were considered significant. 

 

Results 

Disruption of TET1 leads to an abnormal level of global 5hmC and 5mC in blastocysts 

To disrupt TET1 function in blastocysts, TET1-specific CRISPR/Cas9 system containing 

three sgRNAs targeting different regions of TET1 was injected into one-cell stage embryos (Fig. 

2-1A). Efficiency of the targeted disruption was verified by genotyping ten blastocysts that were 

injected by the CRISPR/Cas9 system. All of blastocysts tested (n=10) possessed mutations on 

both alleles, demonstrating efficacy of the approach (Table 2-5). The total activity of TET 

enzymes was significantly decreased in TET1 KO blastocysts compared to that in controls, 
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indicating successful disruption of TET1 by the CRISPR/Cas9 system (Fig. 2-2A). The 

frequency of blastocyst formation was reduced by the TET1 disruption; however, the average 

total cell number of blastocysts at day 7 was not affected (Table 2-6 ad Fig. 2-2B), suggesting 

that the loss of TET1 does not lead to developmental stall.  

The global level of 5mC and 5hmC was monitored in TET1 KO blastocysts as TET 

family is known to oxidize 5mc to initiate DNA demethylation process. The disruption of TET1 

dramatically reduced the level of global 5hmC in blastocysts (Fig. 2-1B); however, distinct 

differences in the 5mC level between TET1 KO and control blastocysts were not observed in 

immunocytochemistry analysis (Fig. 2-1C). To investigate the global level of 5mC at the 

nucleotide level, DNA methylation status of repetitive elements was quantified by using bisulfite 

sequencing analysis. Specifically, the DNA methylation level of PRE-1 (porcine specific SINE 

retrotransposon) and centromeric satellites regions can capture the overview of methylation 

status on euchromatin and heterochromatin, respectively (161, 162). In the bisulfite sequencing 

analysis, DNA methylation on the PRE-1 region was increased in TET1 KO blastocysts 

compared to that in control blastocysts, while centromeric satellites were hypomethylated in both 

TET1 KO and control blastocysts (Fig. 2-1D). Our findings from the immunocytochemistry and 

bisulfite sequencing suggest that TET1 is responsible for the formation of 5hmC in blastocysts 

and important for maintaining global DNA methylation levels, especially in the euchromatic 

region of the genome.  

 

Disruption of TET1 leads to abnormal expression of pluripotency genes without converting 

lineage specification   
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Altered global 5hmC level and DNA methylation pattern by the TET1 KO implied that 

the KO embryos potentially carried abnormal gene expression patterns. To verify, transcript 

abundance of pluripotency-related genes and extra-embryonic lineage markers were quantified in 

TET1 KO blastocysts by RT-qPCR. The lack of functional TET1 did not alter the transcript level 

of pluripotency-related genes except for NANOG and ESRRB (Fig. 2-3A). Unexpectedly, an 

elevated level of NANOG and ESRRB transcript was observed in TET1 KO blastocysts. There 

was no change in the transcript level of selected extra-embryonic lineage genes after TET1 KO 

except for GATA4 (Fig. 2-3B); the transcript level of GATA4 was higher in TET1 KO blastocysts 

compared to that in controls. RT-qPCR was also performed to monitor the level of TET family 

(Fig. 2-3C) as previous knockout experiments in the mouse suggest functional redundancy of the 

TET enzymes. The expression level of TET1 transcript was significantly downregulated in TET1 

KO blastocyst, indicating that the mutations introduced by CRISPR/Cas9 system interfered with 

transcription, as well as protein function via generation of premature stop codons. Interestingly, 

the disruption of TET1 induced activation of TET3 as indicated by the 3-fold increase in its 

transcript level compared to the control blastocysts. Expression level of TET2 was also 

numerically increased (1.5-fold), although the change was not statistically significant (p = 0.16). 

The overexpression of TET3 suggests that disruption of TET1 activated TET3 as compensatory 

action and could potentially contribute to the limited changes in gene expression profile of TET1 

KO blastocysts.  

To examine the impact of TET1 on early lineage commitment, day 7 blastocysts derived 

from CRISPR/Cas9 injected and control group were stained with CDX2, a trophectoderm marker 

(Fig. 2-3D). The ICM and trophectoderm (TE) lineages were distinguished by counting CDX2 

negative and positive cells, respectively. In both control and TET1 KO blastocysts, a cluster of 
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CDX2 negative cells was identified, indicating ICM lineage formation was not affected by the 

disruption of TET1. Analysis of the ICM/TE ratio between control and TET1 KO embryos 

suggested that early lineage commitment in blastocysts was not affected by the lack of TET1 

(Fig. 2-3E).   

 

Inhibition of catalytic activity of TET family and its impact on DNA methylation 

To investigate whether the findings from the TET1 KO blastocysts was influenced by the 

compensatory increase in other TET genes, overall inhibition of TET family was performed. 

Specifically, catalytic activity of TET enzymes was blocked by treating embryos with 

dimethyloxallyl glycine (DMOG), a small-molecule inhibitor of 2OG-dependent oxygenases. To 

confirm the effectiveness of DMOG in blocking oxygenase activity of TET, especially TET3, 

fertilized zygotes were incubated with 1mM DMOG, then patterns of DNA demethylation after 

fertilization were monitored by uncovering the appearance of 5hmC after fertilization (Fig. 2-

4A). Because the DNA demethylation process is orchestrated by TET3 (67, 153, 154), the 

inhibitor would alter the level of 5hmc, if effective. The DMOG treatment diminished the 

appearance of 5hmC in both paternal and maternal pronuclei compared to the level of 5hmC in 

control zygotes, demonstrating the capability of DMOG to inhibit the conversion from 5mC to 

5hmC by TET (Fig. 2-4B). To inhibit the activity of TET enzymes effectively at the blastocyst 

stage, embryos were incubated with 1mM DMOG from morula (day 4) to blastocyst stage (day 

7) (Fig. 2-5A). The treatment would keep the activity of TET3 on initiating DNA demethylation 

process after fertilization, but prevent activity of all TET family in blastocysts. Consistent with 

the TET1 KO experiment, frequency of blastocyst formation on day 7 was decreased in DMOG-

treated embryos compared to that in control embryos (Table 2-7) while total cell number in 
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blastocyst was not affected by the inhibition of TET activity (Fig. 2-2C). Similar to the findings 

in TET1 KO blastocysts, the global level of 5hmC was dramatically reduced in blastocysts 

treated with DMOG compared to the control blastocysts, indicating that active TET family is 

necessary for the formation of 5hmC at the blastocyst stage (Fig. 2-5B). Dramatic changes of 

global level of 5mC were not observed by immunocytochemistry analysis in blastocysts treated 

with DMOG (Fig. 2-5C). The DNA methylation pattern of repetitive elements in DMOG-treated 

blastocysts was also similar to that in TET1 KO blastocysts; methylation level of PRE-1 region 

increased when embryos were incubated with DMOG, while hypomethylation status of 

centromeric satellites was observed in both control and DMOG-treated blastocysts (Fig. 2-5D). 

These data align with conclusions from the TET1 KO experiment that TET1 is responsible for 

the formation of 5hmC and maintenance of global DNA methylation level in the euchromatic 

region at the blastocyst stage. 

 

Inhibition of overall TET family activity impairs expression of pluripotency and extra-embryonic 

lineage genes  

To further investigate whether the abnormal level of NANOG and ESRRB in TET1 KO 

blastocysts was influenced by the compensatory increase of other TET genes, gene expression 

patterns in DMOG-treated blastocysts were compared to that in control blastocysts. A significant 

number of pluripotency-related genes was downregulated in DMOG-treated blastocysts; the 

transcript abundance of POU5F1, NANOG, ESRRB, PRDM14, ZFP42, and DPPA3 was lower in 

DMOG-treated blastocysts (Fig. 2-6A). However, there was no significant change in the level of 

SOX2, KLF2, and TCL1A after the DMOG treatment.  The transcript abundance of trophoblast 

markers (CDX2, TEAD4, and GATA3) and primitive endoderm marker (SOX17, GATA6, and 
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GATA4) was downregulated in DMOG-treated blastocysts (Fig. 2-6B). The DMOG treatment 

also affected the level of TET family genes; the level of TET1, 2, and 3 transcripts was 

downregulated by the DMOG treatment in blastocysts (Fig. 2-6C). The gene expression analysis 

indicates that TET enzymes are critical for proper expression of pluripotency and 

extraembryonic lineage markers. In addition, the dynamic changes in transcripts after the DMOG 

treatment but not after TET1 KO suggests that compensatory action of TET family (TET2 or 

TET3) in the absence of TET1 assisted in maintaining the normal level of selected markers.  

Intriguingly, capturing the number of CDX2 positive and negative cells through 

immunohistochemistry revealed that the DMOG treatment reduced the number of CDX2 

negative cells, i.e. ICM, in blastocysts compared to that in control embryos (Fig. 2-6D). The 

ICM/TE ratio was also decreased in DMOG-treated blastocysts (Fig. 2-6E), demonstrating that 

TET family is essential for normal lineage commitment in blastocysts.      

 

TET enzymes regulate DNA methylation level in the promoter and gene-body regions of 

NANOG  

Contradicting effect between DMOG-treated and TET1 KO blastocysts on the level of 

NANOG implied a differential level of DNA methylation on the promoter of NANOG from the 

two treatments. To investigate that possibility, the level of DNA methylation (5mC and/or 

5hmC) levels in promoter and gene-body regions of NANOG gene were analyzed (Fig. 2-7A). 

The 5hmC level in NANOG promoter was not different between control and TET1 KO 

blastocysts (Fig. 2-7B). However, the 5hmC level in gene-body regions was increased in TET1 

KO blastocysts compared to that in controls. Bisulfite sequencing analysis revealed that there 
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was no difference in the promoter methylation level between TET1 KO and control blastocysts, 

while higher methylation level in gene-body region was observed in TET1 KO blastocysts 

compared to that in controls (Fig. 2-7C). When embryos were incubated with DMOG, 5hmC 

level of blastocysts was not changed in the promoter or gene-body regions (Fig. 2-7D). However, 

the DMOG treatment increased DNA methylation level in both promoter and gene-body regions 

(Fig. 2-7E). Bisulfite sequencing analysis cannot distinguish between 5mC and 5hmC; therefore, 

it is difficult to conclude whether the increase is due to the conversion of 5mC into 5hmC. 

Considering no alteration in 5hmC level by the DMOG treatment, it is arguable that the increase 

in DNA methylation level seen from bisulfite sequencing is due to 5mC and the elevated 5mC 

level in promoter and gene-body regions led to the downregulation of NANOG expression in 

DMOG-treated blastocysts.  

 

Discussion 

Recent studies have expanded biological significance of the TET family on early 

development. Here, we demonstrated that the loss of TET activities alters the expression pattern 

of genes related to pluripotency and early lineage specification in porcine blastocysts; specific 

changes differed when activity of TET1 or overall TET family was interfered. Global reduction 

in the 5hmC level after TET1 KO suggests that TET1 is the main 5-methyl-dioxygenase 

responsible for establishing the 5hmC marks in porcine blastocysts. Studies using mouse ES 

cells, indicates that while Tet1 is important for establishing 5hmC marks, Tet1 deletion alone has 

a relatively limited influence on the level of 5hmC whereas the lack of Tet1 and Tet2 leads to a 

complete loss of 5hmC (43, 58, 62, 82). Furthermore, Tet2 depletion resulted in a greater 

decrease in 5hmC level than Tet1 depletion in the mouse ES cells (82, 163). Concomitant with 
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the decrease in global 5hmC level, DNA methylation level including 5mC and 5hmC was 

increased in euchromatic SINE, PRE-1, in both TET1 KO and DMOG-treated blastocysts, 

consistent with a previous report indicating that TET proteins play a protective role against de 

novo DNA methylation (164). A similar level of increase in DNA methylation level (about 

30 %) in PRE-1 regions between TET1 KO and DMOG-treated blastocysts suggests that TET1 is 

likely to be the main TET enzyme responsible for maintaining global methylation level in 

blastocysts among the TET family members (TET1 – 3). Hypomethylation of the centromeric 

region is common in germ cells and preimplantation embryos (165) and disruption of TET1 or 

overall TET family did not change the level, indicating that TET proteins are not involved in 

methylation maintenance in heterochromatic regions. The result is consistent with previous 

studies in the mouse where 5hmC modifications are rarely detected in heterochromatic regions, 

whereas euchromatic regions are enriched with Tet1 binding-sites and a wide distribution of 

5hmC in the mouse ES cells (84, 166, 167). 

The role of TET1 in cellular pluripotency and differentiation has been extensively studied 

in ES cells and blastocysts because its level is highly enriched in the cells and embryos compared 

to other TET family genes. Impaired or skewed differentiation of ES cells caused by TET1 

depletion has been demonstrated (58, 82, 84, 87); however the impact of TET1 loss on the 

pluripotency of ES cells has not been consistent in the previous reports. Using siRNA or shRNA 

approach, multiple studies reported downregulation of pluripotency-associated genes and 

impaired self-renewal in ES cells after targeted disruption of TET1 (55, 84, 167, 168). However, 

other studies argue that TET1 depletion did not alter the expression of pluripotency markers (58, 

82, 85). This variance could be caused by the compensatory role of other TET family members 

under the absence of functional TET1. Similarly, we observed a compensatory and overlapping 
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function of TET family. The disruption of TET1 did not lead to total repression of pluripotency 

genes, potentially due to the compensatory activation of TET3. Transcript levels of pluripotency 

genes (SOX2, KLF2, PRDM14, TCL1A) were numerically increased in TET1 KO blastocysts. 

However, the differences were not statistically significant due to high variations among 

biological replications, which may be explained by a mouse study in which Tet1/Tet3 double KO 

mouse embryos presented a significant transcriptome variability among embryos (169). Blocking 

overall TET activity using DMOG repressed the expression of pluripotency related genes, 

confirming an overlapping function between TET1 and TET3. The finding is consistent with the 

result from Tet1/Tet3 double KO mouse blastocysts which displayed severe loss in Nanog 

expression and dysregulation of extra-embryonic lineage markers (169). Another possibility that 

cannot be fully excluded is that the DMOG is an inhibitor of 2OG-dependent oxygenases and 

decreased activity of other 2OG-dependent oxygenases such as Jumonji-domain-containing 

enzymes could also contribute to the repressed expression of pluripotency related genes.  

Although the majority of TET1 binding sites are located around transcription start sites of 

CpG-rich promoters and gene-bodies, TET1 also binds to CpG-poor gene promoters, such as 

NANOG, TCL1, and ESRRB, important genes for maintaining pluripotency of ES cells (85, 167). 

In contrast to a mouse study where the lack of Tet1 reduced Nanog expression in ES cells (167), 

the expression of NANOG was upregulated and proximal promoter regions were hypomethylated 

after the removal of TET1 in porcine blastocysts. Previous reports in the mouse suggest that Tet1 

can act as a repressor to genes related to development, but not to pluripotency related genes (167, 

170). Therefore, it is unlikely that the upregulation of NANOG in TET1 KO porcine blastocysts 

was the result of lifting TET1-mediated repression.  Interestingly, the inhibition of overall TET 

by DMOG repressed NANOG expression and increased the methylation level of its promoter 
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region, suggesting that the expression of NANOG is directly controlled by the level of DNA 

methylation in the promoter region, similar to transcriptionally active genes (171). The 

contrasting results between the TET1 KO and DMOG treatment suggests that other TET 

enzymes, such as TET2 and TET3, are involved in the regulation of NANOG expression. For 

instance, despite its low expression level, Tet3 contributes to a small portion of 5hmC in mouse 

ES cells, suggesting its action in pluripotent cells (86, 87). Maternal Tet3 is required for 

demethylation of the promoter region of paternal Nanog in mouse zygotes (67), and knockdown 

of maternal TET3 leads to downregulation of NANOG expression in porcine blastocysts (127). In 

addition, TET3 activated by a hypoxia microenvironment regulates NANOG transcription by 

direct binding to promoter region in brain tumor cells (172). The previous publications and 

findings from current study imply that TET3 possesses a role in the transcriptional regulation of 

NANOG gene in blastocysts by controlling the level of DNA methylation on its promoter. 

