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Role of Tet proteins in enhancer activity
and telomere elongation
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DNA methylation at the C-5 position of cytosine (5mC) is one of the best-studied epigenetic modifications and plays
important roles in diverse biological processes. Iterative oxidation of 5mC by the ten-eleven translocation (Tet) family
of proteins generates 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC), and 5-carboxylcytosine (5caC). 5fC
and 5caC are selectively recognized and excised by thymine DNA glycosylase (TDG), leading to DNA demethylation.
Functional characterization of Tet proteins has been complicated by the redundancy between the three family
members. Using CRISPR/Cas9 technology, we generated mouse embryonic stem cells (ESCs) deficient for all three Tet
proteins (Tet triple knockout [TKO]). Whole-genome bisulfite sequencing (WGBS) analysis revealed that Tet-mediated
DNA demethylation mainly occurs at distally located enhancers and fine-tunes the transcription of genes associated
with these regions. Functional characterization of Tet TKO ESCs revealed a role for Tet proteins in regulating the two-
cell embryo (2C)-like state under ESC culture conditions. In addition, Tet TKO ESCs exhibited increased telomere–
sister chromatid exchange and elongated telomeres. Collectively, our study reveals a role for Tet proteins in not only
DNA demethylation at enhancers but also regulating the 2C-like state and telomere homeostasis.
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DNA methylation at the C-5 position of cytosine (5mC)
plays an important role in diverse biological processes
(Goll and Bestor 2005; Ooi and Bestor 2008; Wu and
Zhang 2010). DNA methylation is established and main-
tained by a family of DNA methyltransferases (Goll and
Bestor 2005). Growing evidence supports a biochemical
pathway of active DNA demethylation involving ten-
eleven translocation (Tet) family proteins and thymine
DNA glycosylase (TDG) (Tahiliani et al. 2009; He et al.
2011; Ito et al. 2011; Pastor et al. 2013;Wu and Zhang 2014).
Tet proteins can oxidize 5mC to 5-hydroxymethylcytosine
(5hmC) (Tahiliani et al. 2009; Ito et al. 2010), which in turn
can be further oxidized to 5-formylcytosine (5fC) and
5-carboxylcytosine (5caC) and then excised by TDG fol-
lowed by base excision repair to complete the demethyla-
tion cycle (He et al. 2011; Ito et al. 2011; Shen et al. 2013).
Mouse embryonic stem cells (mESCs) are derived from

preimplantation epiblasts and have the capacity for self-
renewal and the ability to differentiate into all embryonic
lineages (Rossant 2008; Silva and Smith 2008; Hanna

et al. 2010; Boroviak et al. 2014). ESCs are heterogeneous
and consist of subpopulations bearing distinct character-
istics. A small population (<0.5%) of ESCs, called two-cell
embryo (2C)-like cells, has the ability to contribute to
both embryonic and extraembryonic tissues (Macfarlan
et al. 2012). ESCs enter the transient 2C-like state regu-
larly (Macfarlan et al. 2012). Physiologically, the activation
of Zscan4, one of the 2C-specific genes, is important for
telomerase-independent telomere elongation and restora-
tion of developmental capacity, two properties required for
long-term maintenance of ESC pluripotency (Zalzman
et al. 2010; Amano et al. 2013).
Tet1 and Tet2 are highly expressed in mESCs, which is

consistent with the relative high level of 5hmC and
detectable levels of 5fC and 5caC in these cells (Ito
et al. 2010, 2011; Ficz et al. 2011; Koh et al. 2011).
Knockdown of Tet1 in mESCs leads to reduced 5hmC
levels and substantial transcriptional and promoter DNA
methylation changes (Ito et al. 2010; Ficz et al. 2011; Koh
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et al. 2011; Williams et al. 2011; Wu et al. 2011; Xu et al.
2011). While Tet1-deficient mESCs maintain pluripotency
and are largely normal, they showed skewed differentia-
tion in vitro and in the teratoma assay (Dawlaty et al.
2011; Koh et al. 2011). Similarly, both Tet1/2 double-
knockout (DKO) and Tet triple-knockout (TKO) mESCs
are largely normal under ESC culture conditions, but
severe abnormalities in lineage differentiation of Tet
DKO and Tet TKO mESCs have been reported (Dawlaty
et al. 2013, 2014; Hu et al. 2014). In contrast to the
accumulating knowledge regarding the loss-of-function
phenotypes of Tet proteins, it remains unclear where and
to what extent Tet proteins contribute to DNA demeth-
ylation within the genome. Thus, quantitative and high-
resolution mapping of DNA methylation changes in the
genome of mESCs deficient for all Tet proteins will
provide insights into the role of these 5mC oxidases in
regulating the methylome of ESCs.
To identify targets of Tet-mediated active DNA demeth-

ylation in the genome and their biological significance, we
generated Tet TKO mESCs and performed base-resolution
DNA methylome and transcriptome analyses. We found
that DNA hypermethylation occurred extensively at
distal enhancers in Tet TKO mESCs. Parallel transcrip-
tome analysis demonstrated that Tet TKO cells showed
activation of 2C-specific genes, suggesting an important
role for Tet proteins in fine-tuning ESC states. Up-regula-
tion of these 2C-specific genes in Tet TKO cells was at
least partly caused by impairment of Kap1-mediated gene
repression. Consistent with the activation of 2C-specific
genes, telomere elongation through telomere–sister chro-
matid exchange (T-SCE) was observed in Tet TKO cells.
Therefore, our study uncovers a critical role of Tet proteins
in enhancer function and reveals a new function for Tet
proteins in repressing the 2C-like state and telomere
length regulation.

Results

Tet TKO does not affect mESC maintenance

To better understand the role of Tet proteins, we generated
Tet1 and Tet2 DKO or Tet1, Tet2, and Tet3 TKO mESCs
using CRISPR/Cas9 technology as previously described
(Wang et al. 2013). Mutations were first screened using
restriction digestion within the CRISPR/Cas9 targeting
sites. 5hmC levels of genomic DNA from positive clones
were then assayed by slot blot to identify the clones with
a significant reduction of 5hmC. Genomic DNA samples
from candidate clones were then digested to a single
nucleotide, and levels of 5mC and 5hmC were quantified
by mass spectrometry. Even though the bulk 5mC
remained at a similar level in Tet DKO and Tet TKO cells
(Fig. 1A; Supplemental Fig. 1A), ;2% of 5hmC still
remained in Tet DKO cell lines compared with that in
wild-type E14 cells. In contrast, Tet TKO cell lines showed
no detectable 5hmC (Fig. 1B; Supplemental Fig. 1B). 5hmC
levels in Tet DKO and Tet TKO mESCs are consistent
with Tet DKO and Tet TKO ESC lines obtained by
conventional gene targeting methods (Hu et al. 2014).

Despite its low expression level, Tet3 contributes ;2%
of 5hmC in mESCs, suggesting a minor role of Tet3 in
these cells. To avoid any possible functional redundancy,
we chose to focus our studies on Tet TKO cells devoid of
any Tet-mediated oxidation products. All Tet alleles
detected in Tet TKO cells harbored frameshift mutations,
resulting in premature stop codons (Supplemental Fig. 1C).
Western blot analysis confirmed that both Tet1 and Tet2
proteins were not detectable in the TKO ESCs (Fig. 1C).
Given that Tet3 is minimally expressed in ESCs, it is
undetectable by Western blot, even in wild-type cells (data
not shown). We therefore sought to assess Tet3 expression
in cells subjected to embryoid body (EB) differentiation and
found that Tet3 was detectable upon differentiation in wild-
type cells but not in Tet TKO cells (Fig. 1C), thereby
confirming successful Tet3 knockout. Characterization of
Tet TKO cells indicated that TKO colonies appeared flatter
compared with wild-type colonies when cultured on
a feeder-free gelatin-coated plate in serum-containing me-
dium with LIF (Fig. 1D). Nevertheless, the Tet TKO cells
appeared largely unaltered with the expression of normal
levels of pluripotent factors, such as Oct4, Nanog, and Sox2
(Fig. 1E; Supplemental Fig. 1D; Hu et al. 2014), a prolifera-
tion rate similar to that of wild-type control cells (Fig. 1F),
and a similar colony formation rate from dissociated single
cells compared with that of the wild-type control cells
(Fig. 1G). Collectively, these data suggest that ESCs de-
ficient for all three Tet proteins exhibit no obvious defects
in ESC maintenance, similar to previous findings in Tet
TKO cells generated through conventional knockout strate-
gies (Dawlaty et al. 2014; Hu et al. 2014).

