
RESEARCH PAPER

TET family regulates the embryonic pluripotency of porcine preimplantation
embryos by maintaining the DNA methylation level of NANOG
Kyungjun Uh, Junghyun Ryu*, Kayla Farrell, Noah Wax**, and Kiho Lee
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ABSTRACT
The ten-eleven translocation (TET) family (TET1/2/3) initiates conversion of 5-methylcytosine to
5-hydroxymethylcytosine, 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 threefold 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 dimethy-
loxalylglycine (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 was
detected. Blastocysts treated with DMOG also presented a lower inner cell mass/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.
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Introduction

DNA methylation at CpG dinucleotides is an impor-
tant epigenetic mark that regulates gene expression
and its proper maintenance is essential for normal
embryo development [1–3]. Although DNAmethyla-
tion patterns are stably preserved without dynamic
changes in somatic cells, genome-wide reprogram-
ming of DNA methylation occurs after fertilization
and during germ-cell development [4,5]. Asymmetric
global DNA demethylation in paternal and maternal
genomes of fertilized zygotes has been reported in
multiple species [6–8]. Specifically, the paternal gen-
ome undergoes an active demethylation process in
zygotes, while DNA methylation level is gradually
decreased following embryo cleavage in the maternal
genome throughDNA replication-dependentmanner
in the absence of maintenance methyltransferase
DNMT1 [9,10]. More recent studies challenge the

theory and suggest the presence of active and passive
demethylation processes in both maternal and pater-
nal genomes of zygotes [11,12], indicating that the
mechanism of the global reprogramming of DNA
methylation marks upon fertilization is a complicated
process. De novomethylation near or at the blastocyst
stage establishes hypermethylation of inner cell mass
(ICM) compared to trophectoderm (TE) [13,14],
which is essential for establishing lineage-specific
pluripotency of embryos.

Ten-eleven translocation (TET) proteins are 2-oxo-
glutarate (2OG)- and Fe(II)-dependent enzymes that
catalyse successive conversion of 5-methylcytosine
(5mC) to 5-hydroxymethylcytosine (5hmC), 5-for-
mylcytosine, and 5-carboxylcytosine [15–17]. These
5mC oxidation products are implicated as intermedi-
ates of the DNA demethylation process since the
oxidized 5mC derivatives are ultimately transformed
to unmodified cytosine through thymine DNA
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glycosylase-mediated base excision repair [17,18]. The
TET gene family includes three members, TET1,
TET2, and TET3 [15,16], and their expression pat-
terns 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
[11,12,19,20]. In contrast, the expression levels of
TET1 and TET2 are very low in oocytes or zygotes
but increase following preimplantation development
and both are highly expressed in blastocysts [16,21].

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 [22] or TET2 [23,24] gene develops to adults
without critical developmental defects, whereas
TET3 depletion leads to neonatal lethality for
unknown reasons [19]. In contrast, embryos defi-
cient in both TET1 and TET2 present substantial
perinatal lethality, while a fraction of the double
KO embryos survives and develops normally in
mice [25]. Triple KO (TET1, TET2, and TET3)
mouse ES cells fail to support embryonic develop-
ment at E9.5 in tetraploid complementation assay
[26]. These suggest that the effects of single or dual
KO of TET genes on development can be partially
offset by the involvement of redundancy in the func-
tion 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 plur-
ipotency and development has been studied using
a TET1 knockdown model [15,16] and KO mouse
ES cells [22]. 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 [16]. However, in another study, TET1 KO
leads to reduction of the 5hmC level but did not
affect the pluripotency of mouse ES cells [22].
Moreover, pluripotency is maintained in TET1
and TET2 double KO mouse ES cells, albeit with
some defects in differentiation [25]. These reports
raise the possibility that activities of more than one
TET family are involved in regulation of pluripo-
tency, despite 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 TE, has not been well
characterized. Here, we investigated the role of
TET1 in regulating gene expression involved in plur-
ipotency 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.