Findings in this study lead us to a model of how TET family regulates global DNA methylation 

and NANOG expression in porcine blastocysts (Fig. 2-8). Under the presence of functional 

TET1, the DNA methylation level of the genome, including the promoter regions of NANOG, is 

regulated by TET1, thus maintaining the level of NANOG in the blastocysts. In the absence of 

functional TET1, a compensatory increase in TET3 potentially reprograms the promoter region 

of NANOG to ensure its expression; however, TET3 may have little effect on the genome-wide 

DNA methylation level, i.e. gene-specific regulation of DNA methylation rather than global 

level. Suppression of overall TET family led to the downregulation of NANOG and increased the 

level of DNA methylation on NANOG promoter and the euchromatic genome, indicating the 

involvement of TET family in establishing pluripotency through regulating the level of DNA 

methylation. 
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The expression pattern of ESRRB was also aligned with NANOG: upregulation after 

TET1 KO and downregulation with DMOG treatment. The changes in the abundance of ESRRB 

is likely to be a secondary effect by the altered NANOG expression rather than the direct effect 

from the shift in TET family because ESRRB is known as a direct downstream target gene of 

NANOG in pluripotent cells (173). For example, depletion of Tet1 in mouse ES cells led to the 

downregulation of Esrrb and Nanog; however, the expression of Esrrb was restored by the 

overexpression of exogenous Nanog (167), indicating that the expression of Esrrb is regulated by 

Nanog. 

The transcription factors OCT4 (POU5F1) and NANOG are essential for the regulation of 

early embryo development and pluripotency in mammalian embryos. In porcine, similar to 

human blastocysts, OCT4 expression is maintained in both ICM and trophectoderm cells in 

blastocysts (174, 175). However, unlike mice and human, unique expression patterns of NANOG 

can be found in porcine blastocysts. For instance, although NANOG transcripts can be detected in 

early blastocyst stage, NANOG proteins are not detectable in early porcine blastocyst, but begin 

to appear after epiblast formation when embryos arrive in uterus (176). The unique NANOG 

expression implies distinct pluripotency network in pig blastocysts and may render difficult 

derivation of ES cells from porcine embryos under the conventional ES cell culture condition. 

Therefore, an understanding of expressional regulation of NANOG gene is likely to unveil 

pluripotency regulation in porcine embryos and contribute to the establishment of porcine ES 

cells.   

The CRISPR/Cas9 technology was used to disrupt TET1 in porcine embryos. Efficacy of 

the approach was high enough that no wild-type allele was identified in two target loci. The 

TET1 transcript level was also reduced in blastocysts carrying mutated TET1. One potential 
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explanation could be that TET1 has a positive feedback to its transcription activity, thus the lack 

of functional TET1 reduced the amount of TET1 transcripts. Another explanation could be that 

mutations on TET1, introduced by CRISPR/Cas9 system, could interfere with proper secondary 

structure formation of TET1 mRNA, which would lead to the degradation of TET1 transcript. 

The direct injection of CRISPR/Cas9 system has been successfully utilized in pigs to introduce 

targeted modifications at the high level (159, 160, 177) and efficiency of the current study aligns 

with the previous reports. Pig embryos are suitable to model embryogenesis in humans because 

pig embryos mirror developmental events with human embryos. For example, dynamic changes 

in the level of DNA methylation on paternal DNA is observed in humans (178) as well as pigs 

(124, 179). In addition, the timing of zygotic genome activation is similar between human (103) 

and pig (136). Despite the similarities, pig models are rarely used for comparative studies due to 

the lack of tools available to induce genetic modifications. Unlike rodent models, the production 

of KO embryos in pigs through breeding founder animals is an unrealistic option considering 

cost associated with producing KO pigs and gestation period (114 days). As demonstrated in this 

study, utilization of CRISPR/Cas9 system allowed us to generate KO embryos without having to 

produce founder KO pigs. These technical advancements may expand the use of pig models to 

understand developmental events in embryos as a comparative study. 

In summary, we demonstrate that the TET enzymes are closely involved in maintaining 

proper level of pluripotency genes in preimplantation embryos. Although TET1 has a major role 

in genome-wide 5hmC formation at the blastocyst stage, TET1 disruption has a minor impact on 

the pluripotency genes of preimplantation embryos. On the other hand, overall inhibition of TET 

family results in a defective expression of pluripotency genes, abnormal lineage specification, 

and methylation increase in NANOG promoter. Our data indicate NANOG, a key gene in 
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pluripotency, is delicately regulated by TET family through promoter methylation. Our findings 

propose that the TET1/3-mediated demethylation at promoter region is a key element for 

transcriptional activation of genes related to pluripotency and early lineage specification in 

mammalian blastocysts.  
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Fig. 2-1. Global levels of 5hmC and 5mC in TET1 KO blastocysts. (A) Strategy to disrupt TET1 

gene in porcine embryos. Three sgRNAs targets different regions of TET1 gene; one on the 

immediate downstream of the presumable translation start site and two on the 5’ side of the 2-

oxoglutarate-Fe(II)-oxygenase domain. (B) Global 5hmC level of blastocysts was dramatically 

decreased by TET1 KO. (C) No differences in the global 5mC level between TET1 KO and 

control blastocysts were detected by immune-staining. Numbers in parentheses indicate the 

number of embryos displaying a positive signal for 5hmC or 5mC out of the total number of 

embryos examined. (D) Bisulfite sequencing analysis of DNA methylation pattern in repetitive 
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elements. Methylation level of PRE-1 was increased by TET1 KO whereas centromeric satellites 

were hypomethylated in both TET1 KO (n = 17) and control blastocysts (n = 17). Scale bar 

indicates 100 µm. Methylated and unmethylated CpG dinucleotides are indicated by filled circle 

and open circle, respectively.  
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Fig. 2-2. TET activity and total cell number in TET1-disrupted and DMOG-treated blastocysts. 

(A) Measurement of TET enzyme activity in TET1 KO blastocysts. Total TET enzyme activity 

in TET1 KO blastocysts was decreased compared to that in control blastocysts. Error bars 

represent standard deviation. A p-value < 0.05 was considered statistically significant. (B) There 

was no significant difference in the total cell number between IVF control, injection control 

(Cas9 only), and TET1 KO blastocysts. (C) Total cell number of blastocysts incubated with 

DMOG was not different compared to that of control blastocysts. Top horizontal line and bottom 

horizontal line of the box indicate maximum and minimum values, respectively. Middle 

horizontal line indicates average value. A p-value < 0.05 was considered statistically significant.  
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Fig. 2-3. Impact of TET1 KO on gene expression profile and lineage specification in blastocysts. 

(A) Expression levels of NANOG and ESRRB were increased by TET1 KO, however levels of 

other pluripotency genes were not significantly changed. (B) Transcript levels of extra-

embryonic lineage genes were not changed by TET1 KO, except GATA4. (C) The level of TET1 

transcript was decreased, however, TET3 levels were increased approximately threefold. Relative 

expression levels were normalized to the GAPDH level. Error bars represent S.E.M. A p-value < 

0.05 was considered statistically significant. (D) CDX2 staining revealed that TET1 KO did not 

alter lineage commitment in blastocysts. The dotted white circle indicates ICM lineage. Scale bar 

indicates 100 µm. (E) ICM/TE cell number ratio was calculated by counting CDX2 negative and 

CDX2 positive cells. The ICM/trophectoderm ratio was not different between control and TET1 
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KO blastocysts. Error bars indicate SD. A p-value < 0.05 was considered statistically significant. 

TE: trophectoderm.  
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Fig. 2-4. The effect of DMOG treatment on TET3 inhibition in zygotes. (A) Timeline of DMOG 

treatment to inhibit TET3 activity in zygotes. Oocytes were incubated with 1mM DMOG for 30 

min before fertilization and the treatment was maintained during fertilization and embryo culture 

for further 21 h, then zygotes were collected for immunocytochemistry analysis. (B) Inhibition of 

TET3 activity by DMOG treatment. In control zygotes, formation of 5hmC was detected in both 

the paternal and maternal pronuclei. 5hmC disappeared in pronuclei when zygotes were 

incubated with DMOG.  
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Fig. 2-5. Global levels of 5hmC and 5mC in DMOG-treated blastocysts. (A) Timeline of DMOG 

treatment to inhibit TET activities in blastocysts. To block TET activities at blastocyst stage, 

embryos were incubated with 1mM DMOG from morula stage (day 4) to blastocyst stage (day 

7), then blastocysts were collected for further analysis. (B) Global 5hmC level of blastocysts was 

dramatically decreased by DMOG treatment. (C) No differences in the global 5mC level between 

DMOG-treated and control blastocysts were detected by immunocytochemistry. Numbers in 

parentheses indicate the number of embryos displaying a positive signal for 5hmC or 5mC out of 
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the total number of embryos examined. (D) Bisulfite sequencing analysis of DNA methylation 

pattern in repetitive elements. Methylation level of PRE-1 increased after DMOG treatment 

whereas centromeric satellites were hypomethylated in both DMOG-treated (n = 15) and control 

blastocysts (n =16). Scale bar indicates 100 µm. Methylated and unmethylated CpG 

dinucleotides are indicated by filled circle and open circle, respectively.  
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Fig. 2-6. Relative mRNA levels of pluripotency genes, extra-embryonic lineage genes, and TET 

family genes in DMOG-treated blastocysts. (A) Expression levels of pluripotency genes were 

downregulated in DMOG-treated blastocysts, except for SOX2, KLF2, and TCL1A. (B) 

Transcript levels of extra-embryonic lineage genes were reduced in DMOG-treated blastocysts. 

(C) Expression level of TET family genes was reduced in DMOG-treated blastocysts. Relative 

expression levels were normalized to the GAPDH level. Error bars represent S.E.M. A p-value < 

0.05 was considered statistically significant. (D) The number of CDX2 negative cells (ICM) was 

reduced in DMOG-treated blastocysts compared to that in control blastocysts. The dotted white 

circle indicates ICM lineage. Scale bar indicates 100 µm. (E) DMOG treatment lowered ICM/TE 

ratio. Error bars indicate SD. A p-value < 0.05 was considered statistically significant. TE: 

trophectoderm.  
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Fig. 2-7. DNA methylation (5hmC and 5mC) status of NANOG gene in TET1 KO and DMOG-

treated blastocysts. (A) Analysis of methylation status of porcine NANOG gene. The proximal 

promoter region (1291bp upstream the TSS) and gene-body region (1159bp downstream the 

TSS) of NANOG gene were separately examined.  (B) 5hmC level in promoter and gene-body 

regions of NANOG gene in TET1 KO blastocysts. (C) Bisulfite sequencing analysis of promoter 

and gene-body regions of NANOG gene in TET1 KO (n = 15) and control (n = 15) blastocysts. 

(D) 5hmC level in promoter and gene-body regions of NANOG gene in DMOG-treated 

blastocysts. (E) Bisulfite sequencing analysis of promoter and gene-body regions of NANOG 

gene in DMOG-treated (n = 15) and control (n = 15) blastocysts. 5hmC data were analyzed with 

student’s t-test for three replicates and a p-value < 0.05 was considered statistically significant.  
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Fig. 2-8. Graphical summary and proposed mechanism of TET actions on DNA methylation in 

porcine blastocysts under the TET1 KO or TET inhibition.  
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 Table 2-1. Information of sgRNAs used for depletion of TET1 gene. 

sgRNAs Sequence (5’  3’) 

TET1_sgRNA1 TGTCTCGATCTCGCCATGCA 

TET1_sgRNA2 GTGCTCATCATGGTATGGGA 

TET1_sgRNA3 AGTCGAACCTGTACATGTCA 
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Table 2-2. Primers used for RT-qPCR analysis. 

Primers Sequence (5’  3’) 

GAPDH_forward ATGACATCAAGAAGGTGGTGAAGC 

GAPDH_reverse CCAGCATCAAAAGTGGAAGAGTGA 

OCT4_forward TTTGGGAAGGTGTTCAGCCAAACG 

OCT4_reverse TCGGTTCTCGATACTTGTCCGCTT 

NANOG_forward AGGACAGCCCTGATTCTTCCACAA 

NANOG_reverse AAAGTTCTTGCATCTGCTGGAGGC 

SOX2_forward TGTCGGAGACGGAGAAGCG 

SOX2_reverse CGGGGCCGGTATTTATAATCC 

KLF2_forward CGATCCTCCTTGACGAATTT 

KLF2_reverse CAAGCCTCGATCCTCTAGT 

ESRRB_forward CTGCAAGGCCTTCTTCAA 

ESRRB_reverse CGTTTGGTGATCTCACACTC 

ZFP42_forward GGATTCCTTCTCTGACTGTTAC 

ZFP42_reverse GCTCTTGTTCTGATCCTTCTT 

DPPA3_forward CTCAGGCTTGTCCTCAAATG 

DPPA3_reverse CGTCAAGTTACTGAGGTTCTG 

PRDM14_forward GAGCCTGCAGGTCATAAAG 

PRDM14_reverse CTTGAGATGCTTGTCTCTGTAA 

TCL1A_forward GGCAAAGGCTGTGTATGT 

TCL1A_reverse CCTGACGCATGAGTACTTG 
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SOX17_forward CTTCATGGTGTGGGCTAAGG 

SOX17_reverse CGGCCGGTACTTGTAGTTG 

GATA6_forward GCTGCACAGTCTACAGAGTC 

GATA6_reverse AGCGGTTGCACAAGTAGT 

GATA4_forward AAGAGATGCGTCCCATCAAG 

GATA4_reverse GACTGGCTGACCGAAGATG 

CDX2_forward AACCTGTGCGAGTGGATG 

CDX2_reverse CCTTTCTCCGAATGGTGATGTA 

TEAD4_forward TGTGAGTACATGGTCAACTTCAT 

TEAD4_reverse GCTGACACCTCGAAGACATAC 

GATA3_forward TACTACGGAAACTCGGTGAGG 

GATA3_reverse TGGATGGACGTCTTGGAGAA 

TET1_forward TGTCGGCTTGGCAAGAAAGA 

TET1_reverse AGACCACTGTGCTGCCATTA 

TET2_forward GTGAGATCACTCACCCATCGCATA 

TET2_reverse TACTGGCACTATCAGCATCACAGG 

TET3_forward TCTTCCGTCGTTCAGCTACTACAG 

TET3_reverse GTGGAGGTCTGGCTTCTTAAA 
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Table 2-3. Primers used for PCR amplification of bisulfite converted DNA. 