Tet-dependent DNA demethylation mainly occurs
at distal regulatory regions

To determine the genomic locations where Tet proteins
regulate DNA methylation in mESCs, we performed
whole-genome bisulfite sequencing (WGBS) analyses in
wild-type and Tet TKO ESCs. Since bisulfite sequencing
cannot distinguish 5hmC from 5mC inwild-type ESCs, we
excluded the 5hmC signal from wild-type WGBS data
by subtracting the 5hmC level obtained by Tet-assisted
bisulfite sequencing (TAB-seq) (Yu et al. 2012). The WGBS
data from Tet TKO cells represent 5mC exclusively, as
there is no oxidized 5mC in Tet TKO cells. Similar to the
wild-type methylome, the overall methylation pattern of
Tet TKO cells showed a bimodal distribution. Unexpect-
edly, after binning WGBS signals into 100-base-pair (bp)
tiles (fixed window-based), Tet TKO cells showed higher
numbers of hypomethylated tiles (651,637) than hyper-
methylated tiles (524,533), using 20% difference in 5mC
level as the cutoff (Fig. 2A). Additionally, the average CpG
methylation level was lower in Tet TKO ESCs (64.7%)
than in wild-type cells (69.0%), as sites nearly fully
methylated in wild-type tend to have lower methylation
levels in Tet TKO ESCs (Supplemental Fig. 2). Further
analysis of various genomic features revealed that the
hypermethylated sites in Tet TKO ESCs were enriched
mostly in DNase I-hypersensitive sites (DHSs), enhancer
regions, and bivalent promoters (Fig. 2B, top). In contrast,
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hypomethylated sites were not highly enriched for any
genomic features (Fig. 2B, bottom). With Methpipe, a hid-
den Markov model (HMM; nonfixed window)-based algo-
rithm for detecting differentially methylated regions
(DMRs) (Song et al. 2013), we identified 20,109 hyper-
methylated DMRs (hyper-DMRs) and only 315 hypometh-
ylated DMRs (hypo-DMRs) in Tet TKO ESCs (Supplemen-
tal Table 1). Taken together, these data indicate that
hypermethylated CpGs tend to cluster together at specific
genomic loci with gene regulatory potentials (promoter,
enhancers, and gene bodies). In contrast, hypomethylated
CpGs are randomly distributed across the genome.
We found that 66% of hyper-DMRs overlapped with
5fC/5caC DNA immunoprecipitation (DIP) sequencing
(DIP-seq) peaks in TDG knockdown ESCs, and another
14% of hyper-DMRs overlapped with 5hmC DIP-seq
peaks when not covered by 5fC/5caC peaks (Fig. 2C, left;
Shen et al. 2013). Although the remaining 20% of hyper-
DMRs did not overlap with 5hmC, 5fC, or 5caC peaks,
there was significant 5hmC enrichment at these regions
when looking into the high-confidence base-resolution
5hmC data generated by TAB-seq analysis (Fig. 2C, right;
Yu et al. 2012). Therefore, these data strongly suggest
that the majority of hyper-DMRs identified are targets of
Tet-mediated oxidation-dependent DNA demethylation
in mESCs.
To further characterize the differential methylation in

Tet TKO cells, we calculated the average levels of 5mC
change within genomic features derived from published
genome-wide mapping data sets for 5mC oxidative de-
rivatives, DNA-binding factors, and major histone modifi-
cations (Fig. 2D). DNA hypermethylation was detected at
the center of 5fC, 5caC, and, to a lesser extent, 5hmCDIP-
seq peaks (Fig. 2D, cyan color group; Shen et al. 2013)
regardless of proximal or distal localization. Although 5fC
and 5caC accumulated to high abundance, 5mC levels

remained similar to TDG knockdown cells (Shen et al.
2013). Additionally, hypermethylation levels at the center
of 5hmC peaks were lower than those for 5fC and 5caC
(Fig. 2D). These data therefore provide the first direct
evidence of 5fC and 5caC serving as demethylation in-
termediates in cells.
To determine whether 5hmCs serves as an intermedi-

ate of the DNA demethylation process or as a stable
epigenetic mark, we analyzed the relationship between
hypermethylated CpGs in Tet TKO cells and the pre-
viously reported high-confidence 5hmC (Yu et al. 2012).
This analysis revealed no clear correlation between
hypermethylation in Tet TKO cells and high-confidence
5hmC in wild-type ESCs. Indeed, a significant portion of
hypermethylated cytosines had no or a very low level of
5hmC in wild-type ESCs (Supplemental Fig. 3A). Consis-
tently, only 27% of the hypermethylated cytosines in Tet
TKO ESCs had a 5hmC signal in wild-type ESCs when
cytosines with high coverage in both our WGBS data
and the TAB-seq data were analyzed (at least covered by
10 reads per strand) (Supplemental Fig. 3B). These results
suggest that stable 5hmC may serve as an epigenetic
mark rather than as an intermediate of active DNA
demethylation. Hypermethylation was preferentially de-
tected at binding sites of core transcription factors in
ESCs (Oct4, Nanog, Sox2, and Esrrb) (Chen et al. 2008;
Marson et al. 2008) and histone marks (H3K4me1 and
H3K27ac) associated with enhancers (Fig. 2D, yellow
group; Meissner et al. 2008; Creyghton et al. 2010), the
mediator complex, and the cohesion complex (Fig. 2D,
pink color group; Kagey et al. 2010). Furthermore, hyper-
methylation was detected at binding sites of complexes
involved in decommissioning active enhancers during
differentiation, such as the LSD1–NuRD complex (Fig.
2D, red color group; Whyte et al. 2012). These features are
all known to be associated with enhancers, indicating

Figure 1. Tet TKO ESCs are depleted of
5hmC but retain ESC characteristics. (A,B)
While 5mC level was not globally altered by
Tet TKO (A), 5hmC was undetectable (B) in
Tet TKO ESCs. Bars are 5mC and 5hmC levels
(relative to unmodified C) in control and TKO
mESCs as measured by mass spectrometry. (C)
Western blot analysis demonstrated depletion
of Tet1, Tet2, and Tet3 proteins in Tet TKO
cells, with Suz12 serving as a loading control
for all blots. ESC nuclear extracts were used
for Tet1, Tet2, and Suz12 blots, while nuclear
extracts from differentiated cells (EBs) were
used for the Tet3 and Suz12 blots. (D) Tet TKO
mESCs exhibited relatively flatter morphology
when compared with wild-type (WT) mESCs.
(E) Pluripotent marker genes were expressed
normally in Tet TKO mESCs. Data shown are
images of wild-type and Tet TKO mESCs
costained with Oct4 and Nanog antibodies.
Nuclei were visualized by DAPI staining. (F)
Growth curves of wild-type and Tet TKO

mESCs. Data shown are mean of three biological replicates, with error bars representing standard deviation. (G) Tet TKO did not affect
ESC colony formation capacity. Data shown are mean single-cell colony formation rates of three biological replicates, with error bars
representing standard deviation.
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that Tet-dependent DNA demethylation mainly occurs
at enhancer regions. Features associated with basal tran-
scriptional machineries (Pol2, NelfA, Ctr9, Spt5, and
TBP) and actively transcribing gene bodies (H3K36me3
and H3K79me2) were minimally enriched for hypermeth-
ylation in Tet TKO ESCs (Fig. 2D, green color group; Kagey
et al. 2010; Rahl et al. 2010). Minimal hypomethylation
was seen at regions with heterochromatin-associated his-
tone marks (H3K9me3 and H4K20me3) and was distrib-
uted evenly across the regions without visible peaks at the

center of the marks (Fig. 2D, red color group). For most
features analyzed, distally located elements were prefer-
entially hypermethylated at the center in Tet TKO ESCs
(Fig. 2D). Most of the proximally located elements (within
1 kb from transcriptional start sites [TSSs]) possessed small
amounts of hypermethylation flanking the center of the
features (Fig. 2D). Besides 5mC oxidative derivatives,
hypermethylation at proximally located elements was also
seen in Polycomb-binding sites (EZH2 and H3K27me3)
(Fig. 2D, red color group; Mikkelsen et al. 2007; Ku et al.