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 (Figure 1(a)).
Efficiency of the targeted disruption was verified by
genotyping 10 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 S1). The total activity
of TET enzymes was significantly decreased in TET1
KO blastocysts compared to that in controls, indicat-
ing successful disruption of TET1 by the CRISPR/
Cas9 system (Fig. S1A). The frequency of blastocyst
formation was reduced by the TET1 disruption; how-
ever, the average total cell number of blastocysts at d 7
was not affected (Table S2 ad Fig. S1B), suggesting that
the loss of TET1 does not lead to developmental stall.

The global level of 5mC and 5hmC was moni-
tored in TET1 KO blastocysts as TET family is
known to oxidize 5mC to initiate DNA demethyla-
tion process. The disruption of TET1 dramatically
reduced the level of global 5hmC in blastocysts
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(Figure 1(b)); however, distinct differences in the
5mC level between TET1 KO and control blasto-
cysts were not observed in immunocytochemistry
analysis (Figure 1(c)). To investigate the global level
of 5mC at the nucleotide level, DNA methylation
status of repetitive elements was quantified by using
bisulphite sequencing analysis. Specifically, the DNA
methylation level of PRE-1 (porcine-specific SINE
retrotransposon) and centromeric satellite regions
can capture the overview of methylation status on
euchromatin and heterochromatin, respectively

[27,28]. In the bisulphite sequencing analysis,
DNA methylation on the PRE-1 region was
increased in TET1 KO blastocysts compared to
that in control blastocysts, while centromeric satel-
lites were hypomethylated in both TET1 KO and
control blastocysts (Figure 1(d)). Our findings from
the immunocytochemistry and bisulphite sequen-
cing suggest that TET1 is responsible for the for-
mation of 5hmC in blastocysts and important for
maintaining global DNA methylation levels, espe-
cially in the euchromatic region of the genome.

Figure 1. Global levels of 5hmC and 5mC in TET1 KO blastocysts. (a) Strategy to disrupt TET1 gene in porcine embryos. Three sgRNAs
target 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) Difference of
global 5mC level between TET1 KO and control blastocysts was not 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) Bisulphite sequencing
analysis of DNA methylation pattern in repetitive 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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Disruption of TET1 leads to abnormal expression
of pluripotency genes without converting lineage
specification

Altered global 5hmC level and DNA methylation
pattern by the TET1KO implied that the KO embryos
potentially carried abnormal gene expression pat-
terns. To verify, transcript abundance of pluripo-
tency-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 (Figure 2(a)).
Unexpectedly, an elevated level of NANOG and
ESRRB transcript was observed in TET1 KO blasto-
cysts. There was no change in the transcript level of
selected extra-embryonic lineage genes after TET1

KO except for GATA4 (Figure 2(b)); 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
(Figure 2(c)) as previous KO experiments in the
mouse suggest functional redundancy of the TET
enzymes. The expression level of TET1 transcript
was significantly downregulated in TET1 KO blasto-
cyst, indicating that the mutations introduced by
CRISPR/Cas9 system interfered with transcription,
as well as protein function via generation of prema-
ture stop codons. Interestingly, the disruption of
TET1 induced activation of TET3 as indicated by the
threefold 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).

Figure 2. 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 GAPDH level. Error bars represent
SEM. 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 KO blastocysts. Error bars indicate SD. A p-value < 0.05 was considered statistically significant. TE: Trophectoderm.
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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, d 7 blastocysts derived from CRISPR/
Cas9-injected and control group were stained with
CDX2, a TE marker (Figure 2(d)). The ICM and TE
lineages were distinguished by counting CDX2 nega-
tive and positive cells, respectively. In both control
andTET1KOblastocysts, a cluster of CDX2 negative
cells was identified, indicating that ICM lineage for-
mation was not affected by the disruption of TET1.
Analysis of the ICM/TE ratio between control and
TET1KO embryos suggested that early lineage com-
mitment in blastocysts was not affected by the lack of
TET1 (Figure 2(e)).