Primers Sequence (5’  3’) 

NANOG promoter1_forward AAAATTAGGTAGAGATATTATTAAAAA 

NANOG promoter1_reverse AAATATTCCCTCTATACCCACTTAAC 

NANOG promoter2_forward CTTATATAGGAAGAGAAGAGATTAAATTG 

NANOG promoter2_reverse CCCAACAATACTTACTAAATAAACTTTCC 

NANOG gene-body1_forward CTAATTTAATATGAGTGTGGA 

NANOG gene-body1_reverse GAATATTAAAAAATTCTTACATCTACTAAAA 

NANOG gene-body2_forward GAGAGGTAGAAGTATTTTAGTTTTTAGTAGA 

NANOG gene-bopy2_reverse GTAAAATAATTTAAAAATAAATCCATAATTT 
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Table 2-4. PCR conditions for amplification of bisulfite converted DNA. 

Amplified 

regions 

Primers PCR conditions 

NANOG 

promoter part 1 

NANOG 

promoter1_forward 

Initial denaturation for 2 min at 95°C and 40 cycles 

of denaturation for 30 sec at 95°C, annealing for 30 

sec at 50°C, extension for 30 sec min at 72°C, 

followed by a final extension for 2 min at 72°C. 

NANOG 

promoter1_reverse 

NANOG 

promoter part 2 

NANOG 

promoter2_forward 

Initial denaturation for 2 min at 95°C and 40 cycles 

of denaturation for 30 sec at 95°C, annealing for 30 

sec at 50°C, extension for 45 sec min at 72°C, 

followed by a final extension for 2 min at 72°C. 

NANOG 

promoter2_reverse 

NANOG gene-

body part 1 

NANOG gene-

body1_forward 

Initial denaturation for 2 min at 95°C and 40 cycles 

of denaturation for 30 sec at 95°C, annealing for 30 

sec at 45°C, extension for 30 sec min at 72°C, 

followed by a final extension for 2 min at 72°C. 

NANOG gene-

body1_reverse 

NANOG gene-

body part 2 

NANOG gene-

body2_forward 

Initial denaturation for 2 min at 95°C and 40 cycles 

of denaturation for 30 sec at 95°C, annealing for 30 

sec at 50°C, extension for 30 sec min at 72°C, 

followed by a final extension for 2 min at 72°C. 

NANOG gene-

bopy2_reverse 
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Table 2-5. Validation of targeting efficiency by CRISPR/Cas9 at TET1 gene locus. All 

blastocysts genotyped carried mutations at the three target sites indicating 100% targeting 

efficiency.  

  

Embryos genotyped 

(n=10) 

Target site 1 Target site 2 Target site 3 

Embryo #1 Homozygous Homozygous Mosaic w/ wildtype 

Embryo #2 Homozygous Homozygous Mosaic w/ wildtype 

Embryo #3 Homozygous Biallelic Mosaic w/ wildtype 

Embryo #4 Biallelic Biallelic Mosaic w/o wildtype 

Embryo #5 Biallelic Biallelic Mosaic w/o wildtype 

Embryo #6 Biallelic Homozygous Mosaic w/o wildtype   

Embryo #7 Biallelic Homozygous Mosaic w/ wildtype 

Embryo #8 Biallelic Biallelic Mosaic w/o wildtype 

Embryo #9 Homozygous Biallelic Mosaic w/ wildtype 

Embryo #10 Biallelic Biallelic Mosaic w/ wildtype 
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Table 2-6. Development of TET1 KO embryos to blastocyst stage. Frequency of blastocyst 

formation at day 7 decreased in TET1 KO embryos compared to that in IVF control and injection 

control (Cas9 only) embryos. Different letters indicate statistical difference.  

 Number of blastocysts at day 7 (%) Number of oocytes used 

IVF control 111 (28.8)a 385 

Injection control (Cas9) 164 (18.5)b 885 

TET1 KO 119 (12.4)c 958 
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Table 2-7. Development of embryos treated with DMOG. Frequency of blastocyst formation at 

day 7 decreased in embryos treated with DMOG compared to that in control embryos. Different 

letters indicate statistical difference. 

 Number of blastocysts at day 7 (%) Number of oocytes used 

Control 304 (21.3)a 1429  

DMOG 261 (17.6)b 1484  
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Chapter 3. Presence of porcine TET3L isoform in oocytes: potential involvement in the 

DNA demethylation process 

 

Abstract 

Fertilized oocytes undergo genome-wide DNA demethylation with the exception of 

imprinted genes and certain repetitive elements. Ten-eleven translocation 3 (TET3) protein is 

known to be responsible for the DNA demethylation process by catalyzing the oxidation of 5-

methylcytosine (5mC) into 5-hydroxymethylcytosine (5hmC). Recent studies in the mouse 

indicate that multiple Tet3 isoforms exist in oocytes, implying differential actions of the 

isoforms. Although dissecting gene structures of TET3 isoforms is crucial to understand the 

mechanism of the TET3-driven DNA demethylation process, major isoforms present in oocytes 

or early stage embryos have not been identified beyond the mouse model. Here, we investigated 

the presence of TET3 isoforms in porcine oocytes and cumulus cells, and followed changes in the 

level of TET3 isoforms during oocyte maturation to further understand the mechanism of TET3 

action in the DNA demethylation process. The 5’RACE revealed three different TET3 isoforms 

present in GV and MII cumulus cells. Among the isoforms, the longest variant (pTET3L) 

contained sequences for the CXXC domain, known to carry DNA binding property. 

Interestingly, the expression of the pTET3L isoform was only verified in oocytes, suggesting that 

the isoform may be the predominant isoform in porcine oocytes. To characterize transcript 

abundance of pTET3L, RNA was isolated from different cells and/or tissues, including cumulus 

cells, oocytes, brain, spleen, and lung. The expression level of pTET3L was much greater in MII 

oocytes compared to that in somatic tissues. In addition, the expression level of pTET3L 

increased over 3-fold during oocyte maturation, i.e. from GV to MII stage oocytes, indicating 



64 
 

that pTET3L may have a significant role in DNA demethylation after fertilization. In conclusion, 

the TET3 isoform containing CXXC domain is predominantly expressed in mature porcine 

oocytes, suggesting an important role of the TET3 CXXC domain in DNA demethylation in 

zygotes. 

 

Introduction 

Epigenetic marks on the genome, such as DNA methylation and histone modifications, 

are stably maintained in somatic cells; however, genome-wide reprogramming of epigenetic 

marks can be seen during mammalian germ cell development and preimplantation 

embryogenesis (150, 151). During primordial germ cell (PGC) development, genome-wide DNA 

demethylation occurs to erase and reestablish parental genomic imprints (180). Fertilized oocytes 

also undergo genome-wide reprogramming of DNA methylation to erase germ cell-specific 

epigenetic marks in order to acquire totipotent developmental potential (181). The genome of 

fertilized oocytes is demethylated by active (replication independent) and passive (replication 

dependent) pathways and de novo methylated by DNA methyltransferase 3A and B 

(DNMT3A/B) to reestablish cell type-specific DNA methylation levels as embryos develop 

(182). Upon fertilization, distinct demethylation processes are observed in the two parental 

genomes of zygotes. The DNA methylation level of the paternal genome is dramatically reduced 

shortly after fertilization by the active pathway, whereas the level of maternal DNA methylation 

is gradually decreased following embryo cleavage through the passive pathway (33, 38).  

The discovery of ten-eleven translocation (TET) family as the main dioxygenases of 5mC 

led to the understanding of novel active demethylation process. Active demethylation is initiated 

by the oxidation of 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC) via TET family 
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enzymes in a 2-oxoglutarate- and Fe (II)-dependent manner (43). All three TET family proteins, 

TET1, TET2, and TET3 proteins, possess the 5mC oxidase activity. The 5hmC form can be 

further oxidized to 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) by the TET proteins 

(50, 51). These 5mC derivatives can be recognized by thymine DNA glycosylase, then 

subsequently converted to unmethylated cytosine through the base excision repair pathway (50, 

52). In addition, because DNMT1 has a low affinity to the DNA template containing 5hmC, 

TET-mediated 5mC oxidation could facilitate replication-dependent passive demethylation (53, 

54).  

The three TET proteins are differentially expressed during preimplantation embryo 

development; TET1 and TET2 are highly expressed in blastocysts, while TET3 is detected in 

oocytes and early stage embryos (55, 82). Among the three TET proteins, TET3 is responsible 

for the demethylation of the paternal genome in zygotes (63, 64, 67). The maternal DNA is not 

affected by the TET3-mediated demethylation process due to the binding of STELLA (also 

known as PGC7 or DPPA3) to maternal chromatin, thus inhibiting the access of TET3 (63, 71, 

77). Conditional knockout of TET3 in early stage mouse embryos resulted in the impairment of 

5hmC formation and caused abnormal expression of Oct4 and Nanog due to incomplete 

demethylation of promoter regions of these genes (67). TET3-mediated demethylation is the first 

step in the process of epigenetic transition from gametes to embryonic status; however, little is 

known about the molecular mechanism of TET3 by which a methylated region is recognized and 

oxidized into 5hmC. 

All TET family proteins possess a conserved C-terminal catalytic domain, which includes 

a Cys-rich insert and a double-stranded β-helix (DSBH) domain. However, only TET1 and TET3 

possess the N-terminal CXXC domain, a potential DNA binding module. The CXXC domains 
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found in other proteins, such as MLL and DNMT1, specifically bind to unmethylated CpG 

dinucleotides (183, 184). However, TET1 CXXC domain is known to bind CpG sequences 

regardless of cytosine modification types in the mouse (83, 185), and TET3 CXXC is reported to 

bind unmethylated cytosine instead of CpG dinucleotide in Xenopus (186). Although the DNA 

binding nature of TET3 CXXC domain is still elusive, the coexistence of CXXC domain and 

catalytic domain can confer DNA demethylase property to TET3. Curiously, different TET3 

isoforms lacking the N-terminal CXXC domain are also identified in mouse and human (187). 

These isoforms are speculated to be recruited to a target genome through the association with 

other proteins carrying CXXC domain or DNA binding factors (66, 188). To better understand 

the demethylation mechanism of TET3 in fertilized oocytes, dissection of the structure and 

function of TET3 isoforms expressed in oocytes is critical. Recently, the identification of an 

oocyte-specific Tet3 isoform lacking the CXXC domain was reported in a mouse study (189), 

raising a possibility that the recruitment of TET3 to the methylated paternal genome of zygotes is 

independent of the intrinsic CXXC domain. However, further evidence for the existence of an 

oocyte-specific TET3 isoform has not been demonstrated in other species. In this study, three 

TET3 isoforms were identified in germinal vesicle (GV) or metaphase II (MII) stage porcine 

cumulus cells. We demonstrate that a TET3 isoform containing CXXC domain is only expressed 

in MII stage porcine oocytes among the three isoforms, implying a predominant role of the 

isoform in demethylation of the paternal pronucleus in porcine zygotes. 

     

Materials and Methods 

In vitro maturation of porcine oocytes 
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Sow ovaries were obtained from a local abattoir and transported to the laboratory. 

Immature oocytes were aspirated from the follicles using an 18-gauge needle attached to a 

syringe. Aspirates were washed with TL-Hepes medium, and then cumulus-oocyte complexes 

(COCs) with evenly granulated cytoplasm and intact surrounding cumulus cells were collected 

using a finely drawn glass pipet under a microscope. Approximately 50 COCs were placed in a 

single well of a 4-well plate containing maturation medium (medium 199 supplemented with 

3.05 mM glucose, 0.91 mM sodium pyruvate, 0.57 mM cysteine, 10 ng/ml epidermal growth 

factor (EGF), 0.5 μg/ml luteinizing hormone (LH), 0.5 μg/ml follicle stimulating hormone 

(FSH), 10 ng/ml gentamicin, and 0.1% polyvinyl alcohol (PVA); pH 7.4), and then incubated for 

42–44 h at 38.5 °C, 5% CO2, and 100% humidity. 

 

Rapid amplification cDNA ends (RACE) 

To obtain oocytes and cumulus cells separately, approximately 60 immature or mature 

COCs were placed in denuding medium (0.3 M mannitol, 0.001% BSA, 0.03% hyaluronidase, 

5% TL-Hepes medium in distilled water; pH 7.4) and vortexed. Subsequently, polyadenylated 

RNAs were isolated from the oocytes and cumulus cells using the Dynabeads®  mRNA 

DIRECT™ Micro Kit (ThermoFisher Scientific, USA). To identify sequence variants at the 5’ 

end of TET3 mRNA, 5’RACE was performed using the SMARTer®  RACE 5’/3’ kit (Takara Bio, 

USA) following manufacturer’s instructions. Briefly, the first-strand cDNA was synthesized 

from the polyadenylated RNAs, and then 5’ ends of TET3 mRNA were amplified from the 

cDNA using a gene-specific primer (5’ - 

GATTACGCCAAGCTTATCACGGCATTCTGGCAGTGATGGCCC - 3’) at the touchdown 

PCR condition shown in Table 3-1. The gene-specific primer was designed based on the 
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previously cloned partial porcine TET3 sequences (GenBank accession number: KC137685.1). 

The amplicons were gel extracted and ligated into the pRACE vector, then subsequently 

transformed into TOP10 competent cells. Plasmids were isolated from the randomly selected 3 – 

5 clones using the GeneJET Plasmid Miniprep Kit (ThermoFisher Scientific, USA), and sent out 

for Sanger sequencing.   

 

RT-PCR 

Polyadenylated RNAs were isolated from the pooled oocytes (n=30) and cumulus cells at 

both GV and MII stages using Dynabeads mRNA Direct Kit (Thermo Fisher Scientific). cDNAs 

were synthesized from isolated mRNAs isolated using Maxima H Minus First Strand cDNA 

Synthesis Kit (Thermo Fisher Scientific). cDNAs were PCR amplified with isoform-specific 

primers designed based on 5’RACE results and EST databases using the DreamTaq DNA 

Polymerases (ThermoFisher Scientific) under the following PCR condition: initial denaturation 

at 95°C for 2min, 40 cycles of denaturation at 95°C for 30s, annealing at 60°C for 30s, and 

extension at 72°C for 60s, and final extension at 72°C for 5min. Primer sequences are described 

in Table 3-2.  

 

Quantitative RT-PCR 

Polyadenylated RNAs were isolated from the pooled oocytes (n=30) and cumulus cells 

using Dynabeads mRNA Direct Kit (Thermo Fisher Scientific). RNA was isolated from porcine 

ovary, spleen, lung, and brain tissues using RNeasy Plus Mini Kit (QIAGEN). cDNAs were 

synthesized using Maxima H Minus First Strand cDNA Synthesis Kit (Thermo Fisher Scientific) 
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according to the manufacturer’s instructions. Two primer sets spanning CXXC domain or 

oxygenase domain (Table 3-2) were used for quantitative RT-PCR to characterize the expression 

pattern of the TET3L isoform. PCR amplification and detection of the amplicons were conducted 

with the ABI 7500 Real-Time PCR System (Applied Biosystems) using PerfeCTa SYBR Green 

SuperMix (Quantabio) under the following conditions: 95°C for 3min, 40 cycles of denaturation 

at 95°C for 10s, and annealing at 60°C for 60s. All of the threshold cycle (CT) values of the 

tested genes were normalized to GAPDH level, and relative ratios were calculated using the 

2−ΔΔCt method. Three biological and three experimental replications were used. Differences in 

gene expression were evaluated by Student’s t-test. P<0.05 was considered as statistically 

significant.   