Figure 2. Tet-dependent DNA demethylation mainly occurs at distal regulatory regions involving 5mC oxidation. (A) Global
methylation comparison between wild-type (WT) and Tet TKO mESCs revealed both hypermethylated and hypomethylated loci. Data
shown are a heat map comparison of 100-bp tile-binned methylome between wild-type and Tet TKO mESCs. Tiles with >20%
methylation change were identified as differentially methylated. (B) Distribution of the relative enrichment of hypermethylated tiles
and hypomethylated tiles at various genomic features. (DHS) DNase I-hypersensitive sites; (P) promoters, which are divided into four
groups based on histone methylation pattern. Details of promoter definition can be found in ‘‘Promoter Classification by Chromatin
States’’ in the Materials and Methods. (C) Hyper-DMRs were mainly located at loci with Tet-mediated 5mC oxidization. (Left) The pie
chart shows distribution of hyper-DMRs in Tet TKO mESCs. (Right) The box plot shows 5hmC signal from TAB-seq in loci with hyper-
DMR but not 5hmC or 5fc/5caC peaks. (D) Data shown are heat maps of average 5mC level differences between Tet TKO and wild-type
ESCs (Tet TKO � WT) at centers of annotated genomic features or enriched regions for oxidized 5mC derivatives, transcriptional
regulators, histone modifications, pluripotency transcription factors (TFs), and distal regulatory regions (derived from published data
sets in mESCs). The difference is shown for all, proximal (overlapping with 61 kb flanking the TSSs), and distal features. Each row is
centered at midpoint of the feature with a 5-kb flanking sequence.
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2008), indicating that bivalent promoters are the major
type of promoters regulated byTet-mediatedDNAdemeth-
ylation. In summary, these results demonstrate that Tet-
mediated DNA demethylation mainly occurs at distal
regulatory elements.

Enhancers and promoters are the main targets
of Tet-mediated DNA demethylation

The above data indicate that DNA hypermethylation is
enriched at enhancers and promoters. Indeed, within
the 20,109 hyper-DMRs that we called in Tet TKO ESCs,
45.3% overlapped with enhancers (Kieffer-Kwon et al.
2013), 17.1% overlapped with promoters, and 27.7%
overlapped with other DHSs (Fig. 3A). The enhancer
regions used here were defined by DHSs with cohesion,
mediator, or p300 binding outside of promoter regions
(1 kb away from TSSs) (Kieffer-Kwon et al. 2013). We
chose this enhancer data set because cohesion and

mediator-demarcated enhancers tethered with core pro-
moters and because the enhancer–promoter interaction
data were available for this data set (Kagey et al. 2010;
Kieffer-Kwon et al. 2013). With regard to chromatin
modifications, H3K4me1 and H3K27ac are two typical
markers of enhancers (Heintzman et al. 2007; Creyghton
et al. 2010; Rada-Iglesias et al. 2011). Indeed, the 9785
hypermethylated enhancers were highly enriched for
H3K4me1 and H3K27ac (Fig. 3B), consistent with the
notion that they are typical marks of enhancers. More
strikingly, the mean DNA methylation level of all en-
hancers (n = 62,766) increased ;15% at the center of the
enhancer in the absence of Tet proteins (Fig. 3C), high-
lighting the important role of Tet proteins in regulating
enhancer DNA methylation levels. As H3K27ac level is
indicative of enhancer activity (Creyghton et al. 2010), we
ranked and grouped enhancers by H3K27ac level in wild-
type ESCs and compared the levels of DNA methylation
increase in Tet TKO ESCs between each group. We found

Figure 3. Enhancers are the main targets of Tet-mediated DNA demethylation. (A) Pie chart distribution of hyper-DMRs in Tet TKO
mESCs. Hyper-DMRs were mainly localized to enhancers, promoters, and other DHSs (defined by at least 1 bp overlap). For regions
belonging to more than one category, the classification follows the priority of enhancer, promoter, and DHSs. (B) Heat maps of
methylation difference; peak regions of Tet1 binding, 5fC/5caC in TDG knockdown cells, H3K4me1, and H3K27ac at hypermethylated
enhancers in Tet TKO cells. Heat maps are ranked by the size of hyper-DMRs that overlap with enhancers (top, largest; bottom,
smallest). Each row represents one enhancer that overlaps with a hyper-DMR in Tet TKO cells and is centered at the midpoint of the
enhancer with a 5-kb flanking sequence. In the methylation change column, the colors in the legend indicate the value of the
methylation difference. In the other columns, the colored regions indicate peaks of the selected features. (C) Plot of the average
methylation level at all annotated enhancers showing general hypermethylation at enhancers in Tet TKO ESCs. (D) Representative
genome browser view of hypermethylation of the T locus. Both the enhancer and the promoter of Twere hypermethylated in Tet TKO
mESCs. Track information is shown on the left side of each track. Gray tracks above DNA methylation tracks are sequencing coverage
data (CpGs covered for at least 53 in both control and TKO samples). T-E, T-P1, and T-P2 indicate regions analyzed in Supplemental
Figure 7. Targeted bisulfite sequencing validation is shown at the bottom. The X-axis numbers indicate position of CpG sites in mm9
genome assembly. The CpGs were covered at least 17503.
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an inverse correlation between DNA methylation and
H3K27ac levels as well as all 10 groups of enhancers
exhibiting a significant increase in DNA methylation in
Tet TKO cells (Supplemental Fig. 4). Our analysis in-
dicates that proximal features associated with promoters
show relatively lower hypermethylation at the shores of
the center and that Polycomb-binding sites show hyper-
methylation at the center of the elements (Fig. 2D).
Indeed, bivalent promoters showed the largest average
methylation increase among promoters (Supplemental
Fig. 5). For example, we detected a significant increase
in DNAmethylation at both the promoter and one nearby
enhancer of T (also named Brachyury) in Tet TKO ESCs
(Fig. 3D). The methylation change was validated by
targeted bisulfite sequencing of an independent batch of
samples with at least 17503 coverage (Fig. 3D). The
average methylation level at active and initiated pro-
moters also increased to a lesser extent, whereas silent
promoters were heavilymethylated even inwild-type cells,
with levels comparable with those of repeat sequences
(Supplemental Fig. 5). These results suggest a general
enrichment of Tet-mediated DNA demethylation at regu-
latory sequences, especially at enhancers and promoter
regions. Taken together, our data reveal the location of
genome-wide Tet-dependent DNA demethylation in
mESCs, which mainly include enhancers, promoters, and
other distal regulatory elements.