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 1 mM DMOG, then patterns of
DNAdemethylation after fertilizationweremonitored
by uncovering the appearance of 5hmC after fertiliza-
tion (Fig. S2A). Because the DNA demethylation pro-
cess is orchestrated by TET3 [11,12,19], the inhibitor
would alter the level of 5hmC, if effective. TheDMOG
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. S2B). To inhibit
the activity of TET enzymes effectively at the blasto-
cyst stage, embryos were incubated with 1 mM
DMOG from morula (d 4) to blastocyst stage (d 7)
(Figure 3(a)). 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 theTET1KOexperiment,
frequency of blastocyst formation on d 7 was

decreased in DMOG-treated embryos compared to
that in control embryos (Table S3) while total cell
number in blastocyst was not affected by the inhibi-
tion of TET activity (Fig. S1C). 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, indicat-
ing that active TET family is necessary for the forma-
tion of 5hmC at the blastocyst stage (Figure 3(b)).
Dramatic changes of global level of 5mC were not
observed by immunocytochemistry analysis in blasto-
cysts treated with DMOG (Figure 3(c)). The DNA
methylation pattern of repetitive elements in DMOG-
treated blastocysts was also similar to that inTET1KO
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 (Figure 3(d)). These data align with
conclusions from theTET1KOexperiment that TET1
is responsible for the formation of 5hmC and main-
tenance 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 and shifts lineage specification

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 were downregulated in DMOG-
treated blastocysts; the transcript abundance of
POU5F1, NANOG, ESRRB, PRDM14, ZFP42, and
DPPA3 was lower in DMOG-treated blastocysts
(Figure 4(a)). However, there was no significant
change in the level of SOX2, KLF2, and TCL1A
after the DMOG treatment. The transcript abun-
dance of trophoblast markers (CDX2, TEAD4, and
GATA3) and primitive endoderm marker (SOX17,
GATA6, and GATA4) was downregulated in
DMOG-treated blastocysts (Figure 4(b)). 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 (Figure 4(c)). The gene expression
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analysis indicates that TET enzymes are critical for
proper expression of pluripotency and extraem-
bryonic lineage markers. In addition, the dynamic
changes in transcripts after the DMOG treatment
but not after TET1 KO suggest 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 immunohisto-
chemistry revealed that the DMOG treatment
reduced the number of CDX2 negative cells, i.e.,
ICM, in blastocysts compared to that in control

embryos (Figure 4(d)). The ICM/TE ratio was
also decreased in DMOG-treated blastocysts
(Figure 4(e)), 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
TET1KOblastocysts on the level ofNANOG implied
a differential level of DNA methylation on the pro-
moter of NANOG from the two treatments. To

Figure 3. 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 1 mM DMOG from morula stage (d 4) to
blastocyst stage (d 7); then, blastocysts were collected for further analysis. (b) Global 5hmC level of blastocysts was dramatically
decreased by DMOG treatment. (c) Difference of global 5mC level between DMOG-treated and control blastocysts was not detected
by immunocytochemistry. 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) Bisulphite sequencing analysis of DNA methylation pattern in repetitive elements.
Methylation level of PRE-1 was increased by 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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investigate that possibility, the levels of DNAmethy-
lation (5mC and/or 5hmC) levels in promoter and
gene-body regions of NANOG gene were analysed
(Figure 5(a)). The 5hmC level in NANOG promoter
was not different between control and TET1 KO
blastocysts (Figure 5(b)). However, the 5hmC level
in gene-body regions was increased in TET1 KO
blastocysts compared to that in controls. Bisulphite
sequencing analysis revealed that there was no dif-
ference 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
(Figure 5(c)). When embryos were incubated with
DMOG, 5hmC level of blastocysts was not changed
in the promoter or gene-body regions (Figure 5(d)).
However, the DMOG treatment increased DNA
methylation level in both promoter and gene-body
regions (Figure 5(e)). Bisulphite sequencing analysis

cannot distinguish between 5mC and 5hmC; there-
fore, 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
DNAmethylation level seen from bisulphite sequen-
cing is due to 5mC and the elevated 5mC level in
promoter and gene-body regions led to the down-
regulation 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