 

Results 

Three TET3 isoforms in porcine cumulus cells 

Previous studies in mouse and human demonstrate that the presence of the N-terminal 

CXXC domain varies among TET3 isoforms; C-terminal Fe(II)- and 2-ketoglutarate-dependent 

catalytic domain is conserved in all isoforms. Previously, we cloned the TET3 mRNA sequence 

lacking CXXC domain from MII stage porcine oocytes through RT-PCR. Due to the lack of 

complete porcine EST database, it was uncertain whether the cloned TET3 sequence represented 

the entire coding of TET3 mRNAs in porcine oocytes. Therefore, to identify the full length of 

TET3 mRNA sequences and its isoforms in porcine oocytes, 5’RACE was conducted using a 

primer designed based on the previously cloned TET3 and computationally predicted TET3 

sequences (Fig. 3-1A). Polyadenylated mRNAs were isolated from oocytes and cumulus cells at 

both GV and MII stages, and 5’ ends of TET3 cDNA were amplified using the TET3-specific 
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primer. In the 5’RACE assay, one PCR amplicon from GV cumulus cells and two amplicons 

from MII cumulus cells were detected (Fig. 3-1B). However, there was no obvious PCR product 

in both GV and MII oocytes (Fig. 3-1B). Sequencing of the PCR products from cumulus cells 

revealed that one TET3 isoform and two TET3 isoforms were present in GV and MII stage 

cumulus cells, respectively. The three isoforms possessed distinct exons at the 5’ end, whereas 

exons at the 3’ side (7 exons), constituting Fe(II)- and 2-ketoglutarate-dependent catalytic 

domain, were conserved between the isoforms (Fig. 3-2). Among the three isoforms, only the 

longest form, identified in MII cumulus cells (referred hereafter to as pTET3L), contained 

sequences representing the CXXC domain at N-terminal. The coding sequence (CDS) of 

pTET3L was identical with that of the computationally predicted TET3; however, a unique 5’ 

untranslated region (5’UTR) was identified in the first two exons of the pTET3L (Fig. 3-2). 

Another isoform detected in MII cumulus cells (referred hereafter to as pTET3M) was shorter 

than the pTET3L isoform and lacked the N-terminal CXXC domain (Fig. 3-2). The shortest 

isoform detected in GV cumulus cells (referred hereafter to as pTET3S) also did not contain 

CXXC domain (Fig. 3-2).   

 

pTET3L as a predominant isoform of TET3 in porcine oocytes 

The absence of amplicons from TET3 5’RACE in oocytes could be attributed to the 

amount of template originated from oocytes. Since we were able to clone a TET3 isoform from 

porcine oocytes during our previous study, we were certain that at least one TET3 isoform was 

present in mature porcine oocytes. Therefore, presence of the three TET3 isoforms detected in 

cumulus cells was explored in MII oocytes using RT-PCR. The isoform-specific primers were 

designed based on sequences obtained from the 5’RACE results and EST databases (Fig. 3-3A 
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and 3-4A). Interestingly, only pTET3L isoform was detected from MII oocyte-derived cDNA, 

while MII cumulus cells possessed both pTET3L and pTET3M (Fig. 3-3B, 3-3C, 3-4B, and 3-

4C). The expression of pTET3S isoform was identified in GV cumulus cells, but not detected in 

MII oocytes (data not shown). The RT-PCR data suggests that pTET3L may be the predominant 

isoform in porcine MII oocytes. At the amino acid sequence level, the pTET3L isoform 

containing CXXC domain was homologous to the full-length TET3 isoforms of mouse 

(mTET3FL) and human (hTET3FL); amino acid sequence identities of pTET3L with mTET3FL 

and hTET3FL were 87% and 91%, respectively (Fig. 3-5). The pTET3M isoform, which was not 

expressed in porcine MII oocytes, was homologous to the short TET3 isoforms of mouse 

(mTET3S) and human (hTET3S) lacking CXXC domain (Fig. 3-5).  

To analyze the transcript abundance of the pTET3L isoform in MII oocytes, quantitative 

RT-PCR was performed using two primer sets. One primer set was designed to amplify pTET3L-

specific CXXC domain, and the other primer set spanned a catalytic domain, which is conserved 

among the pTET3 isoforms (Fig. 3-6A). Intriguingly, the expression level of pTET3L increased 

over 3-fold during oocyte maturation, i.e. from GV to MII stage oocytes, implying that oocytes 

are preparing to demethylate the paternal pronucleus by elevating pTET3L transcription. A 

similar increase (approximately 3-fold) was found in the overall TET3 transcripts during 

maturation (Fig. 3-6B). The similar transcriptional increases between the pTET3L and the overall 

pTET3 isoforms indicate that pTET3L is the major isoform present in porcine oocytes. The 

transcript abundance of pTET3L in oocytes was compared to that in different cells and/or tissues 

including ovary, brain, spleen, and lung. The expression level of pTET3L isoform was much 

higher in MII oocytes compared to that in somatic tissues; MII oocytes expressed the pTET3 

isoform over 180-fold higher than brain cells and 20-fold higher than lung cells (Fig. 3-6C). A 
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similar expression pattern was observed when the abundance of the overall TET3 transcripts 

were measured using the primers spanning oxygenase domain (Fig. 3-6C). The PCR results 

suggest that pTET3L, the predominant isoform expressed in oocytes, may have a significant role 

in DNA demethylation after fertilization. 

      

Discussion 

Since the report of the actions of TET proteins in mammalian embryos and pluripotent 

stem cells, TET3 has been considered as one of the major factors responsible for epigenetic 

reprogramming of preimplantation stage embryos. However, little is known about how TET3 

targets specific genome loci because of limited information on the predominant TET3 isoform in 

oocytes and the role of the presumable DNA binding domain of TET3, the CXXC domain. 

Although two TET3 isoforms, CXXC-containing TET3FL and CXXC-lacking TET3S, have been 

identified in mouse and human, the major isoform of TET3 in oocytes and embryos has not been 

experimentally determined. Interestingly, a recent study identified oocyte-specific Tet3 isoform 

(mTet3O) in mouse, which is structurally different from the other two isoforms. The mTet3O 

transcript is created by an alternative promoter located approximately 5kb upstream of the start 

codon of mTet3FL isoform, and lacks CXXC domain via alternative splicing (189). As the 

isoform is not detected in embryonic stem cells or somatic tissues, including neuronal cells, the 

study argues that the isoform is predicted to be involved in preferential global oxidation of the 

paternal genome in mouse zygotes. In our study, we cloned three different TET3 isoforms in 

porcine cumulus cells and detected an enriched expression of a single isoform in mature porcine 

oocytes. Consistent with the mouse study (189), the short TET3 isoforms, lacking CXXC 

domain, were not expressed in porcine oocytes. In a previous study in the mouse, the relative 
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expression level of CXXC-containing mTet3FL is much weaker than that of mTet3O in oocytes 

(189), while mTet3FL is considered as a predominant form expressed in neuronal cells (190, 

191). Contrary to mouse oocytes, we observed a high expression level of CXXC-containing 

TET3 isoform (pTET3L) in porcine oocytes compared to somatic tissues, including brain tissue. 

Furthermore, approximately a 3-fold increase in transcript amount was observed in both pTET3L 

and overall pTET3 during oocyte maturation. These results suggest that the TET3 isoform 

possessing CXXC domain may play an important role in global demethylation of the paternal 

genome in porcine zygotes. Although the possibility of the presence of another oocyte-specific 

TET3 isoform in porcine oocytes cannot be excluded, we could not find an isoform homologous 

to mTet3O isoform via in silico searches of porcine EST databases and genomic sequences.  

Although 5’- and 3’-untranlated regions (UTRs) do not contribute to amino acid sequence 

of proteins, the regions contribute to the regulation of protein translation by forming specific 

secondary structure or providing binding sites for RNA binding proteins (192). Translation of 

TET family proteins are also regulated by interactions between the UTRs of TET family genes 

and miRNAs (193, 194). In 5’RACE assay, we found 5’UTR sequences (786bp) of the pTET3L, 

highly homologous to that of mTet3FL and hTET3FL; nucleotide sequence identity with 

mTet3FL and hTET3FL was 81% and 88%, respectively. The 5’UTR sequence of the pTET3L 

was longer than the reported sequences of mTet3FL (532bp) and hTET3FL (672bp), suggesting 

that the full 5’UTR sequences of mTet3FL and hTET3FL may be longer than previously 

reported. In addition, the 5’UTR sequence of pTET3L included a number of CpG sites (72 CpG 

sites). Particularly, the newly identified sequences that do not overlap with reported 5’UTR 

sequences in mouse and human possessed extremely high CpG density (24 CpG sites within 
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118bp). The high CpG content implies an important role of the 5’UTR in transcriptional 

regulation of pTET3L as a part of the CpG islands overlap with the promoter region of TET3.     

Identification of TET3 isoform types located in oocyte and zygote is essential to 

understand the mechanistic action of TET3 in the demethylation process. Unlike CXXC domain 

of other proteins, such as MLL and CFP1, which require unmethylated CpG dinucleotides for 

DNA binding (183, 195), the CXXC domain of TET3 has unique DNA binding characteristics. 

Specifically, CpG dinucleotide context is not essential, but the presence of unmodified cytosine 

base is required for DNA binding of the CXXC domains of Xenopus and human TET3 (186). 

Similarly, CpG dinucleotides are not absolutely required for DNA binding of the CXXC domain 

of mouse Tet3, although CpG dinucleotides are slightly preferred compared to other bases (188). 

These reports suggest that the specific DNA binding property of TET3 CXXC domain could 

influence pTET3L targeting loci on the genome of porcine preimplantation embryos. 

Interestingly, mTet3S isoform lacking CXXC domain displays similar DNA binding 

characteristics to the mTet3FL isoform; mTet3S also has a slight preference for CpG 

dinucleotides, especially for substrates with methylated CpG sites (188). However, the CXXC 

domain alone possesses lower binding affinity toward methylated CpG substrates compared to 

mTet3S and mTet3FL forms (188), indicating a possibility that sequences or structures outside of 

CXXC domain could affect the binding property of TET3 protein. The Cys-rich region, located 

in the catalytic domain of Tet3, is postulated to be involved in target recognition as a part of the 

DNA binding surface (196). Furthermore, mTet3S lacking intrinsic CXXC appears to associate 

with an extrinsic CXXC domain, CXXC4 protein, which may directly bind mTetS to DNA (188). 

Taken together, the oocyte specific isoform lacking CXXC domain may also have the potential 

to bind to DNA for global demethylation by utilizing other intrinsic domains, such as Cys-rich 
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region, or via interaction with an extrinsic CXXC domain. The possibility is only arguable in 

mouse because the isoform lacking CXXC domain has only been detected in mouse oocytes.   

In this study, we identified multiple TET3 isoforms in porcine oocytes and cumulus cells 

and predominant expression of pTET3L isoform containing CXXC domain in porcine oocytes. 

The findings imply an important role of CXXC domain in targeting DNA for genome-wide 

demethylation in zygotes. The differences in major TET3 isoform between mouse and porcine 

oocytes suggest a possibility of species-specific reprogramming of DNA methylation marks 

during embryo development. To clarify the role of TET3 protein in reprogramming the genome 

of porcine embryos, further studies should focus on the mechanistic action of CXXC domain 

during early post-fertilization stages.  
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Fig. 3-1. TET3 transcripts detected in porcine cumulus cells and oocytes by 5’RACE assay. (A) 

Structures of predicted and cloned porcine TET3 genes in the previous study. Gene-specific 

primer (red arrows) for 5’RACE was designed to target the conserved exon between the 

predicted and the previously cloned sequences. (B) Gel electrophoresis image of TET3 5’RACE 

PCR. Two and single TET3 amplicon(s) (red arrows) were detected in GV (GV C) and MII stage 

(MII C) cumulus cells, respectively. There were no PCR amplicons in either GV (GV O) or MII 

(MII O) stage oocytes.  
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Fig. 3-2. Gene structure of and TET3 isoforms depicted based on 5’RACE results and EST 

databases. pTET3L isoform containing N-terminal CXXC domain was structurally similar to the 

predicted pTET3 isoform. pTET3M and pTET3S isoforms possessed the conserved C-terminal 

catalytic domain, but lacked CXXC domain.  
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Fig. 3-3. RT-PCR of pTET3L isoform in MII oocytes and MII cumulus cells. (A) Primers used in 

RT-PCR analysis; four forward primers (1 – 4) were coupled with reverse primer 1 (R1) and 

eight forward primers (5 – 12) were coupled with reverse primer 2 (R2). pTET3L isoform was 

identified in both MII oocytes (B) and MII cumulus cells (C).  
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Fig. 3-4. RT-PCR of pTET3M isoform in MII oocytes and MII cumulus cells. (A) Primers used 

in RT-PCR analysis; two forward primers (1 – 2) were coupled with reverse primer 1 (R1) and 

eight forward primers (3 – 10) were coupled with reverse primer 2 (R2). (B) pTET3M isoform 

was not detected in MII oocytes; exon1, which is distinct in pTET3M isoform, was not detected, 

while other conserved regions were amplified. (C) Presence of pTET3M isoform was confirmed 

in MII cumulus cells by detecting the distinct exon1 (white arrow).    
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Fig. 3-5. Homology of porcine TET3 isoforms to mouse and human TET3 major isoforms. 

pTET3L isoform was homologous to the mouse and human full-length TET3 isoforms 

(mTET3FL and hTET3FL) containing CXXC domain; amino acid sequence identities of 

pTET3L with mTET3FL and hTET3FL were 87% and 91%, respectively. pTET3M isoform 

lacking CXXC domain was homologous to mouse and human short TET3 isoforms (mTET3S 

and hTET3S); sequence identities of pTET3M with mTET3S and hTET3s were also 87% and 

91%, respectively. Yellow box in mTET3O isoform indicates an additional N-terminal exon 

distinct from mTET3FL and mTET3S isoforms.  
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Fig. 3-6. Relative transcript abundance of pTET3L isoforms across cells and tissues. (A) 

Expression levels of pTET3L isoform and overall isoforms were measured using primer sets 

spanning CXXC domain and oxygenase domain, respectively. (B) The pTET3L isoform and 

overall isoforms showed similar increase (approximately 3-fold) during oocyte maturation. (C) 

The transcript amount of pTET3L isoform was much higher in oocytes than in somatic tissues 

(e.g. 20-fold higher than lung tissue), similar to the expression pattern of overall TET3. GAPDH 

was used as a normalizer. Results are shown as mean ± SEM (n = 3).   
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Table 3-1. PCR condition for amplification of 5’ends of TET3 mRNA 

Cycles Temperature Time 

5 

94°C  30 sec 

72°C 3 min 30 sec 

5 

94°C  30 sec 

70°C 30 sec 

72°C 3 min 30 sec 

30 

94°C  30 sec 

68°C 30 sec 

72°C 3 min 30 sec 
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Table 3-2. Primers used for RT-PCR and quantitative RT-PCR 

Usage Primer Sequence (5’  3’) 