Dual function of Tet-mediated DNA demethylation
in transcriptional regulation

To examine the transcriptional effect of Tet TKO, we
performed RNA sequencing (RNA-seq) in wild-type and
Tet TKO ESCs and identified 735 up-regulated and 290
down-regulated genes, respectively (fold change > 2, FPKM
[fragments per kilobase of exon per million mapped
fragments] > 0.5 in at least one sample) (Fig. 4A; Supple-
mental Table 2). In order to analyze the effect of DNA
hypermethylation on transcriptional change, we analyzed
hypermethylated genes exhibiting hypermethylation in
either promoters or associated enhancers. Previous chro-
matin interaction analysis by paired-end tag sequencing
(ChIA-PET) analysis has experimentally identified pro-
moter–enhancer interactions representing 3764 genes,
among which 998 showed hypermethylation in at least
one enhancer in Tet TKO cells (Kieffer-Kwon et al. 2013).
When compared with DNAmethylation change, we found
that hypermethylated genes (3296 promoter hypermeth-
ylated genes and 998 enhancer hypermethylated genes
with known enhancer–promoter interaction, of which 270
genes were shared) overlapped significantly with differen-
tially expressed genes (Fig. 4B; Supplemental Table 3),
indicating that change in DNA methylation is likely one
of the primary causes of the expression change in Tet TKO
ESCs.
To further examine this relationship, we analyzed

promoter methylation and enhancer methylation sepa-
rately. Promoters can be classified into four groups based
on their associated histone modification (Whyte et al.
2012). The four groups include (1) active promoters that

contain H3K4me3 and downstream H3K79me2/3, (2)
initiated promoters that contain H3K4me3 only, (3) bi-
valent promoters that contain H3K4me3 and H3K27me3,
and (4) silent promoters that do not have H3K4me3.
Analysis of the relationship between transcription and
promoter hypermethylation for each gene group revealed
that transcription from active promoters and initiated
promoters decreased significantly when they were hyper-
methylated (Fig. 4C; Supplemental Fig. 6). This is consis-
tent with the notion that promoter methylation generally
correlates with transcriptional repression (Klose and Bird
2006). In contrast, hypermethylation of bivalent pro-
moters associated with significant up-regulation of tran-
scription (Fig. 4C), which is consistent with the previous
finding that increased DNA methylation at bivalent
genes positively correlates with increased transcription,
possibly due to impaired recruitment of Polycomb re-
pression complexes (PRCs) (Wu et al. 2011).
Enhancers are generally hypomethylated when they are

bound by cell type-specific transcription factors, suggest-
ing that active demethylation at active enhancers might
be important for their activity (Stadler et al. 2011; Kieffer-
Kwon et al. 2013; Ziller et al. 2013). However, these
studies were carried out by comparing enhancer methyl-
ation and enhancer activity in different cell types, making
the correlations difficult to interpret. Tet TKO cells are
largely normal and exhibit aberrantmethylation at a large
cohort of enhancers, which provide a unique opportunity
for studying the role of enhancer methylation in tran-
scriptional regulation. We found that expression of active
genes and initiated genes was significantly decreased
when their associated enhancers were hypermethylated
(Fig. 4D–F). In contrast, bivalent genes showed increased
expression when their enhancers became hypermeth-
ylated in the absence of Tet proteins (Fig. 4D). Activation
of this group of genes might be caused by either methyl-
ation-mediated repelling of PRCs similar to that observed
at hypermethylated bivalent promoters or gene bodies
(Wu et al. 2010, 2011), or Polycomb binding necessitating
nonmethylated CpG (Farcas et al. 2012; He et al. 2013;
Wu et al. 2013). Clearly, these enhancers are modified by
H3K27me3 in wild-type cells (Fig. 4G). Using T as an
example, we found that expression of Twas increased in
Tet TKO (Supplemental Fig. 7A). ChIP-qPCR (chromatin
immunoprecipitation [ChIP] coupled with quantitative
PCR [qPCR]) analysis of hypermethylated regions within
promoter and enhancer regions showed that binding of
both Ring1B and Ezh2, core components of the PRC1 and
PRC2 complexes, decreased upon hypermethylation
(Supplemental Fig. 7B). The number of silent genes with
hypermethylated enhancers and the number of silent
genes with hypermethylated promoters were small, so
the transcriptional changes associated with these hyper-
methylation events were not statistically significant
(Fig. 4C,D). Taken together, we found that hypermeth-
ylation at promoters/enhancers of active/initiated genes
is generally associated with gene repression, while the
opposite is observed at bivalent gene promoters and
associated enhancers, possibly due to the negative effect
of 5mC on the binding of Polycomb group proteins.
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Figure 4. Dual function of Tet-mediated DNA demethylation in transcriptional regulation. (A) Scatter plot of RNA-seq data illustrates
transcriptional change in Tet TKO cells. Genes up-regulated are shown in red dots, while down-regulated genes are shown in blue dots.
Genes showing an expression difference larger than twofold were considered differentially expressed. (B) Venn diagram depicting the
overlap between differentially expressed genes and differentially methylated genes. Statistical significance was calculated by
hypergeometric test. (C) Dual role of promoter methylation in transcriptional regulation. Expression of genes (FPKM > 0.5 in at least
one sample) with hypermethylated promoters was compared with that of randomly selected genes. For each category of genes, the
P-value of the two-tailed t-test was calculated. (D) Dual role of enhancer methylation in transcriptional regulation. Expression of genes
(FPKM > 0.5 in at least one sample) with known promoter–enhancer interaction was compared with that of randomly selected genes.
For each category of genes, the P-value of the two-tailed t-test was calculated. (E,F) Genome browser view of enhancer hyper-
methylation and gene expression decrease at Inhbb (active gene) (E) and Slc2a8 (initiated gene) (F) loci. Track information is shown on
the left side of each track. Gray tracks above DNA methylation tracks are sequencing coverage information. RT-qPCR (left) and
targeted bisulfite sequencing validation (right) are shown at the bottom of each panel. Actb (b-actin) was used as internal control for
expression analysis. Error bars represent standard error of the mean. The X-axis numbers indicate position of CpG sites in mm9 genome
assembly. The CpGs were covered at least 24003. (G) Bivalent gene-associated enhancers were modified by H3K27me3. The
H3K27me3 level in wild-type (WT) ESCs at hypermethylated enhancers that interact with bivalent genes is shown in the box plot.
Randomly sampled regions were used as a control. Statistical significance was calculated by Student’s t-test. (RPM) Reads per million
mapped reads.
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Increased 2C-like population in Tet TKO ESCs

During transcriptome analysis, we noticed that many
silent genes up-regulated in Tet TKO cells were highly
enriched in genes specifically expressed during preimplan-
tation development (Fig. 5A), including genes known to be
specifically expressed in 2Cs (Xue et al. 2013), such as the
Zscan4 cluster of genes (Fig. 5B; Falco et al. 2007). In
contrast, up-regulated genes in the other three groups did
not show such enrichment (Supplemental Fig. 8A). By
reanalyzing published transcriptomes of mouse preim-
plantation embryos (Xue et al. 2013), we identified 220
2C-specific genes (Supplemental Fig. 8B; Supplemental
Table 4), of which 34 were classified as silent genes in
mESCs. Among the 220 2C-specific genes, 36 were up-
regulated in Tet TKO ESCs, while only three showed
decreased expression (Fig. 5C; Supplemental Table 4). More
strikingly, 26 of the 34 silent 2C-specific genes showed
increased expression, while none of these showed decreased
expression in Tet TKO cells (Fig. 5D; Supplemental Table
4). The activation of 2C-specific genes was confirmed by
RT-qPCR using an independent batch of samples (Fig. 5E).
Previous studies have established a link between the

expression of the 2C-specific genes and the activation of
repeat sequences, especially type III endogenous retrovi-
rus (ERV), murine ERV with leucine tRNA primer
(MuERV-L, also known as MERVL), and Mt2_mm, the
corresponding long terminal repeat (LTR) promoters of
MuERV-L (Macfarlan et al. 2011, 2012). In support of this
link, we found that up-regulated 2C-specific genes were
significantly closer to ERVs than other up-regulated genes
(Fig. 5F). This observation prompted us to look into the
expression of different repeat sequences. We found that
expression of LTR-type repeats showed significant in-
crease (Fig. 5G), while expression of LINE and SINE
elements was also increased to a lesser extent in Tet
TKO ESCs (Supplemental Fig. 8C). Detailed analysis of
the three subtypes of ERVs (ERV1, ERVK, and ERVL)
revealed that ERVL exhibited the highest activation in
Tet TKO ESCs (Fig. 5G). Both the LTR region (MT2_Mm)
and the internal region (MuERV-L-int) of MuERV-L
showed significant activation in Tet TKO ESCs (Fig.
5G). Collectively, these results suggest that Tet proteins
may play an important role in repressing type III ERV and
2C-specific gene expression in mESCs.
Because Zscan4 and other 2C-specific genes are