Figure 4. 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 GAPDH level. Error bars represent
SEM. 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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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 estab-
lishing the 5hmC marks in porcine blastocysts.
Studies using mouse ES cells indicate that while Tet1
is important for establishing 5hmC marks, Tet1 dele-
tion 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 [15,21,22,25].
Furthermore, Tet2 depletion resulted in a greater
decrease in 5hmC level than Tet1 depletion in the
mouse ES cells [21,29]. Concomitant with 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 DNAmethylation [30]. 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 com-
mon in germ cells and preimplantation embryos [31]
and disruption of TET1 or overall TET family did not
change the level, indicating that TET proteins are not
involved in methylation maintenance in heterochro-
matic 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 themouse ES
cells [32–34].

The role of TET1 in cellular pluripotency and
differentiation has been extensively studied in ES
cells and blastocysts because its level is highly enriched

Figure 5. DNAmethylation (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 (1291 bp upstream the TSS) and gene-body region (1159 bp 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) Bisulphite 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) Bisulphite sequencing
analysis of promoter and gene-body regions of NANOG gene in DMOG-treated (n = 15) and control (n = 15) blastocysts. 5hmC data were
analysed with Student’s t-test for three replicates and a p-value < 0.05 was considered statistically significant.

EPIGENETICS 1235



in the cells and embryos compared to other TET
family genes. Impaired or skewed differentiation of
ES cells caused by TET1 depletion has been demon-
strated [21,22,26,33]; 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 down-
regulation of pluripotency-associated genes and
impaired self-renewal in ES cells after targeted disrup-
tion of TET1 [16,33–35]. However, other studies
argue that TET1 depletion did not alter the expression
of pluripotency markers [21,22,36]. 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 function of TET family. The disruption
of TET1 did not lead to total repression of pluripo-
tency genes, potentially due to the compensatory acti-
vation of TET3. Transcript levels of pluripotency
genes (SOX2, KLF2, PRDM14, TCL1A) were numeri-
cally 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
[37]. 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
[37]. 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 pluripo-
tency of ES cells [34,36]. In contrast to a mouse
study where the lack of Tet1 reduced Nanog expres-
sion in ES cells [34], the expression of NANOG was
upregulated and proximal promoter regions were
hypomethylated after the removal of TET1 in porcine

blastocysts. Previous reports in themouse suggest that
Tet1 can act as a repressor to genes related to devel-
opment, but not to pluripotency related genes [34,38].
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 region, suggest-
ing that the expression of NANOG is directly con-
trolled by the level of DNA methylation in the
promoter region, similar to transcriptionally active
genes [39]. The contrasting results between the
TET1 KO and DMOG treatment suggest that other
TET enzymes, such as TET2 and TET3, are involved
in the regulation ofNANOG expression. For instance,
despite its low expression level, Tet3 contributes to
a small portion of 5hmC inmouse ES cells, suggesting
its action in pluripotent cells [26,40]. Maternal Tet3 is
required for demethylation of the promoter region of
paternal Nanog in mouse zygotes [19], and knock-
down of maternal TET3 leads to downregulation of
NANOG expression in porcine blastocysts [41]. In
addition, TET3 activated by a hypoxia microenviron-
ment regulates NANOG transcription by direct bind-
ing to promoter region in brain tumour cells [42]. The
previous publications and findings from current study
imply that TET3 possesses a role in the transcriptional
regulation of NANOG gene in blastocysts by control-
ling 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 (Figure
6). 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 blasto-
cysts. In the absence of functional TET1, a compen-
satory 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 regu-
lation of DNA methylation rather than global level.
Suppression of overall TET family led to the down-
regulation ofNANOG and increased the level of DNA
methylation on NANOG promoter and the euchro-
matic 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 are 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 [43]. 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 exo-
genous Nanog [34], 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 mamma-
lian embryos. In porcine, similar to human blasto-
cysts, OCT4 expression is maintained in both ICM
and TE cells in blastocysts [44,45]. 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 [46]. 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 plur-
ipotency regulation in porcine embryos and con-
tribute to the establishment of porcine ES cells.