RT-PCR (TET3L) TET3L_Exon1_F1 GGAAACTTTGCCCCTTTGTGC 

 TET3L_Exon2_F1 AGCATCATGAGTCAGTTTCAG 

 TET3L_Exon2_F2 GGGCGGAAGAAACGGAAACGGT 

 TET3L_Exon3_F1 GACAAGGGGCAGCTGTCAA 

 TET3L_Exon4_R1 CACTCGAGGTAGTCAGGGCA 

 TET3L_Exon4_F1 GTTCCCCACTTGTGATTGCG 

 TET3L_Exon5_F1 CACTCATCTGGGATCTGGCC 

 TET3L_Exon6_F1 CATCCGGATCGAGAAGGTCA 

 TET3L_Exon7_F1 GTGATTGTCATCCTCATCCTGG 

 TET3L_Exon8_F1 CAAGACTCCTCGCAAGTTCC 

 TET3L_Exon9_F1 GCTCCCCTCTATAAGCGGCT 

 TET3L_Exon10_F1 CCACAAGGACCAGCATAACCT 

 TET3L_Exon11_F1 GAGAAGATCAAGCAGGAGGCC 

 TET3L_Exon12_R1 GCGTTGCCACTGTATTTGAAGG 

RT-PCR (TET3M) TET3M_Exon1-F1 GATAATGGGAGGCCCGCC 

 TET3M_Exon2-F1 GACAAGGGGCAGCTGTCAA 

 TET3M_Exon3-R1 CACTCGAGGTAGTCAGGGCA 

 TET3M_Exon3-F1 GTTCCCCACTTGTGATTGCG 

 TET3M_Exon4-F1 CACTCATCTGGGATCTGGCC 

 TET3M_Exon5-F1 CATCCGGATCGAGAAGGTCA 
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 TET3M_Exon6-F1 GTGATTGTCATCCTCATCCTGG 

 TET3M_Exon7-F1 CAAGACTCCTCGCAAGTTCC 

 TET3M_Exon8-F1 GCTCCCCTCTATAAGCGGCT 

 TET3M_Exon9-F1 CCACAAGGACCAGCATAACCT 

 TET3M_Exon10-F1 GAGAAGATCAAGCAGGAGGCC 

 TET3M_Exon11-R1 GCGTTGCCACTGTATTTGAAGG 

qRT-PCR TET3_CXXC_F1 CAATGGCCGGGAGTGAAT 

 TET3_CXXC_R1 GCTCCTTCAGCAGCCTTTAT 

 TET3_Oxygenase_F1 TATCAGAACCAGGTGACCAATG 

 TET3_Oxygenase_R1 GTAGAGGTTATGCTGGTCCTTG 
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Chapter 4. TET3 CXXC domain is critical for post-fertilization demethylation and 

expression of pluripotency genes in pig embryos 

 

Abstract 

Ten-eleven translocation (TET) methylcytosine dioxygenases are considered to play an 

important role in the regulation of DNA methylation patterns by converting 5-methylacytosine 

(5mC) to 5-hydroxymethylcytosine (5hmC). TET3 protein, enriched in mature oocytes and early 

stage embryos, is known to initiate DNA demethylation of the paternal genome in zygotes. 

Previous studies in mouse cells indicate that the N-terminal CXXC domain of TET3 is important 

in catalyzing the oxidation of 5mC through its potential DNA binding ability; however, it is not 

clear whether the DNA binding capacity of CXXC domain is required for the 5hmC conversion 

in mammalian embryos. Here, we investigated the role of the TET3 CXXC domain in controlling 

post-fertilization demethylation in porcine embryos by injecting TET3 GFP-CXXC domain into 

mature porcine oocytes. The injected CXXC was exclusively localized in the pronuclei, 

indicating that the CXXC domain may act as a nuclear localization signal to TET3. The CXXC 

overexpression reduced the 5mC level in zygotes and enhanced the DNA demethylation of the 

NANOG promoter in 2-cell stage embryos. Furthermore, there was an increase in transcript 

abundance of NANOG and ESRRB in blastocysts developed from GFP-CXXC injected oocytes 

compared to control blastocysts. In this study, we found that the CXXC domain of TET3 is 

critical for post-fertilization demethylation of porcine embryos and proper expression of 

pluripotency related genes (NANOG and ESRRB) in blastocysts.  
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Introduction 

5-methylcytosine (5mC) is a key epigenetic mark implicated in orchestrating gene 

expression levels (171). 5mC has been regarded as the only modified cytosine form playing 

important roles in transcriptional regulation in mammalian DNA (197, 198). Recently, it has 

been demonstrated that 5mC can be oxidized into 5-hydroxymethylcytosine (5hmC) by ten-

eleven translocation (TET) family enzymes (43). 5hmC can also be further oxidized to 5-

formylcytosine (5fC) and 5-carboxylcytosine (5CaC) by TET enzymes (50, 51). 5hmC is thought 

to be an intermediate base pair of the demethylation process (199-201), as well as a stable 

epigenetic mark possessing functions distinct from 5mC (202, 203). 

All three TET enzymes, TET1, TET2, and TET3, possess 5mC oxidase activity; however, 

their expression is often tissue specific and gene structure consists of different domains. TET1 

and TET2 are abundant in pluripotent stem cells and primordial germ cells (55, 201), while TET3 

is only substantially expressed in oocytes, zygotes, and neuronal cells (63-65, 67). All the three 

TET enzymes contain C-terminal Fe(II)- and 2-oxoglutarate (2OG)-dependent catalytic domain. 

The 5mC hydroxylation is directly mediated by the domain, and thus mutation on the iron 

binding site (43) or inhibitor of 2OG-dependent dioxygenases impairs the catalytic activity of 

TET enzymes (204). TET1 and TET3 have CXXC domain, a potential DNA binding module at 

their N-terminus, whereas TET2 lacks the CXXC domain.  

The mechanistic action of TET enzymes to oxidize 5mC is relatively well characterized; 

however, molecular mechanisms for their DNA recognition and targeting are still elusive. N-

terminal CXXC domain has been considered as a potential DNA binding module of TET1 and 

TET3. The CXXC domain of other proteins, such as DNMT1 and MLL, specifically binds to 

unmethylated CpG dinucleotides (183, 184). However, different DNA binding properties of 
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CXXC domain of TET enzymes have been reported. For example, TET1 CXXC domain is 

known to bind CpG sequences regardless of cytosine modification types in mouse (83, 185), and 

TET3 CXXC is reported to bind unmethylated cytosine instead of CpG dinucleotides in Xenopus 

(186). TET2 lacks CXXC domain, but it can bind DNA sequences containing unmethylated CpG 

dinucleotides via association with an extrinsic CXXC domain (IDAX) (205). A similar 

interaction between TET3 and extrinsic CXXC domain was also reported in mouse (188). 

Furthermore, the Cys-rich region located in the catalytic domain of TET3 was postulated to be 

involved in target recognition as a part of the DNA binding surface (196). Despite efforts to 

characterize DNA binding properties of CXXC domain, it is not clear how TET proteins target to 

specific DNA loci in distinct cell types and developmental stages.  

TET3 is an essential epigenetic factor for genome-wide demethylation of the genome in 

fertilized oocytes in mammals (67). Two major isoforms have been identified in mouse and 

human; TET3 full-length isoform (TET3FL) containing CXXC domain, and TET3 short isoform 

(TET3S) lacking CXXC domain (187). Although there are differences in the domain architecture 

between the two major isoforms, it has not been clear which isoform is responsible for the post-

fertilization demethylation. Recently, a mouse study found an oocyte-specific TET3 isoform 

distinct from the two major isoforms (189); the oocyte-specific TET3 isoform lacks N-terminal 

CXXC domain. In the previous chapter, we identified TET3 isoform containing CXXC domain 

(pTET3L) as a predominant form in porcine oocytes. Here, we provide evidence that global 

demethylation is mediated by pTET3L using the intrinsic CXXC domain in pig zygotes, and that 

the transcription of NANOG in blastocyst is affected by TET3 CXXC targeting NANOG 

promoter region in early stage. Our data suggest that CXXC domain is responsible for the 

activity of pTET3L and subsequent genome-wide demethylation process.  
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Materials and Methods 

Cloning of pig TET3 CXXC  

CXXC domain of pig TET3 was identified through bioinformatics comparison of TET3 

sequences among different species. mRNAs were isolated from in vitro matured pig oocytes 

(n=40) using Dynabeads mRNA Direct Kit (Thermo Fisher Scientific), and subsequently cDNAs 

were synthesized using Maxima H Minus First Strand cDNA Synthesis Kit (Thermo Fisher 

Scientific). CXXC domain region was amplified from the cDNAs with a primer set (forward 5’- 

GGGCGGAAGAAACGGAAACGGT-3’ and reverse 5’- 

ACACTTGCGCAGTTTGCAGATCTGG-3’) under the following PCR condition: initial 

denaturation at 98°C for 30s, 40 cycles of denaturation at 98°C for 10s, annealing at 60°C for 

30s, and extension at 72°C for 30s, and final extension at 72°C for 5min, using Phusion DNA 

Polymerases (Thermo Fisher Scientific). To construct GFP-CXXC fusion protein, the amplified 

CXXC sequence was subcloned into the N-terminal GFP fusion vector (Thermo Fisher 

Scientific) and the insertion of the CXXC sequence was confirmed by Sanger sequencing. 

Subsequently, GFP-CXXC mRNA was synthesized from the linearized vector through in vitro 

transcription using the mMESSAGE mMACHINE T7 Ultra Kit following the manufacturer’s 

instruction.  

 

Microinjection  

Sow ovaries were obtained from a local abattoir and gilt oocytes were purchased from 

Desoto Biosciences Inc. Oocytes were aspirated from the follicles with a needle attached to a 
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syringe, and in vitro matured in maturation medium (medium 199 supplemented with 3.05 mM 

glucose, 0.91 mM sodium pyruvate, 0.57 mM cysteine, 10 ng/ml epidermal growth factor (EGF), 

0.5 μg/ml luteinizing hormone (LH), 0.5 μg/ml follicle stimulating hormone (FSH), 10 ng/ml 

gentamicin, and 0.1% polyvinyl alcohol (PVA); pH 7.4) for 30–32 h at 38.5 °C, 5% CO2, and 

100% humidity. Cumulus cells were removed by vortexing in denuding medium (0.3 M 

mannitol, 0.001% BSA, 0.03% hyaluronidase, 5% TL-Hepes medium in distilled water; pH 7.4). 

In vitro-synthesized TET3 CXXC mRNA (100ng/µl) was injected into the collected oocytes at 

30-32h post the start of in vitro maturation using the FemtoJet microinjector (Eppendorf) in 

manipulation medium (medium 199 supplemented with 0.6mM NaHCO3, 2.9mM Hepes, 30mM 

NaCl, 10ng/ml gentamicin, and 3mg/ml BSA; pH 7.4) on a heated stage of a Nikon inverted 

microscope. To confirm intracellular localization of TET3 CXXC, GFP mRNA (100ng/µl) 

injected oocytes used as a control. The GFP mRNA injected embryos were also used as a control 

for immunocytochemistry (ICC) and water injected oocytes served as a control for quantitative 

RT-PCR analysis. The injected oocytes were placed in maturation medium and incubated for 7–8 

h to complete maturation. After in vitro maturation, oocytes were fertilized in mTBM medium 

(modified Tris-buffered medium with 113.1mM NaCl, 3mM KCl, 7.5mM CaCl2, 11mM glucose, 

20mM Tris, 2mM caffeine, 5mM sodium pyruvate, and 2mg/ml BSA; pH 7.4) for 5 h at 38.5 °C, 

5% CO2, and 100% humidity, and then placed in PZM3 medium (158) for embryo culture.    

 

Immunocytochemistry (ICC)  

Zona-free embryos were fixed in 4% paraformaldehyde for 15 min at room temperature. 

The fixed embryos were washed and permeabilized in PBS containing 0.25% TritonX-100 for 

1h. Then, the embryos were treated with 2N HCl for 30min and neutralized in Tris–HCl pH 8.5 
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for 10min. The samples were incubated in PBS containing 0.1% Tween- 20 and 2% bovine 

serum albumin for 1h at room temperature. After blocking, embryos were incubated in blocking 

solution together with 5mC (dilution 1:100; Active Motif) antibody overnight at 4°C. The next 

day, the samples were washed in blocking solution and stained with secondary antibodies 

conjugated with CFTM 555 (dilution 1:500) for 1h at room temperature. DNA was stained with 1 

μg/ml DAPI.  

 

Quantitative RT-PCR 

Seven to nine blastocysts per group were collected on day 7 to analyze gene expression 

patterns of TET family and pluripotency-related genes using quantitative RT-PCR. mRNA was 

immediately isolated from the pooled embryos using Dynabeads mRNA Direct Kit (Thermo 

Fisher Scientific), followed by cDNA synthesis using Maxima H Minus First Strand cDNA 

Synthesis Kit (Thermo Fisher Scientific) according to the manufacturers’ instructions. 

Amplification and detection of PCR products were conducted with the ABI 7500 Real-Time 

PCR System (Applied Biosystems) using PerfeCTa SYBR Green SuperMix (Quantabio) under 

the following conditions: 95°C for 3min, 40 cycles of denaturation at 95°C for 10s, and 

annealing at 60°C for 60s. Primer information can be seen in Table 4-1. All of the threshold 

cycle (CT) values of the tested genes were normalized to GAPDH level, and relative ratios were 

calculated using the 2−ΔΔCt method. Three biological and three experimental replications were 

used. Differences in the gene expression were evaluated by Student’s t-test. P<0.05 was 

considered as statistically significant.  
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Bisulfite DNA sequencing 

For analysis of DNA methylation status of repetitive elements and NANOG promoter 

regions, 25 2-cell embryos were pooled and their DNA was treated with bisulphite using EZ 

DNA methylation kit (Zymo Research) following the manufacturer’s instruction. Subsequently, 

the bisulphite-treated DNA was PCR-amplified using specific primer sets under the following 

PCR conditions: initial denaturation for 2min at 95°C and 40 cycles of denaturation for 30s at 

95°C, annealing for 30s at 50°C, extension for 30s min at 72°C, followed by a final extension for 

2min at 72°C. Primers used for amplification of PRE-1 are forward 5’-

GAGTATGTAGTTAGAAAAATAAAAATTAAA-3’ and reverse 5’-

CACAAAAATATTTCAACCCAAATAAAAT-3’. Primers used for amplification of NANOG 

promoter are forward 5’-AAAATTAGGTAGAGATATTATTAAAAA-3’ and reverse 5’- 

AAATATTCCCTCTATACCCACTTAAC-3’. The PCR products were purified using GeneJet 

gel extraction kit (Thermo Fisher Scientific) and were then ligated into pCR 2.1 TA cloning 

vector (Invitrogen). Fourteen to 16 colonies of each cloned sample were sequenced and 

evaluated.   

 

Results 

TET3 CXXC as nuclear localization signal 

In the previous chapter, we found that pTET3L isoform containing N-terminal CXXC 

domain is predominantly present in porcine MII oocytes. Sequences representing porcine TET3 

CXXC domain, consisting of 40 amino acids, were successfully cloned from the mRNA of MII 

oocytes (Fig. 4-1A) and fused with GFP gene at N-terminal region to track localization of the 
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CXXC in embryos (Fig. 4-1B). The GFP-CXXC was exclusively expressed in the (pro)nuclei of 

zygotes and 2-cell embryos, while control GFP was identified in both nucleic and cytoplasm 

(Fig. 4-2). These findings indicate that CXXC domain may be responsible for nuclear 

localization of pTET3L in early stage embryos. Although the nuclear localization signal (NLS) of 

TET3 short form is located at the C-terminus (206, 207) (Fig. 4-3A), sequences acting as the 

NLS for TET3 long form, containing CXXC domain, has not been experimentally determined. 