expressed in a small population of cells in standard ESC
culture (Zalzman et al. 2010;Macfarlan et al. 2012; Amano
et al. 2013), we asked whether activation of Zscan4 in Tet
TKO ESCs correlates with an increase in the Zscan4-
positive cell population. To this end, we stained cells with
Zscan4 antibody and then counted the number of Zscan4-
positive cells by fluorescence-activated cell sorting (FACS),
which revealed that Zscan4-positive cells in Tet TKO
ESCs increased to around sixfold of that in wild-type ESCs
(Fig. 5H; Supplemental Fig. 9). Given that the staining
intensity of Zscan4-positive cells in Tet TKO ESCs is
similar to that of wild-type ESCs, we conclude that
a significantly higher fraction of Tet TKO cells exist in
a 2C-like state when compared with the wild-type cells. In

addition, we labeled Tet TKO ESCs with a 2C:tdTomato
reporter and sorted out the 2C:tdTomato-positive and
2C:tdTomato-negative populations. When these popula-
tions were placed in culture, the reporter was quickly
activated in 2C:tdTomato-negative cells, while the re-
porter was quickly shut down in 2C:tdTomato-positive
cells, indicating that the 2C-like population maintained
the dynamic manner in Tet TKO ESCs (Fig. 5I). Taken
together, our data suggest that Tet TKO ESCs maintain
a higher population of 2C-like cells compared with that in
wild-type ESCs.

Regulation of Kap1 in repressing 2C-specific genes
by Tet proteins

Previous studies have shown that expression of 2C-specific
genes is repressed by Kap1, LSD1, and G9a in mESCs
(Macfarlan et al. 2011, 2012; Maksakova et al. 2013). To
explore whether Tet-mediated 2C gene repression was
linked to any of these factors, we compared differentially
expressed genes in Tet TKO cells with those in Kap1,
LSD1, and G9a mutant cells. This analysis revealed that
up-regulated genes in Tet TKO cells significantly over-
lapped with genes up-regulated in Kap1, LSD1, or G9a
mutant cells (Fig. 6A; Supplemental Table 5). Since up-
regulated genes in Tet TKO cells showed the most overlap
with those up-regulated in KAP knockout cells and since
expression of 2C-specific genes in Tet TKO ESCs corre-
lated well with those in KAP1 knockout cells (Pearson
correlation coefficient = 0.685) (Fig. 6A,B), we explored the
possibility of whether Tet proteins and Kap1 function in
the same pathway or cooperate in repressing 2C-specific
genes. By reanalyzing published Kap1 ChIP sequencing
(ChIP-seq) data (Quenneville et al. 2011; Rowe et al. 2013),
we found that Kap1was significantly enriched atMuERV-L
repeats (Supplemental Fig. 10A,B). Since Kap1 mRNA
level (FPKM: wild-type, 1013; Tet TKO, 990) and protein
level (Fig. 6C) were not significantly altered in Tet TKO
cells, we explored whether Tet protein depletion would
affect KAP1 binding to chromatin. We performed ChIP-
qPCR to analyze Kap1 binding by comparing DNA
captured by anti-Kap1 with that captured by IgG control.
The result revealed that KAP1 binding at MuERV-L
repeats (regions 1–5) was significantly decreased in Tet
TKO cells (Fig. 6D). Similarly, ChIP-qPCR analysis of
a single-copy region (region 6) upstream of Zscan4d also
showed decreased Kap1 binding in Tet TKO cells (Fig. 6D).
In contrast, Kap1 binding at IAP regions was minimally
affected in Tet TKO ESCs (Fig. 6D). This is consistent with
the minimal IAP up-regulation detected in Tet TKO ESCs
compared with that in Kap1 knockout cells (Supplemental
Fig. 10C,D). Collectively, these data suggest that Tet
proteins are likely required for efficient binding of Kap1
to MuERV-L and repressing transcription of MuERV-L as
well as the nearby 2C-specific genes.

Increased telomere length in Tet TKO ESCs

Since the transient Zscan4-positive state is known to
promote telomere elongation through telomere recombi-
nation (Zalzman et al. 2010), we asked whether telomere
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length is altered in Tet TKO cells. Using a well-estab-
lished qPCR method (Callicott and Womack 2006), we
found that the average telomere length increased ;18%
in Tet TKO cells (Fig. 7A). Additionally, our WGBS data

provided an independent means to quantify the relative
telomere lengths. By counting the (TTAGGG)3 reads in
the raw sequencing data, we estimated ;20% more
telomere-associated reads in Tet TKO ESCs compared

Figure 5. 2C-specific genes are up-regulated, and the 2C-like population is increased in Tet TKO ESCs. (A) Silent genes up-regulated in
Tet TKO ESCs were enriched in oocytes and all stages of preimplantation development. The percentage of up-regulated silent genes in
Tet TKO cells and all silent genes expressed at a given developmental stage is shown. Statistical significance was performed by
proportion test. (B) Zscan4 cluster is shown as an example of 2C-specific genes up-regulated in Tet TKO ESCs. Bar, 50 kb. (Top) RNA-
seq results of wild-type (WT) and Tet TKO ESCs. (Bottom) RNA-seq results of mouse oocytes and embryos at different stages of
preimplantation development. (C,D) Scatter plot illustrating the enrichment of increased expression of 2C-specific genes (C) and silent
2C-specific genes (D) in Tet TKO ESCs. Up-regulated genes and down-regulated genes are shown as red and blue dots, respectively. The
number of up-regulated genes and down-regulated genes is shown at the top left and bottom right, respectively. (E) Activation of 2C-
specific genes validated by RT-qPCR. Actb was used as internal control for expression analysis. Error bars represent standard error of
the mean. (F) Up-regulated 2C-specific genes in Tet TKO ESCs were closer to ERVs. The average distance between TSSs and ERVs was
plotted for different categories of genes. Statistical significance was calculated by Wilcoxon test; (***) P-value < 0.001. (G) Derepression
of ERVs, especially type III Mu-ERVLs in Tet TKO ESCs. The expression of the LTRs of all ERVs, the three subtypes of ERV (ERV1,
ERVK and ERVL), and two subregions of MuERV-L (MT2_Mm and MuERV-L-int) in wild-type and Tet TKO ESCs is shown in the box
plot. Statistical significance was calculated by Wilcoxon test; (***) P-value < 0.001. (H) Tet TKO resulted in an increase in the Zscan4-
positive 2C-like cell population. Zscan4 staining analyzed by FACS is shown in the scatter plot. Approximately 20,000 cells were
counted for each experiment. The bar graph on the right shows average data from three experiments. Error bars represent standard
deviation. (I) Plot of 2C:tdTomato-positive cells in the culture at the indicated times. 2C:tdTomato-negative cells (left) and
2C:tdTomato-positive cells (right) sorted by FACS were plated at day 0. Error bars represent standard deviation.
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with that in wild-type ESCs (Fig. 7B). To better under-
stand the distribution of telomere length in Tet TKO
ESCs and rule out the potential clonal effect of Tet TKO
ESCs, we performed telomere quantitative fluorescence
in situ hybridization (Q-FISH) in wild-type and two
independent Tet TKO cell lines. The result indicated that
telomeres in both Tet TKO cell lines exhibited wider
length distribution with an overall shift in addition to
increased average length, which was similar to that seen
in Zscan4-overexpressing cells (Fig. 7C; Supplemental
Fig. 11; Zalzman et al. 2010). Since Zscan4 promotes
telomere elongation through increased telomere recom-
bination (Zalzman et al. 2010), we asked whether Zscan4
promoted telomere elongation using a recombination-
based mechanism in Tet TKO ESCs. To this end, we
measured the frequency of telomere recombination
using the chromosome orientation FISH (CO-FISH)
technique (Williams and Bailey 2009). Consistent with
the previous demonstration that the frequency of T-SCE
events is significantly increased in Zscan4-overexpressed
ESCs (Zalzman et al. 2010), we found that the frequency of
T-SCE was significantly increased in Tet TKO ESCs
compared with that of wild-type cells (Fig. 7D,E). Collec-
tively, multiple lines of evidence suggest that Tet TKO
cells enter the 2C-like state more frequently and acquire
2C-like features such as increased telomere length.