The CRISPR/Cas9 technology was used to dis-
rupt TET1 in porcine embryos. Efficacy of the
approach was high enough that no wild-type allele
was identified in two target loci. The TET1 tran-
script level was also reduced in blastocysts carrying
mutated TET1. One potential explanation could be
that TET1 has a positive feedback to its transcrip-
tion 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 inter-
fere 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 [47–49] and efficiency of the current
study aligns with the previous reports. Pig
embryos are suitable to model embryogenesis in
humans because pig embryos mirror developmen-
tal events with human embryos. For example,
dynamic changes in the level of DNA methylation
on paternal DNA are observed in humans [50] as
well as pigs [51,52]. In addition, the timing of
zygotic genome activation is similar between
human [53] and pig [54]. 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

Figure 6. 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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production of KO embryos in pigs through breed-
ing founder animals is an unrealistic option con-
sidering cost associated with producing KO pigs
and gestation period (114 d). As demonstrated in
this study, utilization of CRISPR/Cas9 system
allowed us to generate KO embryos without hav-
ing 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 amajor 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, abnor-
mal lineage specification, and methylation increase in
NANOG promoter. Our data indicate that NANOG,
a key gene in pluripotency, is delicately regulated by
TET family through promoter methylation. Our find-
ings propose that the TET1/3-mediated demethyla-
tion at promoter region is a key element for
transcriptional activation of genes related to pluripo-
tency and early lineage specification in mammalian
blastocysts.

Materials and methods

Chemicals

All chemicals used in the experiments were pur-
chased from Sigma Aldrich Chemical Company
(St. Louis, MO, USA) unless indicated otherwise.

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 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 alco-
hol 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 manip-
ulation 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 ferti-
lization medium (modified Tris-buffered medium
with 113. 1 mM NaCl, 3 mM KCl, 7.5 mM CaCl2,
11 mM glucose, 20 mM Tris, 2 mM caffeine, 5 mM
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 1 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 three
washing steps, the semen pellet was resuspended
with fertilizationmedium to 0.5 × 106/ml. Fiftymicro-
litres of diluted semen was added to the droplets with
oocytes. Oocytes and sperms were co-incubated in
fertilizationmedium at 38.5°C, 5% CO2 in humidified
air for 5 h. After fertilization, embryos were cultured
in PZM3 medium [55] at 38.5°C, 5% CO2, 5% O2 in
humidified air.

DMOG treatment

To test the ability of DMOGblocking catalytic activity
of TET3 enzyme, oocytes were incubated in fertiliza-
tion medium in the presence of 1 mM DMOG for
30 min before fertilization. Then, oocytes and sperms
were co-incubated in fertilizationmediumwith 1mM
DMOG for 5 h. Subsequently, oocytes were cultured
in PZM3 medium with 1 mM DMOG for 16 h and
collected formeasurement of 5hmC level by immune-
staining. For inhibition of TET family in blastocysts,
oocytes and sperms were fertilized and cultured until
d 4 without DMOG. At d 4, embryos were moved to
PZM3mediumwith 1mMDMOGand cultured until
d 7. Blastocysts were collected at d 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)
(Figure 1(a) and Table S4). In vitro-synthesized
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Cas9 mRNA (20 ng/µl) and three sgRNAs (10 ng/
µl each) were injected into the cytoplasm of pre-
sumable zygotes after in vitro fertilization (IVF)
using the FemtoJet microinjector (Eppendorf) as
previously described [47,48]. Embryos were micro-
injected 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 d.