The nuclear localization of injected GFP-CXXC implies sequences within CXXC domain may 

lead TET3 long form to nucleus. Therefore, a web-based computer software (208) was used to 

search for NLS sequences within the CXXC domain. One predicted NLS region (GRKKRK) was 

identified within the CXXC domain sequences which is conserved in mouse, human and porcine 

TET3 long form (Fig. 4-3B). This result indicates that the NLS within CXXC domain may 

transport TET3 long form into the nucleus.   

 

Overexpression of TET3 CXXC facilitates global demethylation at zygote stage 

As pTET3L is the predominant isoform in porcine oocytes and the isolated CXXC 

domain is localized to the pronucleus of zygotes, we assumed that CXXC domain is important 

for DNA recognition of pTET3L and subsequent post-fertilization demethylation process. To 

examine the function of TET3 CXXC domain in the demethylation process, embryos 

overexpressing CXXC domain was analyzed for the level of 5mC in the embryos. In ICC assay, 

zygotes injected with CXXC exhibited decreased 5mC level compared to control embryos (Fig. 

4-4A). However, there was no detectable difference in 5mC levels between the CXXC 

overexpression and the control group at 2-cell stage (Fig. 4-4A). When the intensity of 

fluorescence was quantified, the 5mC level of zygotes overexpressing CXXC was significantly 
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lower than that of control zygotes (Fig. 4-4B upper-left). However, the 5mC level of 2-cell 

embryos injected with CXXC did not differ from that of control 2-cell embryos (Fig. 4-4B 

upper-right). While the level of 5mC gradually decreased from zygotes to 2-cell stage in control 

embryos (Fig. 4-4B bottom-left), a similar level of 5mC was detected between zygotes and 2-cell 

embryos overexpressing TET3 CXXC (Fig. 4-4B bottom-right). This finding suggests that 

injected CXXC facilitates global demethylation at the zygote stage, resulting in the low DNA 

methylation status of zygotes corresponding to the level that is normally attained at 2-cell stage.  

 

CXXC-triggered hyper-demethylation increases the expression of NANOG  

Although overexpression of CXXC facilitated demethylation at zygote stage, significant 

changes in the global methylation level were not detected at 2-cell stage. Because subtle 

methylation changes are not detectable by ICC, bisulfite genomic sequencing was conducted to 

observe locus-specific methylation status in 2-cell embryos. The methylation level of repetitive 

elements, PRE-1, in 2-cell embryos was not changed by CXXC injection compared to that of 

control embryos, consistent with the ICC results (Fig. 4-5A).  

Because deficiency in maternal Tet3 impeded initial demethylation of Nanog promoter in 

mouse embryos (67), we assessed the methylation level of NANOG promoter in porcine embryos 

to examine the effect of CXXC overexpression on demethylation of the region. Interestingly, 2-

cell embryos injected with CXXC displayed a lower DNA methylation level than control 

embryos, indicating demethylation of NANOG promoter was enhanced by the injected CXXC 

domain (Fig. 4-5B). Next, expression levels of pluripotency genes, including NANOG, were 

measured by quantitative RT-PCR to examine whether the altered methylation level by CXXC 
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overexpression affects the transcription of pluripotency genes in blastocysts. Frequency of 

blastocyst formation at day 7 in embryos injected with CXXC was not different from that in 

injection control embryos, although the blastocyst formation was lower compared to non-injected 

IVF control embryos (Table 4-2). The transcript amounts of NANOG and ESRRB were 

significantly increased (approximately 3- and 2-fold, respectively) by CXXC overexpression 

(Fig. 4-6A). Expression levels of other pluripotency genes, OCT4 (POU5F1) and SOX2, were 

not changed (Fig. 4-6A). Also, CXXC overexpression did not impact the transcription of TET 

family genes (Fig. 4-6B). Along with the bisulfite sequencing data, the RT-qPCR result indicates 

that enhanced demethylation of NANOG promoter in early stage embryos by CXXC 

overexpression leads to the increased NANOG expression at blastocyst stage. 

   

Discussion 

Mammalian preimplantation embryos undergo a series of dynamic epigenetic 

reprogramming and the genome-wide demethylation is the first step of the reprogramming 

process. Although TET3 is an essential player for the demethylation, especially in the paternal 

pronucleus, very limited information is available on possible mechanisms of TET3 action in the 

recognition of methylated genomic regions and target specificity. A previous study using 

Xenopus embryos suggested that TET3 CXXC domain possesses unique DNA binding properties 

critical for TET3 targeting (186). However, the role of CXXC domain in TET3-driven 

demethylation has remained elusive in mammalian preimplantation embryos. In this study, we 

provide an evidence that the global DNA demethylation after fertilization is mediated by 

pTET3L isoform potentially by utilizing its CXXC domain in porcine zygotes. In the subcellular 

localization examination, we confirmed exclusive localization of isolated TET3 CXXC domain 
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into the (pro)nuclei of zygotes and 2-cell embryos, suggesting that CXXC domain lead to nuclear 

localization of pTET3L isoform in early porcine embryos. Furthermore, the identification of 

putative NLS within CXXC of pTET3L supports the role of CXXC domain in nuclear 

localization of pTET3L. In Xenopus study, CXXC-deleted Tet3 mutant could be localized into 

the nucleus of somatic cells (186). However, the nuclear localization of CXXC-deleted Tet3 

mutant seems to be enabled by using an alternative NLS located at C-terminus, which is 

responsible for the nuclear localization of TET3 short form lacking CXXC domain (206, 207). 

Meanwhile, TET3 has been known to preferentially demethylate the paternal pronucleus of 

zygotes because catalytic activity of TET3 is protected by STELLA in the maternal pronucleus 

(71, 77). Although the activity of TET3 is limited or vague in the maternal pronucleus, recent 

studies argued that the maternal genome is demethylated by TET3 to some extent (153, 154). In 

this study, injected CXXC domains were detected in both pronuclei in zygotes, even though 

parental origin of the pronucleus could not be distinguished. Our data support the notion of 

TET3-mediated active demethylation in both parental pronuclei in zygotes (153, 154). 

The TET3-driven active demethylation in the paternal pronucleus has been demonstrated 

by an increase in the 5mC level in Tet3-deficient mouse zygotes (63, 67, 153). The TET3-

mediated 5mC oxidation is also reported in preimplantation embryos of other species, such as 

porcine (209) and bovine (121), indicating that the demethylation process is conserved across 

species. In the studies mentioned above, overall TET3 was ablated, regardless of isoforms, by 

targeting conserved regions between the isoforms to observe the effect of overall TET3 

deficiency on 5mC oxidation. However, the presence of two isoforms with different domain 

architecture in mouse oocytes (189) raises a question about distinct roles of the isoforms in the 

demethylation process. Indeed, mTet3FL isoform containing CXXC domain was less effective in 
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5mC oxidation compared to other isoforms lacking CXXC domain in dot blot analysis and 

luciferase reporter assays (189). The predominant expression of pTET3L isoform containing 

CXXC domain in porcine oocytes (see Chapter 3) implies an important role of CXXC domain in 

the demethylation process occurring in early preimplantation embryos. In ICC assay, the global 

5mC level was significantly decreased in porcine zygotes overexpressing CXXC domain, 

indicating that CXXC domain facilitated the demethylation process. On the other hand, the 

enhanced demethylation by CXXC overexpression was not detected at 2-cell stage porcine 

embryos. A plausible explanation for this result is that 5mC oxidation is mostly achieved at 

zygote stage by pTET3L isoform via DNA binding of CXXC, and then oxidation derivatives, 

such as 5hmC, 5fC, and 5caC, are removed in a DNA replication-dependent manner from 2-cell 

stage porcine embryos, as suggested by a mouse study (210). Further studies on dynamics of the 

isoform-specific expression of TET3 and the level of 5mC derivatives during the preimplantation 

development of porcine embryos will be helpful to validate the speculation.   

Consistent with the ICC results, the methylation level of the repetitive element (PRE-1) 

in 2-cell embryos was not changed by CXXC overexpression in bisulfite sequencing analysis. 

This result is in agreeance with a previous mouse study where the absence of Tet3 had a limited 

impact on the methylation level of repetitive elements (211). However, CXXC overexpression 

induced decreases in the methylation level of NANOG promoter region in 2-cell embryos. This 

finding is an opposing effect of the outcomes from Tet3 depletion demonstrated in mouse study, 

where Tet3 deficiency interfered with demethylation of Nanog and Oct4 in zygotes (67). The 

hypermethylation of Oct4 promoter by Tet3 deficiency resulted in a delayed activation of Oct4 in 

mouse embryos (67). Similarly, our previous study demonstrates that TET3 knockdown leads to 

a decreased NANOG expression in porcine blastocysts (209). Contrary to the effect of TET3 
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knockdown on NANOG expression, the CXXC overexpression in zygotes resulted in an 

increased NANOG expression in blastocysts. The enhanced demethylation on NANOG promoter 

and the hyperactivation of NANOG in blastocysts after TET3 CXXC overexpression suggests 

that the DNA binding of CXXC domain is important for TET3 action on the reprogramming of 

NANOG gene in porcine embryos. The findings lead us to a model in which pTET3L mediates 

DNA demethylation utilizing CXXC domain critical for NANOG expression in porcine embryos 

(Fig. 4-7). Specifically, we hypothesize that pTET3L is not involved in the demethylation of 

repetitive elements because TET3 CXXC domain lacks binding affinity towards the regions. The 

CXXC overexpression facilitates demethylation of NANOG by recruiting more pTET3L to the 

CXXC binding sites, thus upregulating NANOG expression in blastocysts.  

Meanwhile, along with NANOG, expression of ESRRB was also increased in blastocysts 

by CXXC overexpression. The expression pattern of ESRRB was also aligned with NANOG in 

TET1 KO or DMOG-treated blastocysts; expression of NANOG and ESRRB was increased in 

TET1 KO blastocysts, while their expression was decreased in DMOG-treated blastocysts (see 

Chapter 2). This result reinforces the notion that transcription of ESRRB is regulated by NANOG 

in porcine embryos (see Chapter 2) similar to the pluripotency gene networks of mouse 

pluripotent stem cells in which Nanog directly binds to Esrrb and stimulates Esrrb transcription  

(173).  

In summary, we demonstrate that the CXXC domain of pTET3L isoform is closely 

involved in post-fertilization demethylation of porcine zygotes. Although the global methylation 

level of zygotes was decreased by overexpression of CXXC domain, it had a limited impact on 

repetitive elements, suggesting that pTET3L did not target these regions. On the other hand, 

overexpression of the CXXC domain resulted in enhanced demethylation of NANOG promoter in 
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early embryos and increased NANOG expression in blastocysts. Our findings suggest that DNA 

targeting of CXXC domain is critical for TET3-mediated global demethylation in zygotes and 

proper expression of NANOG in blastocysts.  
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Fig. 4-1. Strategy of cloning porcine TET3 CXXC domain and expression of GFP-CXXC via 

microinjection. (A) N-terminal porcine TET3 sequences reflecting CXXC domain (40 amino 

acids) was identified through NCBI’s conserved domain database. (B) CXXC domain was 

subcloned into N-terminal GFP fusion vector and mRNA was in vitro transcribed to inject into 

metaphase II (MII) oocytes.    
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Fig. 4-2. Nuclear localization of TET3 CXXC domain. The GFP-CXXC domain was exclusively 

localized in pronuclei (zygotes) and nuclei (2-cell embryos) whereas expression of control GFP 

was detected in both (pro)nuclei and cytosol. Arrows and arrow heads indicate pronuclei and 

nuclei, respectively. Scale bar = 100μm.  
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Fig. 4-3. Nuclear localization sequences (NLS) of TET3 isoforms. (A) NLS located in C-

terminus of mouse and human TET3 short forms identified in previous studies. (B) TET3 long 

form contains the C-terminal NLS as well as a potential N-terminal NLS within CXXC domain. 

mTET3S, mouse TET short form; hTET3S, human TET3 short form; mTET3FL, mouse TET3 

full length; hTET3FL, human TET3 full length; and pTET3L, porcine TET3 long form.
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Fig. 4-4. Changes of 5mC levels in embryos by CXXC overexpression. (A) ICC assay with 5mC antibody showed decrease of 5mC 

level by CXXC overexpression in zygotes. Arrows indicate pronuclei or nuclei of embryos. (B) Intensity of 5mC fluorescence was 

quantified using the Image J software. 5mC level of CXXC-injected zygotes was lower than that of control zygotes, while there were 
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no differences in 5mC levels between CXXC-injected and control embryos at 2-cell stage. In control embryo, 5mC level was 

decreased following embryo cleavage, however, the low 5mC level was maintained during the transition from zygotes to 2-cell 

embryos.  
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Fig. 4-5 Bisulfite sequencing analysis of DNA methylation level in 2-cell embryos. (A) 

Methylation level of PRE-1, the repetitive elements, was not altered by CXXC overexpression. 

(B) Methylation level of NANOG promoter region was reduced in embryos injected with CXXC 

compared to that in control embryos. Red color in the diagram of NANOG gene indicates the 

promoter region that methylation level was measured.  
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Fig. 4-6. Transcript abundance of pluripotency related genes and TET family genes in 

blastocysts derived from CXXC-injected zygotes. The expression level of NANOG and ESRRB 

was increased in CXXC-injected blastocysts compared to that of control blastocysts. No 

statistical difference in expression of TET family genes was observed between CXXC-injected 

blastocysts and control blastocysts. GAPDH was used as a normalizer. Results are shown as 

mean ± SEM (n = 3). Statistical significance is indicated by asterisks presenting P-values (* P < 

0.05).    
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Fig. 4-7. Graphical summary and proposed mechanism of pTET3L actions on DNA 

demethylation in porcine embryos under the CXXC overexpression.  
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Table 4-1. Primers used for RT-qPCR analysis. 

Primers Sequence (5’  3’) 

GAPDH_forward ATGACATCAAGAAGGTGGTGAAGC 

GAPDH_reverse CCAGCATCAAAAGTGGAAGAGTGA 

OCT4_forward TTTGGGAAGGTGTTCAGCCAAACG 

OCT4_reverse TCGGTTCTCGATACTTGTCCGCTT 

NANOG_forward AGGACAGCCCTGATTCTTCCACAA 

NANOG_reverse AAAGTTCTTGCATCTGCTGGAGGC 

SOX2_forward TGTCGGAGACGGAGAAGCG 

SOX2_reverse CGGGGCCGGTATTTATAATCC 

ESRRB_forward CTGCAAGGCCTTCTTCAA 

ESRRB_reverse CGTTTGGTGATCTCACACTC 

TET1_forward TGTCGGCTTGGCAAGAAAGA 

TET1_reverse AGACCACTGTGCTGCCATTA 

TET2_forward GTGAGATCACTCACCCATCGCATA 

TET2_reverse TACTGGCACTATCAGCATCACAGG 

TET3_forward TCTTCCGTCGTTCAGCTACTACAG 

TET3_reverse GTGGAGGTCTGGCTTCTTAAA 
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Table 4-2. Development of embryos injected with TET3 CXXC. Frequency of blastocyst 

formation at day 7 decreased in embryos injected with CXXC compared to that in IVF control 

embryos, but did not differ from that in injection control embryos. Different letters indicate 

statistical difference. 