Discussion

Tet-mediated successive oxidation of 5mC to 5hmC, 5fC,
and 5caC leads to either passive dilution of 5hmC or
active removal of 5fC and 5caC by TDG and base excision
repair (Pastor et al. 2013; Wu and Zhang 2014). However,
where and to what extent Tet proteins mediate DNA
demethylation still remains poorly understood. Previous

studies using antibody-based methylated DIP (MeDIP)
followed bymicroarray analysis (MeDIP–chip) or targeted
bisulfite sequencing of wild-type and Tet1-depleted ESCs
revealed DNA hypermethylation at a cohort of Tet1-
bound gene promoters (Wu et al. 2011; Xu et al. 2011).
Furthermore, MeDIP-coupled sequencing (MeDIP-seq) of
several tissues in Tet DKO mice showed an increase of
5mC signal across all chromosomes, suggesting a wide-
spread contribution of Tet proteins in DNA methylation
in vivo (Dawlaty et al. 2013). Recently, Dawlaty et al.
(2014) reported that the EBs derived from Tet TKO
mESCs also showed increased baseline 5mC across all
chromosomes through MeDIP-seq analysis but failed to
identifymore distribution features of the hypermethylated
regions. In addition, the absolute level of 5mC change
could not be determined by the MeDIP, and targeted
bisulfite sequencing only provided limited information of
selected promoter regions. Additionally, methylation anal-
yses of highly heterogeneous cell populations, such as
tissues or EBs, further complicate meaningful interpreta-
tion of the data. Here, we took advantage of Tet TKO
mESCs that are completely free of 5mC oxidative de-
rivatives and revealed (1) the exact locations where Tet-
mediated active DNA demethylation occurs at base reso-
lution and (2) the physiological function of Tet proteins
in ESCs.

Methylation changes in Tet TKO ESCs

Since Tet TKO cells do not contain 5hmC, 5fC, and 5caC,
WGBS signals from these cells represent only 5mC. Com-
paring WGBS data from Tet TKO ESCs with those from
wild-type cells with 5hmC signal subtracted, we defined
Tet deficiency-induced 5mC change at base resolution.
Unexpectedly, we found the overall CpGmethylation level

Figure 6. Tet proteins repress 2C-specific genes and
LTRs by facilitating Kap1 recruitment. (A) Venn
diagram showing that genes up-regulated in Tet
TKO ESCs significantly overlap with those up-
regulated in Kap1, Lsd1, or G9a knockout (KO)
ESCs. (B) Scatter plot showing strong expression
correlation of the 220 2C-specific genes in Tet
TKO and Kap1 knockout ESCs. (cor) Pearson coef-
ficiency. (C) Western blot analysis demonstrated
that the Kap1 protein level was not significantly
altered in Tet TKO ESCs. Suz12 served as a loading
control. (D) ChIP analysis demonstrated reduced
KAP1 binding at MuERV-L elements in Tet TKO
ESCs. The relative enrichment is fold enrichment of
relative DNA captured by Kap1 antibody compared
with DNA captured by IgG control. ChIP-qPCR-
analyzed genomic regions are indicated in the dia-
gram in the top panel. One-kilobase scale bars are
shown for each of the two loci. Amplicons 1–5 are
within MuERV-L repeats. Amplicon 6 is a single-
copy region that partly overlaps with the MuERV-L
repeat upstream of Zscan4d. Amplicon IAP is one
region in the LTR of the IAP elements. The pro-
moter region of Actb was used as a negative control.
Error bars represent standard error of the mean.
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in Tet TKO cells (64.7%) to be slightly lower than that in
wild-type cells (69%). This is likely due to decreased
methylation within highly methylated CpGs (Fig. 2A;
Supplemental Fig. 2), such as those located in heterochro-
matin regions (Fig. 2D, H3K9me3 and H4K20me3). This
suggests that DNA methylation is not fully maintained in
Tet TKO ESCs. It would be interesting to investigate the
relationship between 5mC oxidation and maintenance in
the future.
Nevertheless, in Tet TKO cells, we found 60 times

more hyper-DMRs across the genome than hypo-DMRs,
indicating that hypomethylated CpG sites are randomly
distributed, whereas hypermethylated CpG sites tend to
cluster at specific genomic loci. Apart from a subset of
hypermethylated CpGs that are 5hmC-modified in wild-
type ESCs, a significant fraction of hypermethylated
CpGs are not associated with stable 5hmC signals
detected in wild-type cells. It appears that a cohort of
these 5hmC-free hypermethylated CpGs resides within
5fC/5caC peaks, suggesting that active demethylation
(conversion of 5mC to C) and stable accumulation of
5hmC modification may represent distinct molecular
events. Thus, genome-wide mapping of 5hmC may not
be sufficient to identify all cytosines undergoing active
DNA demethylation. Mapping 5fC/5caC accumulation
in TDG-deficient cells at single-base resolution may
contribute to a better understanding of Tet and TDG-
dependent active DNA demethylation.
Previous studies have shown that Tet proteins are

required for the maintenance of low methylation status
at a subset of promoters in ESCs (Wu et al. 2011; Xu et al.
2011; Dawlaty et al. 2014). In this study, we not only

provided a complete list of promoters undergoing active
DNA demethylation but also found that enhancer regions
are the most profound Tet-dependent active demethyla-
tion loci. Proximal CpG islands colocalize with the
majority of promoters in the mouse genome and are
mostly unmethylated (Deaton and Bird 2011). We found
that DNAmethylation increased significantly at the CGI
shores but minimally at the center of CGIs (Fig. 2D),
indicating that Tet proteins are not the major players in
preventing CGIs from methylation. The main players in
preventing CGI methylation remain undefined. En-
hancers are generally lower in DNA methylation (Stadler
et al. 2011; Kieffer-Kwon et al. 2013; Ziller et al. 2013).
Here we provide evidence indicating that Tet-mediated
active DNA demethylation is one of the major contrib-
uting factors in maintaining this phenomenon. Since
enhancers are well known to be cell type-specific, it will
be interesting to study the roles of Tet proteins in
enhancer reconfiguration during cell fate transition.