Quantification of TET enzyme activity

Nuclear proteins were extracted from control and
TET1 KO blastocysts (30 each) at d 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 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 rela-
tive 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% paraformalde-
hyde for 15 min at room temperature. The fixed
embryos were washed and permeabilized in PBS
containing 0.25% TritonX-100 for 1 h. Then, they
were treated with 2 N HCl for 30 min and neutra-
lized in Tris–HCl pH 8.5 for 10 min. The samples
were incubated in PBS containing 0.1% Tween-20
and 2% BSA for 1 h at room temperature. After
blocking, embryos were incubated in blocking solu-
tion 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 Fluorescein iso-
thiocyanate (FITC)-conjugated secondary antibo-
dies (dilution 1:200; Santa Cruz Biotechnology or
dilution 1:500; Thermo Fisher Scientific) for 1 h at
room temperature. DNA was stained with 10 µg/ml
propidiumiodide (PI) or 1 µg/ml 4′,6-diamidino-2-
phenylindole (DAPI). The total cell number was

calculated by counting PI/DAPI positive cells in d 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 was calculated by counting the numbers
of CDX2 negative and positive cells in DAPI-stained
blastocysts.

Quantitative RT-PCR (RT-qPCR)

Nine to 10 blastocysts per group were collected at
d 7 to analyse gene expression patterns of pluri-
potency-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 instruc-
tions. 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 denatura-
tion at 95°C for 10 s, and annealing at 60°C for
60 s. Primers used in RT-qPCR analysis are listed
in Table S5. 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 experi-
mental replications were used. Differences in the
gene expression were evaluated by Student’s t-test.
p < 0.05 was considered as statistically significant.

Bisulphite DNA sequencing

For analysis of DNA methylation status of repeti-
tive elements and NANOG gene, 15–18 blastocysts
at d 7 were collected 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. Details of primer information and PCR con-
ditions are described in Tables S6 and S7. The
PCR products were purified using GeneJet gel
extraction kit (Thermo Fisher Scientific) and
were then ligated into pCR 2.1 TA cloning vector
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(Invitrogen). Twelve to 16 colonies of each cloned
sample were sequenced and evaluated.

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 specifi-
cally tagged with a glucose moiety by glucosyltrans-
ferase 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 analyse
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 and 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′(reve
rse) for promoter region and 5′-AGGACAG
CCCTGATTCTTCCACAA-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 s, annealing at 60°C for 15 s, and extension at
72°C for 25 s. Percentage of hydroxymethylation was
obtained by the following formula: % = ((−control) −
(+5hmC)/(−control) − (no treatment)) × 100, where
‘−control’ is unglucosylated but MspI digested,
‘+5hmC’ is glucosylated and MspI digested, and no

treatment is unglycosylated and not digested with
MspI.

Statistical analysis

Differences in the frequency of blastocyst forma-
tion were determined by the chi-square test.
Average total cell numbers in IVF control, injec-
tion control, and TET1 KO blastocysts were com-
pared using one-way ANOVA, and Student’s t-test
was used to determine the difference in the aver-
age 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’s t-test
was used. Statistical calculations of TET enzyme
activity, RT-qPCR, and locus-specific 5hmC levels
were performed using Student’s t-test. For calcula-
tions, the statistical software GraphPad Prism was
used. Differences with p < 0.05 were considered
significant.

List of abbreviations

TET ten-eleven translocation
5mC 5-metylcytosine
5hmC 5-hydroxymethylcytosine
5fC 5-formylcytosine
5caC 5-carboxylcytosine
ES cell embryonic stem cell
DMOG dimethyloxalylglycine
ICM inner cell mass
TE trophectoderm
TDG thymine DNA glycosylase
KO knockout
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