 Number of blastocysts at day 7 (%) Number of oocytes used 

IVF control 17 (20.5)a 83 

Injection control (water) 22 (12.3)ab 179 

CXXC injection 35 (9.6)b 364 
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Chapter 5. Overexpression of methyl-binding domain protein 1 (MBD1) disrupts 

preimplantation embryo development in pigs  

 

Abstract 

The conversion of 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC) by TET 

enzymes initiates DNA demethylation following fertilization in mammals. The 5hmC also serves 

as a stable epigenetic marker that regulates the level of transcription. The presence of CXXC 

domain in TET1 and TET3 indicates that direct interaction with the genome may be critical for 

their function; however, the binding requirement of TET family for their function still remains 

elusive. Methyl-CpG-binding domain proteins (MBDs) have the ability to bind 5mC and play a 

critical role in mediating DNA methylation, histone modification, and act as transcriptional 

repressors. A recent study demonstrated the MBD proteins can inhibit the function of TET1 by 

occupying TET1 target loci in mouse cells. The conversion of 5mC to 5hmC by TET family can 

keep genes in an activated state because 5hmC is not typically recognized by MBD. This 

competitive action between TET and MBD family may be involved in maintaining a proper level 

of DNA methylation during embryogenesis. The aim of this study was to clone the full coding 

sequence (CDS) of maternal porcine MBD members (MBD1, MBD3, and MBD4) from MII stage 

oocytes to study the impact of MBD family during porcine embryo development. Cloning of 

porcine MBD1, MBD3, and MBD4 revealed that the genes are highly conserved among different 

species, indicating that the genes could be involved in maintaining the proper level of DNA 

methylation during porcine embryo development. When MBD1 mRNA was overexpressed in 

embryos, the frequency of blastocyst formation was significantly lower compared to that from 

IVF control and water injected groups. This result indicates that the overexpression of MBD1 
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may negatively affect early embryo development in pigs by disrupting proper maintenance of 

DNA methylation levels. Specifically, we speculate that proper competitive binding of MBD1 

and TET3 to 5mC is critical for normal development in pigs.  

 

Introduction 

In mammals, the fifth carbon of cytosine residue at CpG dinucleotides can be modified to 

5-methylcytosine (5mC) by DNA methyltransferases (DNMTs) (212). Generally, vertebrate 

DNA carry low number of CpG dinucleotides, except for some regions with high frequencies of 

CpG sites, termed CpG islands (213, 214). CpG islands are commonly found in promoter regions 

and related to gene expression; methylated CpG islands in promoter or enhancer regions are 

typically associated with gene repression (81, 215). Non-CpG methylation marks have also been 

recently identified in oocytes, embryonic stem cells (ESCs), and neurons (19-22); however, the 

epigenetic role of such methylation still remains elusive. Although technological developments 

allow for the genome-scale profiling of CpG distribution in cells, interpretation of DNA 

methylation patterns and their role in epigenetic plasticity have not been fully identified.  

DNA methylation patterns are modulated and interpreted by groups of proteins: DNA 

methylation ‘writers’, ‘readers’, and ‘editors’. While methylation marks are added to DNA by 

DNMTs, the methylation ‘writers’, 5mC is specifically recognized and translated by methylation 

‘readers’. Methyl-CpG binding domain (MBD) proteins represent one family of methylation 

‘readers’ (216, 217). Five members of MBD protein family have been well characterized in 

mammals, including MBD1, MBD2, MBD3, MBD4, and MeCP2. These proteins often bind to 

methylated CpG dinucleotides with high affinity (218, 219). In addition, MBD proteins play an 
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important role as a transcriptional regulator by coordinating crosstalk between DNA methylation 

and histone modification (220, 221). 

Ten-elven translocation (TET) proteins are recently defined DNA methylation ‘editors’ 

and carry out hydroxylation of 5mC to generate 5-hydroxymehtylcytosine (5hmC) (43). Initially, 

the 5hmC bases are known as an intermediate during the DNA demethylation process because 

5hmC can be further oxidized by TET proteins to 5-formylcytosine (5fC) and 5-carboxylcytosine 

(5caC), and ultimately demethylated through the thymine DNA glycosylase (TDG)-dependent 

base excision repair (222). Interestingly, recent studies indicate that 5hmC serves as a stable 

epigenetic marker involved in transcriptional regulation (167), cellular reprogramming (223), 

and stem cell pluripotency (84). The TET proteins can regulate gene expression by binding to 

different transcription regulation sites. Specifically, direct binding of TET proteins to the genome 

can regulate gene expression by controlling binding activity of specific transcription factors at 

various promoter regions (83, 167). TET1 can also act as a gene repressor through association 

with a transcriptional repressor complex (85). Furthermore, TET proteins can affect gene 

expression by regulating the level of histone O-GlcNAcylation (224, 225). These results suggest 

that the role of TET family members is not limited to a key factor in DNA demethylation as a 

hydroxylase, but can orchestrate the fine tuning of transcription. 

Genomic distribution of 5hmC shows a unique pattern in different cells, tissues, and 

development stages (226), implying that 5hmC formation by TET proteins is involved in the 

identity of cells and tissues. Since typically, MBD proteins repress gene expression by specific 

binding to 5mC (227), conversion of 5mC to 5hmC by TET proteins could release the MBD-

mediated gene repression. Meanwhile, since MBD and TET proteins both have an affinity 

toward 5mC, competitive binding could occur. Indeed, a recent study demonstrated that binding 
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of MBD proteins to DNA segments carrying 5mC protects the region from TET1-mediated 

oxidation in mouse cells (228). Fertilized mammalian embryos undergo genome-wide epigenetic 

reprogramming; 5mC oxidation by TET proteins is a critical step of the reprogramming process 

for embryo development and pluripotency acquisition (229). In the previous chapters we 

confirmed that TET family play important roles in methylation reprogramming and regulation of 

pluripotency in porcine preimplantation embryos. We hypothesize that exogenous expression of 

MBD proteins in embryos negatively impact embryo development because the overexpression 

may interfere with the activity of TET proteins if both TET and MBD proteins possess 

overlapping 5mC target sites. In this study, we cloned MBD sequences from porcine oocytes and 

induced overexpression of MBD1 in embryos. Our data show that overexpression of MBD1 

causes a developmental stall to preimplantation porcine embryos. 

   

Materials and Methods 

In vitro maturation of porcine oocytes 

Sow ovaries were obtained from a local abattoir and transported to the laboratory. 

Oocytes were aspirated from the follicles with a needle attached to a syringe. Oocytes were 

washed with TL-Hepes and in vitro matured in maturation medium (medium 199 supplemented 

with 3.05 mM glucose, 0.91 mM sodium pyruvate, 0.57 mM cysteine, 10 ng/ml epidermal 

growth factor (EGF), 0.5 μg/ml luteinizing hormone (LH), 0.5 μg/ml follicle stimulating 

hormone (FSH), 10 ng/ml gentamicin, and 0.1% polyvinyl alcohol (PVA); pH 7.4) for 30–32 h 

at 38.5 °C, 5% CO2, and 100% humidity. After maturation, cumulus cells were removed by 

vortexing in denuding medium (0.3 M mannitol, 0.001% BSA, 0.03% hyaluronidase, 5% TL-
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Hepes medium in distilled water; pH 7.4). The cumulus-free oocytes were used for MBD cloning 

or microinjection. 

 

Cloning of porcine MBDs  

 To clone the CDS of porcine MBD (MBD1, MBD3, and MBD4), primers were designed 

from porcine ESTs that matched predicted porcine MBD sequences (Genbank accession 

numbers: FS668599, EW639347, HX233243, DN124476, DN111806, and DN122093). Primer 

information is presented in Table 5-1. mRNAs were isolated from in vitro matured pig oocytes 

(n=30) using Dynabeads mRNA Direct Kit (Thermo Fisher Scientific), and subsequently cDNAs 

were synthesized using Maxima H Minus First Strand cDNA Synthesis Kit (Thermo Fisher 

Scientific). Coding sequences of porcine MBDs were amplified from the cDNAs. Phusion High-

Fidelity DNA Polymerase (Thermo Fisher Scientific) was used for the PCR. PCR conditions 

follow; initial denature at 98°C for 30s, denature at 98°C for 15s, annealing at 60°C for 30s, 

extension at 72°C for 90s (MBD1 and MBD4) or 60s (MBD3) for 35 cycles. Potential porcine 

MBD PCR products were cloned into TOPO vector (Thermo Fisher Scientific) and the Sanger 

sequencing was performed to identify the amplicons. The porcine MBD sequences (both 

nucleotide and predicted peptide) were then compared against human and mouse MBD for 

comparative analysis.  

 

Microinjection of MBD1 mRNA 

To overexpress MBD1 in preimplantation porcine embryos, MBD1 mRNA was 

synthesized from the cloned MBD1 CDS using the mMESSAGE mMACHINE T7 Ultra Kit 
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(Thermo Fisher Scientific). Then, the MBD1 mRNA (100ng/µl) was introduced into oocytes that 

were in vitro matured for 36 h in manipulation medium (medium 199 supplemented with 0.6mM 

NaHCO3, 2.9mM Hepes, 30mM NaCl, 10ng/ml gentamicin, and 3mg/ml BSA; pH 7.4) on a 

heated stage of a Nikon inverted microscope. The MBD1 mRNA injected oocytes were placed in 

maturation medium and incubated for 2 h. After the incubation, live oocytes were fertilized and 

then cultured in PZM3 media (158) for 7 days. Blastocyst formation of the embryos were 

recorded. Non-injected and water injected embryos served as a control.  

 

Results 

Molecular cloning of porcine MBDs 

In mammals, five MBD proteins are known to possess a homologous methyl-CpG 

binding domain; MeCP2, MBD1, MBD2, MBD3, and MBD4 (220). Previous deep sequencing 

results showed expression of the five major MBD proteins in porcine oocytes and blastocysts 

(230, 231). Based on the deep sequencing results, we cloned the full CDS of three porcine 

MBDs, MBD1, MBD3, and MBD4 from mature oocytes to investigate whether their 

overexpression would have an impact on embryo development. MBD2 and MeCP2 were 

excluded in this study because a mutation in MBD2 did not have an impact on development in 

mice (232), and MeCP2 can bind to both 5mC and 5hmC at high affinity and activate 

transcription in the brain (233), thus reducing its possibility as the main MBD recognizing 5mC 

during post-fertilization reprogramming process. The CDS length of MBD1, MBD3, and MBD4 

were 1812 bp, 780 bp, and 1704 bp, respectively (Fig. 5-1A, B, and C). Sequencing results 

revealed that the sequences of porcine MBDs were conserved among various species (Table 5-2). 

For instance, when the amino acid sequence of porcine MBD1 was compared to that of human, 
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the porcine MBD1 had 84% identity with human MBD1; the identity was only 56% compared to 

the mouse. On the other hand, the amino acid sequence of porcine MBD3 showed high 

similarities with both human and mouse MBD3, 94% and 96% of sequence identity, respectively. 

The porcine MBD4 had a higher identity with human MBD4 compared to mouse: 76% and 66%, 

respectively.  

 

Overexpression of MBD1 causes developmental stall to preimplantation porcine embryos  

A recent study reported that binding of MBD1 to DNA protects 5mC from TET-mediated 

oxidation in somatic cells (228). To examine the effect of exogenous expression of MBD1 on 

preimplantation embryo development, porcine mature oocytes were injected with MBD1 mRNA 

(100ng/µl) and fertilized. When MBD1 mRNA was overexpressed in embryos, the frequency of 

blastocyst formation was only 2.4%, whereas IVF control and water injected groups showed a 

significantly higher blastocyst formation frequency: 33.3% and 22.8%, respectively (Table 5-3). 

This result indicates that overexpression of MBD1 may negatively affect early embryo 

development in pigs by disrupting the proper maintenance of DNA methylation level.   

 

Discussion 

The MBD proteins provide a critical link between DNA methylation and the 

establishment of transcriptional repression (234) and the proper expression of MBD is important 

for normal development. For example, deletion of the MBD3 gene causes post-implantation 

embryo lethality in mice (232) and MBD1 KO mouse shows abnormal neurogenesis (235). 

Although the importance of MBD proteins in transcriptional regulation and embryo development 
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is apparent, mRNA sequences of MBDs have not been annotated in porcine species. In this study 

we cloned the full coding sequences of porcine MBDs (MBD1, MBD3, and MBD4) from mature 

oocytes and confirmed that MBD proteins are conserved across mouse, human, and porcine 

species. Especially, porcine MBDs showed higher homology to human than mouse at the amino 

acid level. This high identity suggests that porcine and human MBDs could possess similar 

functions. Considering the similarities in MBD sequences between porcine and human, porcine 

embryos could be a more suitable model than mouse for understanding molecular and biological 

functions of human MBDs in developing embryos. MBD proteins typically recognize methylated 

CpGs using the methyl-CpG binding domain (218). Through NCBI’s conserved domain 

database, we confirmed that all porcine MBDs also contain methyl-CpG binding domains. 

Interestingly, in addition to the methyl-CpG binding domain, the full length MBD1 isoform also 

contains three CXXC domains that bind to unmethylated CpGs in human (236, 237). We also 

found that the cloned porcine MBD1 also possesses the CXXC domains (Fig. 5-2). Although the 

CXXC domains are characterized by two conserved cysteine-rich clusters, they can be 

segregated into three subtypes according to the sequence similarities (238). Among the three 

subtypes, only type 1 CXXC domain, such as the CXXC domains of DNMT1 and MLL, can 

specifically recognize unmethylated CpGs. Type 2 and 3 domains are known to have less or no 

specificity for unmethylated CpGs. One of the three CXXC domains found in porcine MBD1 can 

be categorized into type 1 and other two domains correspond to type 2. This structural 

information of MBD1 suggests that porcine MBD1 may be able to recognize both methylated 

and unmethylated CpGs using the methyl-CpG binding domain and CXXC domain.  

In this study, overexpression of MBD1 was induced in porcine oocytes and it led to failed 

preimplantation development, suggesting that improper maintenance of DNA methylation levels 
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by the MBD1 overexpression may negatively affect embryo development. A recent study 

demonstrated that binding of MBD2 and MeCP2 to DNA protects 5mC from TET1-mediated 

oxidation by directly restricting access of TET1 to DNA (228). However, the stalled porcine 

embryo development by MBD1 overexpression did not seem to be caused by interference from 

TET1 activity because depletion of TET1 does not impact preimplantation embryo development 

(58) (see Chapter 2) and MBD1 enhances TET1-mediated 5hmC formation rather than blocking 

the 5mC oxidation in mouse cells (239). Instead, overexpressing MBD1 might negatively affect 

the 5mC oxidation activity of TET3. In the previous chapters, we detected predominant 

expression of pTET3L isoform containing CXXC domain in porcine mature oocytes (see Chapter 

3) and provided evidence suggesting that the pTET3L isoform mediates the initial demethylation 

in zygotes through the binding of CXXC domain to the genome (see Chapter 4). The type 3 

CXXC domain found in TET3 protein has low specificity for unmethylated CpGs and differs 

from the three CXXC domains (type 1 and type 2) of MBD1 protein (238). Interestingly, a 

previous study showed that the type 1 CXXC domain of MBD1 localizes TET1 to 

heterochromatic DNA and enhances TET1-mediated 5hmC formation in somatic cells (239). 

Contrarily, MBD1 blocks the TET1-mediated 5hmC formation when the CXXC domain of 

MBD1 is removed. Although there are ambivalent impacts of MBD1 on TET1 activity, the 

CXXC domain of MBD1 does not facilitate the localization of TET3 to heterochromatic DNA 

(239), suggesting that MDB1 can only inhibit the oxidation activity of TET3. The previous 

findings and our data lead to a proposed model in which, competitive action between MBD1 and 

TET3 modulates proper methylation levels in preimplantation embryos (Fig. 5-3). In this model, 

the post-fertilization demethylation process is controlled by the binding of MBD1 and TET3 to 

methylated CpGs under physiological conditions. However, overexpression of MBD1 interferes 
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with TET3 accessibility by occupying CpGs, and thus leads to improper maintenance of 

methylation levels. 