DNA methylation at enhancers fine-tune enhancer
activity in ESCs

Previous studies have revealed that active enhancers are
generally hypomethylated, suggesting that hypomethyla-
tion may be required for enhancer activity (Stadler et al.
2011; Kieffer-Kwon et al. 2013; Ziller et al. 2013). How-
ever, this hypothesis has not been confirmed, as all of the
studies so far have compared enhancer methylation and
activity from different cell types and have not ruled out
a possible secondary effect resulting from different cell
identities. Here, we found widespread hypermethylation

Figure 7. Tet TKO results in telomere elongation
along with high frequency of T-SCE. (A) Increased
telomere length in Tet TKO ESCs. Average telomere
length was assessed by qPCR with a telomere repeat-
specific primer set and normalized to a single-copy
control primer set. (B) Increased telomere length in
Tet TKO ESCs as measured by WGBS reads. The
table summarizes WGBS reads and uniquely mapped
reads. (TTAGGG)3-containing reads were counted
as telomere reads in the raw data and normalized to
either total sequencing reads or uniquely mapped
reads. (C) Distribution histogram of relative telomere
length analyzed by telomere Q-FISH and TFL-TELO
software. (D,E) Increased T-SCE in Tet TKO cells.
T-SCE events were measured by CO-FISH. (D) Repre-
sentative images are shown. (E) Quantification of
chromosomes with T-SCE events are shown in the bar
graph. Statistical significance was calculated by student’s
t-test; (*) P-value < 0.05; (***) P-value < 0.001.
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at enhancers in Tet TKO cells without disrupting their
identity. This provided us with a unique opportunity to
examine the effect of DNA methylation on enhancer
activity. We found that increased methylation at the
enhancer region of actively transcribed genes (Fig. 4D,
active/initiated) was negatively correlated with transcrip-
tion in general. Hypermethylation in enhancer regions
resulted in small changes in transcription, likely due to
the minor role played by DNA methylation in gene
repression of early embryos and ESCs (Fouse et al. 2008;
Bogdanovic et al. 2011). In contrast, increased enhancer
methylation of bivalent genes (Fig. 4D, bivalent) corre-
lated with transcriptional activation, supporting the
mutual exclusion of DNA methylation and Polycomb
protein binding (Wu et al. 2010, 2011, 2013; Farcas et al.
2012; He et al. 2013) and the notion that removal of
Polycomb repression is required for enhancer activation
(Rada-Iglesias et al. 2011). These results suggest that Tet-
dependent DNA demethylation at enhancers fine-tunes
transcription of genes interacting with these enhancers
in ESCs. Further studies will be needed to determine
whether Tet-dependent DNA demethylation plays a
larger role in regulating enhancer activity in somatic
cells where DNA methylation is heavily associated
with gene repression.

Role of Tet proteins in repeat silencing and telomere
regulation

Temporal acquisition of a 2C-specific condition is critical
to restoring the developmental capacity in ESCs (Amano
et al. 2013). Previous studies have demonstrated that
a 2C-like cell population increases in cells deficient for
Kap1, Lsd1, or G9a (Macfarlan et al. 2012). We found that
2C-specific genes are up-regulated in Tet TKO cells.
Although Tet1 ChIP-seq did not reveal stable occupancy
of Tet1 protein at these regions, the presence of high-
confidence 5hmC signals at 2C-specific gene loci in-
dicates that Tet proteins indeed function at these loci.
Tet2might also occupy these loci, as it possesses intrinsic
DNA-binding activity (Hu et al. 2013). However, cur-
rently, no reliable Tet2 ChIP-seq data are available for
analyzing the contribution of Tet2. Derepression of 2C-
specific genes in Tet TKO cells correlated well with that
in Kap1 knockout cells, although the change was to
a lesser extent in Tet TKO ESCs than that in Kap1
knockout cells (Fig. 6B). This was consistent with the
observation that binding of Kap1 to MuERV-L was de-
creased but not completely absent in Tet TKO ESCs
(Fig. 6D). The activation of MuERV-L was also to a lesser
extent in Tet TKO ESCs when compared with Kap1
knockout ESCs, although it was comparable with G9a
knockout ESCs (Fig. 5G; Supplemental Fig. 10C,E). There-
fore, it is possible that Tet proteins and/or 5hmC marks
may help recruit/stabilize Kap1 binding at these loci. We
also noticed that the effect of Tet proteins in Kap1 binding
was not global, as Kap1 binding at IAP regions was
minimally affected (Fig. 6D). Future studies may provide
new insights into the function of Tet proteins in repressing
type III ERVs and 2C-specific genes.

Among the 2C-specific genes, Zscan4 is of particular
interest. Activation of Zscan4 in ESCs is associated
with rapid telomere extension by promoting T-SCE
(Zalzman et al. 2010; Dan et al. 2014). Zscan4 is
specifically expressed in 2Cs, and telomere elongation
takes place most dramatically at the 2C stage through
a T-SCE-based mechanism (Liu et al. 2007). However,
how Zscan4 is activated at the two-cell stage remains
unclear. We found that Tet TKO ESCs exhibit activa-
tion of Zscan4, which led to increased T-SCE and
elongated telomeres (Fig. 7). Among the three Tet pro-
teins, Tet3 is a maternal factor that is highly expressed in
the one-cell embryo and degrades in the 2C, while Tet1
and Tet2 commence expression at the 2C and morula
stages, respectively (Tan and Shi 2012). Therefore, 2Cs lack
all of the Tet proteins. The various phenotypes that we
observed in this study suggest that loss of Tet proteinsmay
be required for the establishment of a 2C-specific state,
including ERV activation, Zscan4 expression, and sub-
sequent telomere elongation. It will be interesting to
determine whether forced expression of Tet proteins in
2Cs will result in disruption of preimplantation develop-
ment in the future.
In summary, we generated a base-resolution DNA

methylation map in Tet TKO ESCs and identified ge-
nome-wide Tet-dependent DNA demethylation events in
ESCs. We found that Tet-mediated DNA demethylation
takes place mostly at enhancers and distal regulatory
sequences. We also provided evidence that enhancer
methylation regulates enhancer activity. Furthermore,
we demonstrated that Tet TKO ESCs show an increased
2C-like population and elongated telomeres. Taken to-
gether, these findings not only substantially broaden our
understanding of the role of Tet proteins in DNA demeth-
ylation but also reveal new functions for Tet proteins in
repressing repeat sequences as well as nearby 2C-specific
genes and telomere length regulation.

Materials and methods

Cell culture and antibodies

We used the mESC line E14Tg2a in this study. Cells were
cultured on 0.1% gelatin-coated (Millipore) plates in DMEM
(Life Technologies) supplemented with 15% fetal bovine serum
(Sigma), penicillin/streptomycin, nonessential amino acid, so-
dium pyruvate, GlutaMax, b-mercaptoethanol (Life Technolo-
gies), and 1000 U/mL LIF (ESGRO, Millipore) unless specified.
Antibodies used in this study were 5hmC (Active Motif, 39769),
Oct4 (Santa Cruz Biotechnology, sc-8628), Nanog (Bethyl Labo-
ratories, IHC-00205), Sox2 (Millipore, Ab5603), Tet1 (Ito et al.
2010), Tet2 (described below), Tet3 (Gu et al. 2011), Zscan4
(Millipore, Ab4340), Suz12 (Cao et al. 2002), Ring1b (Cell
Signaling, 5694), Ezh2 (Cell Signaling, 5246), and Kap1 (Cell
Signaling, 4123). Tet2 antibody was generated using HIS-tagged
recombinant Tet2 2-374 expressed in Escherichia coli and
purified using Talon superflow metal affinity resin (Clontech).
Rabbit immunization was carried out by Pocono Rabbit Farm
and Laboratory, Inc. The antiserum was affinity-purified using
immunization antigen. The specificity of the affinity-purified
antibody was confirmed using extracts from the control and Tet2
knockdown mESCs.
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Generation of Tet TKO cells

Tet TKO cells were generated using the CRISPR/Cas9 method
with the previously published guide RNA sequences (Wang et al.
2013). E14 cells cultured in 2i medium (DMEM/F12 supple-
mented with penicillin/streptomycin, GlutaMax, 1 mM MEK
inhibitor PD0325901, 3 mM GSK3 inhibitor CHIR99021, 1000
U/mL LIF) on Matrigel-coated (BD Biosciences) plates were
transiently transfected with a mixture of px330 vectors contain-
ing guide RNAs for Tet1, Tet2, and Tet3 along with one
puromycin resistance gene-containing empty vector using the
Fugene 6 transfection reagent (Promega). The cells were subcul-
tured to a low density 24 h later. Two days following trans-
fection, the cells were selected with 2 mg/mL puromycin for 48 h.
Viable clones were grown larger and picked up for mutation
analysis. Mutations were first screened using PCR followed by
restriction analysis as restriction sites were presented at
CRISPR/Cas9 cutting sites. 5hmC levels of DNA from mutant
clones were then analyzed by slot blot. Clones with a signifi-
cantly lower level of 5hmC along with wild-type ESCs were kept
and adapted to serum-based culture conditions for at least 17 d.
DNA samples from these clones were then digested to single
nucleotide and analyzed by mass spectrometry to quantify
absolute 5hmC levels.