In summary, we cloned MBD proteins (MBD1, MBD3, and MBD4) from mature porcine 

oocytes and identified that overexpression of MBD1 disrupts preimplantation development of 

porcine embryos. Further studies on the changes of methylation levels (5mC and 5hmC) by 

exogenous expression or depletion of MBD proteins can provide further insight into the 

interactive roles of MBD and TET proteins in the regulation of methylation levels in embryos. 

Based on previous studies and our findings, we propose that competitive binding of MBD1 and 

TET3 to methylated CpGs orchestrates fine tuning of transcription by maintaining proper 

methylation levels in preimplantation embryos.  
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Fig. 5-1. Amino acid sequence of the cloned porcine MBD proteins and homology with other 

species. (A) Porcine MBD1 and homology with mouse and human MBD1 (B) Porcine MBD3 
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and homology with mouse and human MBD3. (C) Porcine MBD4 and homology with mouse 

and human MBD4.  
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Fig. 5-2. Domain structure of the cloned porcine MBD proteins. All cloned MBD proteins 

(MBD1, MBD3, and MBD4) contain a methyl-CpG binding domain (MBD) at N-terminus (red 

box). MBD1 contains three CXXC domains; one type 1 CXXC domain (black box) and two type 

2 CXXC domains (gray box).   
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Fig. 5-3. Proposed mechanism for regulation of DNA methylation level in porcine embryos by 

competitive actions between MBD1 and pTET3L.  
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Table 5-1. Primers used for the RT-PCR of porcine MBD proteins.  

Primers Sequences (5’  3’) 

MBD1_forward GAGTCAAAACCGGGACCCTCGTCA 

MBD1_reverse CCGCCTACTTCAGATTTTGTATGCGGTACG 

MBD3_forward AACAGCCGCGGCAAGTGG 

MBD3_reverse GTGTGGCAAGGGCTGAGTCCG 

MBD4_forward CGTTGCTACAGCTGGATCTCGC 

MBD4_reverse TTAAGATAGACTTAACTTTTCATGATTTTCCCAAAGCCA 
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Table 5-2. Amino acid identity of cloned porcine MBDs against human and mouse. 

Porcine MBDs 

Homology against human 

MBDs 

Homology against mouse 

MBDs 

MBD1 84% 56% 

MBD3 94% 96% 

MBD4 76% 66% 
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Table 5-3. Overexpression of MBD1 causes developmental stall to preimplantation porcine 

embryos. Different letters indicate a statistical difference (P < 0.01). 

Embryo groups Day 7 blastocysts, % Total number of embryos 

IVF control 33.3a 75 

Injection control (water) 22.8a 202 

MBD1 injection 2.4b 253 

  



126 
 

Chapter 6. Conclusions and perspectives 

The overall aim of this dissertation was to improve our understanding of mechanisms 

underlying the control of epigenetic modifications during porcine embryo development. Since 

the discovery of converting 5mC to 5hmC by the TET family proteins, efforts have been made to 

elucidate the roles of TET proteins and 5hmC in mammalian embryos and ESCs. Our studies 

demonstrate that TET proteins are important epigenetic modulators involved in the dynamic 

reprogramming of DNA methylation and acquisition of pluripotency in porcine embryos. Our 

studies support findings in previous research using mouse models and therefore, highlights 

conserved actions of TET proteins, and contributes to defining mechanistic actions of TET 

family-mediated reprogramming through novel findings in porcine embryos. Investigating 

epigenetic events in human embryos have a restriction due to the scarcity of available embryos 

and ethical issues. Considering similarities between porcine and human embryos in physiology, 

genome information, and molecular events, our studies can provide valuable information for 

understanding epigenetic events in human embryos.  

The first objective of this dissertation was to investigate the role of TET family in 

regulating pluripotency in porcine preimplantation embryos. We demonstrated that TET family 

modulates NANOG expression by controlling promoter methylation levels in porcine embryos. 

TET1 KO blastocysts generated by the CRISPR/Cas9 system unexpectedly displayed 

upregulated NANOG expression without any change in DNA methylation levels in the promoter 

region. Interestingly, the amount of TET3 transcript was increased approximately 3-fold in TET1 

KO blastocysts, suggesting a compensatory increase of TET3 transcription may be involved in 

the upregulation of NANOG expression. Indeed, overall inhibition of TET proteins by TET 

inhibitor downregulated expression of pluripotency genes, including NANOG, and resulted in 
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increased methylation levels of the NANOG promoter. Although functional redundancy between 

TET1 and TET3 has been reported, the specific molecular functions overlapping between the two 

proteins are not clear. For example, locus-specific activity of TET proteins for 5hmC formation 

and transcriptional regulation has not been characterized, although genome-wide impacts of the 

loss of TET proteins on DNA methylation patterns (5mC and 5hmC) and pluripotency have been 

reported (55, 85, 87, 167). To define distinctive roles of TET1 and TET3 in regulation of 

pluripotency genes, further studies, such as profiling of methylation patterns and gene expression 

in TET1/2/3-null blastocysts with the exogenous expression of TET3, are necessary. In addition, 

analysis of the global demethylation process occurring in early stage embryos where the 

expression of TET3 is replaced with TET1 will be beneficial to clarify the functional redundancy 

between the two proteins. The bisulfite sequencing technique used in this study for evaluating 

DNA methylation cannot distinguish 5mC and 5hmC. Taking a simultaneous measurement of 

locus-specific 5mC and 5hmC levels through advanced technologies, such as single cell 5hmC 

sequencing, will provide more accurate information about the oxidation activity of TET family in 

embryos. It would also be interesting to determine whether TET1 and TET3 have different 5mC 

oxidation activities by profiling further oxidized forms of 5mC, such as 5fC and 5caC, in 

embryos expressing mutated TET1 or TET3.       

Impaired ICM formation followed by the inhibition of TET proteins implies the 

involvement of TET family in early lineage specification in porcine blastocysts. The segregation 

of ICM and trophectoderm lineages follows a different pattern in porcine embryos compared to 

that in other species (174, 240). The signaling pathways for the formation of ICM in porcine 

embryos is also different from that in other species (241). The unique features of porcine ICM 

formation confers resistance to the establishment of stable porcine ESC lines. Impaired ICM 
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formation by TET family inhibition implies that genes targeted by TET proteins are involved in 

the regulation of early lineage segregation of porcine blastocysts. Investigations to identify target 

genes of TET proteins during lineage segregation can contribute to the elucidation of 

mechanisms regulating ICM formation and the establishment of authentic porcine pluripotent 

stem cells. In future studies, the effect of enhanced expression of TET family on the derivation or 

maintenance of porcine pluripotent stem cells can be a topic of interest. For example, treatment 

of TET protein activator, such as Vitamin C (242, 243), to ESCs or iPSCs during derivation of 

the cells will be a simple approach to verify the relationship between TET family and porcine 

pluripotency.  

Distinctive domain structures of TET isoforms could reveal molecular functions of TET 

proteins (187). The second study focused on identifying TET3 isoforms present in oocytes to 

determine the major isoform of TET3 involved in the post-fertilization demethylation process. 

We demonstrated that pTET3L isoform containing N-terminal CXXC domain is predominantly 

expressed in MII stage porcine oocytes. Among the three different TET3 isoforms identified 

from GV or MII stage cumulus cells, only pTET3L isoform expression was detected in MII 

oocytes. The RT-qPCR analysis confirmed the predominant expression of pTET3L isoform in 

MII oocytes, suggesting the potential involvement of CXXC domain of the pTET3L isoform in 

DNA targeting for genome-wide DNA demethylation. Although the role of TET3 in 5mC 

hydroxylation in mammalian zygotes is conserved (67, 121, 209), our data is not consistent with 

a previous mouse study (189), which argues that oocyte-specific Tet3 isoform lacking CXXC 

domain is predicted to play a major role in DNA demethylation. Similar catalytic activities for 

converting 5mC to 5hmC among different TET3 isoforms containing or lacking CXXC domain 

in non-embryonic cells (186, 188) supports the notion that the oocyte-specific Tet3 isoform can 
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be involved in global 5mC demethylation in zygotes (189). However, this isoform could not be 

found in porcine oocytes through in silico analysis and has not been reported in other species.  

Identification of major TET3 isoforms in oocytes of other species, such as human and 

bovine, will provide clues to identify the necessity of DNA binding features of TET3 in 

mammalian embryos. If the expression of oocyte-specific TET3 isoform is not universal among 

mammalian oocytes, different DNA recognition properties of TET3 isoforms may represent 

species-specific oocyte-mediated reprogramming. For example, because DNA methylation of 

paternal genome continues until 4-cell stage in porcine embryos, pTET3L isoform can gradually 

demethylate the porcine embryo genome through relatively low CpG binding activity of CXXC 

domain, whereas oocyte-specific Tet3 isoform lacking CXXC domain can lead to complete 

genome-wide demethylation shortly after fertilization. Analysis of DNA methylation patterns in 

porcine embryos, where pTET3L isoform is replaced with the oocyte-specific isoform of mouse 

Tet3, will provide valuable information concerning different activities of TET3 isoforms.        

Based on the presence of TET3 isoforms in oocytes, the role of TET3 CXXC domain in 

maintaining DNA methylation during preimplantation development was evaluated in the 

following study. We found that CXXC domain of TET3 is critical for post-fertilization 

demethylation of porcine embryos and proper expression of pluripotency related genes in 

blastocysts. Exogenous TET3 CXXC protein was localized to the pronucleus of zygotes, 

indicating that CXXC domain may be responsible for nuclear localization of TET3 in early stage 

embryos. Although the CXXC domain of TET3 is localized in the nucleus, functionality of the 

NLS needs to be examined in further studies because pTET3L still contains a NLS sequence at its 

C-terminus, identical to the NLS of TET3 short form (206, 207). The amino acid sequence of the 

NLS located at C-terminus is KKRK. The KKRK peptide is known to be responsible for nuclear 
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localization of CUL4B, FMIP, δB-CaM kinase, and DNA helicase Q1 (244-247). These proteins 

are transported into the nucleus by importin-α1, -α2, -α3, -α5, and -β1, implying that nuclear 

localization of TET3 can also be meditated by importin-α and importin-β1. The sequence of the 

predicted NLS in the CXXC domain is similar to that present in the C-terminus, but not identical. 

Although the precise NLS peptide needs to be experimentally identified, the different NLSs 

implies that nuclear transport can be mediated by proteins other than importin-α and importin-β1. 

If so, the TET3 protein expression pattern in the nucleus can be different by the presence of 

CXXC domain. Investigations on the subcellular localization of TET3 isoforms carrying mutated 

N-terminal and/or C-terminal NLSs will characterize role of the NLS for the function of 

pTET3L. In the experiment in which we induced overexpression of TET3 CXXC, we detected 

promoted global DNA demethylation in zygotes and enhanced demethylation of the NANOG 

promoter region in 2-cell stage embryos. Interestingly, NANOG expression in blastocysts was 

increased by the CXXC overexpression in zygotes, suggesting that enhanced demethylation of 

the promoter leads to the upregulation of NANOG transcription. In this study, the impact of 

CXXC overexpression on the methylation levels of NANOG promoter was evaluated solely at 

the 2-cell stage. Profiling the methylation levels of this region at later stages, such as 4-cell, 8-

cell, and blastocyst, will be beneficial to clarify the effect of CXXC overexpression on the 

programming of NANOG promoter for its transcription. In addition, isoform specific knockdown 

studies are necessary to further confirm the role of the CXXC domain in DNA methylation 

reprogramming and proper expression of pluripotency related genes in preimplantation embryos. 

Although the negative impact of TET3 deficiency on DNA demethylation and expression of 

pluripotency related genes has been reported in previous studies (67, 209), the results were 

obtained by the elimination of overall TET3. Elimination of specific TET3 isoforms by targeting 
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distinctive regions, such as CXXC domain, will clarify the functions of the TET3 isoforms with 

different domain architectures in DNA targeting and methylation reprogramming.     

The aim of the last study was to investigate the importance of MBD proteins for porcine 

embryo development and explore potential interaction between MBD proteins and TET family 

proteins during preimplantation development. We identified full coding sequences of porcine 

MBD proteins and showed that exogenous expression of MBD1 stalls preimplantation 

development. Based on the results and previous literature, we speculate that the occupation of 

5mC sites by MBD1 interferes with 5mC oxidation activity of TET3 protein. Unfortunately, 

detailed evidence for the interaction of TET proteins with MBD1 in the maintenance of DNA 

methylation have not been explored in this study. Further experiments are needed to confirm the 

competitive action between MBD1 and TET3. First, profiling of DNA methylation (5mC and 

5hmC) patterns and gene expression in embryos overexpressing MBD1 is necessary to confirm 

the cause of developmental failure. Second, the effect of TET3 overexpression on DNA 

methylation, gene expression and embryo development should be examined; TET3 

overexpression should relieve the impact of MBD1 overexpression on epigenetic modifications 

and embryo development if they bind to 5mC competitively. These experiments will verify the 

hypothesis that interactive actions of MBD1 and TET3 orchestrate the fine tuning of 

transcription through the maintenance of DNA methylation. In addition to MBD1, expression of 

other MBD proteins (MBD3 and MBD4) were detected in porcine oocytes. Additional studies on 

the association of TET proteins with MBD3 or MBD4 in porcine embryos should be conducted. 

Interestingly, the cloned porcine MBD1 possessed a methyl-CpG binding domain as well as 

CXXC domains, indicating ambivalent DNA binding properties of MBD1. Indeed, 5hmC 

formation by Tet1 was facilitated by interacting with CXXC domain of MBD1 in mouse cells 
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(239). It would be interesting to investigate the DNA binding property of MBD1 in mammalian 

embryos via mutations on either or both of the domains. Furthermore, such study will be 

beneficial to understand how DNA binding of MBD1 affects the 5mC oxidation activity of TET 

proteins in embryos. In addition to MBD proteins, other proteins involved in chromatin 

remodeling have been known to interact with TET proteins to regulate transcription. For 

example, TET1 represses transcription by recruiting the SIN3A co-repressor complex to 

promoter in mouse ESCs (164, 248), and TET proteins associate with OGT (O-linked β-D-N-

acetylglucosamine (O-GlcNAc) transferase), which regulates gene expression by adding GlcNAc 

sugar to histone H2B and other chromatin modifiers (224, 248, 249). Further studies on the 

association between TET proteins and other chromatin remodeling complexes in embryos will 

improve our understanding of transcriptional regulation during preimplantation development.    

Collectively, these studies emphasize that TET family-mediated epigenetic modifications 

are critical for proper gene expression and normal embryo development in pigs. Although pigs 

serve as importance agricultural resources and animal models for biomedical studies, little has 

been defined on the epigenetic dynamics of porcine embryos during preimplantation 

development compared to mouse. Our studies provide new insights into the epigenetic events 

occurring in porcine preimplantation embryos. Continued research in this area will unveil the 

mechanisms underlying epigenetic reprogramming and pluripotency in porcine embryos, and 

eventually contribute to improving the efficiency of pig production for agricultural and 

biomedical purposes.  
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