5hmC level analysis by mass spectrometry

Genomic DNA (1 mg) prepared using a DNeasy blood and tissue
kit (Qiagen) was hydrolyzed with 90 U of nuclease S1 (Sigma) in
digestion buffer (14 mM NaAc, 0.5 mM ZnSO4 at pH 4.6) for 1 h
at 37°C followed by treatment with 8 mU of phosphodiesterase I
(VPH) and 1.6 U of CIAP (New England Biolabs) for an additional
1 h. The digested samples were then filtered with Nanosep3K
(PALL) and subjected to mass spectrometry analysis.

WGBS

DNA (1 mg) with 0.5% nonmethylated l DNA spike-in was
sheared by Covaris M220 instrument to an average size of 350
bp in length. DNA was then end-repaired, dA-tailed, and ligated
with methylated adaptors. Bisulfite conversion was carried out
using an EpiTect fast bisulfite conversion kit (Qiagen) according to
the manufacturer’s instructions. Twenty minutes were used in
both conversion steps. Bisulfite-converted DNA was then ampli-
fied with five PCR cycles to obtain the final library. The WGBS
libraries were subjected to pair-end (2 3 110 bp) sequencing on
a HiSeq 2500 (Illumina) with or without a PhiX spike in.

After sequencing, low-quality bases and adapter-containing
reads were trimmed from raw data by trim_galore with default
parameters, and reads aligned to the PhiX genomewere removed.
Bismark 0.7.9 was used to align reads to a reference genome
(mm9). Analyzing l DNA reads confirmed that >99.7% Cs
were successfully bisulfite-converted. The coverage depth and
methylation level of each cytosine were extracted by bismark_
methylation_extractor and samtools from SAM files. DMR
analysis was performed by methpipe-3.0.1. False discovery rate
(FDR) was estimated by randomly shuffling the Tet TKO and
wild-type methylome to call DMRs with the same pipeline and
parameters. For hyper-DMRs, the FDR was estimated as 0.0499.
For hypo-DMRs, the DMR number was too small to be statisti-
cally analyzed, and thus hypo-DMRs were not analyzed further.
When calculating methylation level for CpG sites, information
from both strands was combined, and a coverage of at least five
reads was required. For regions, all reads within one specific
region were pooled together, and a coverage of at least 10 reads
was required. Since bisulfite sequencing cannot distinguish 5mC

and 5hmC, 5mC levels in wild-type cells were corrected by
subtracting 5hmC levels obtained from TAB-seq (Yu et al. 2012).
For both 100-bp tiles and DMRs, regions with a methylation
difference >20% were considered as differentially methylated.

The following procedure was used to generate the heat maps in
Figure 2D. The average methylation profile of both wild type and
TKOs was calculated for both 5 kb upstream of and downstream
from the center of each feather in 100-bp bins. Methylation
differences were calculated by subtracting average methylation
in wild type from those in Tet TKO. For all of the features, peaks
overlapping with 61 kb TSS sequences were considered as
proximal elements, with the rest of the peaks considered as distal
elements. Regions within 61.5 kb from the TSS were considered
as promoter regions unless specified. The data of different
genomic features are described in ’’Published Data Sets Used in
This Study.’’ Heat maps were generated by R.

Targeted bisulfite sequencing

Two micrograms of genomic DNA was bisulfite-treated with an
EpiTect fast bisulfite conversion kit (Qiagen) according to the
manufacturer’s instructions. Twenty minutes were used in both
conversion steps. Targeted regions were amplified with the
primers listed in Supplemental Table 6 using Kapa Hifi Uracil+

enzyme (Kapa Biosystems). The amplified DNA samples were
purified and mixed at equal molar concentrations for each
genotype. The mixture of DNA was then fragmented by sonica-
tion (Covaris). DNA sequencing libraries were then constructed
from the fragmented DNA samples using NEBnext ultra DNA
library prep kit for Illumina (New England Biolabs) with different
barcodes. Libraries were sequenced on a HiSeq 2500 (Illumina).

RNA-seq

RNA samples were prepared by RNeasy minikit (Qiagen). De-
pletion of rRNA was carried out using ribo-zero kit (Epicentre).
Barcoded RNA-seq libraries were constructed using NEBNext
ultra directional RNA library prep kit for Illumina according to
the manufacturer’s instructions (New England Biolabs). Single-
end 50-bp sequencing was performed on a HiSeq 2500 (Illumina).
Sequencing reads were mapped against the reference genome
(mm9)with Bowtie/TopHat version 2.0.2, which allowedmapping
across splicing junctions by read segmentation. All programs
were performed with default settings unless otherwise speci-
fied. The unique mapped reads (;77% of total reads) were
subsequently assembled into transcripts guided by reference
annotation (University of California at Santa Cruz [UCSC] gene
models) with Cufflinks version 2.0.2. The expression level of
each gene was quantified with normalized FPKM. Differentially
expressed genes were identified by asking for a fold change >2
with FPKM > 0.5 in at least one sample. For repeat sequence
annotation, the RepeatMasker track (RMSK) from UCSC Ge-
nome Browser was used. For repeat analyses, we counted the
unique mapped reads in each repeat element by custom Perl
script and then calculated the expression level (reads per
million unique mapped reads [RPM]).

Published data sets used in this study

Single-cell RNA-seq data in the mouse early embryos were down-
loaded from GSE44183 (Xue et al. 2013). We used the following
published RNA-seq data sets for Figure 6 and Supplemental Figure
10: G9a knockout ESCs (GSE33923) (Macfarlan et al. 2012), Lsd1
knockout (Macfarlan et al. 2011), and Kap1 knockout ESCs
(GSE41903) (Rowe et al. 2013). The lists of up-regulated genes
identified here are included in Supplemental Table 5.
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We used the following published data sets for Figure 2D: 5fC/
5caC (Shen et al. 2013); Tet1 (Wu et al. 2011); Kdm2a (Blackledge
et al. 2010); H3K4me3, H3K36me3, H3K27me3, H3K9me3, and
H4K20me3 (Mikkelsen et al. 2007); H3K4me1 (Meissner et al.
2008); Pol2 (pan), Pol2 (Ser2), Pol2 (Ser5), NelfA, Ctr9, and Spt5
(Rahl et al. 2010); Ezh2 and Suz12 (Ku et al. 2008); Oct4, Nanog,
Sox2, and H3K79me2 (Marson et al. 2008); Med1, Med12, Nipbl,
Smc1a, Smc3, and TBP (Kagey et al. 2010); LSD1, Mi2b, Hdac1,
Hdac2, Rest, and Corest (Whyte et al. 2012); LMR (Stadler et al.
2011); H3K27ac and p300 (Creyghton et al. 2010); Esrrb, cMyc,
nMyc, Tcfcp2l1, E2f1, Stat3, Smad1, and Zfx (Chen et al. 2008);
CTCF (Shen et al. 2012); DHSs (ENCODE project at genome.
ucsc.edu); and topological domain boundary (Dixon et al. 2012).
Two published Kap1 ChIP-seq data sets were used for Supple-
mental Figure 10 (Quenneville et al. 2011; Rowe et al. 2013).

Early embryonic development stage specificity analysis

To quantify the stage specificity of genes in early embryos, the
expression level of samples at a given stage versus the other
samples was compared. The stage specificity score of each gene is
defined as score = meanA � (meanOther + 2 3 sdOther), where
meanA is the mean expression of the samples in a certain stage,
and meanOther and sdOther are the mean and standard deviation
of the expression levels in the other samples, respectively.
Therefore, a positive score indicates that the gene is expressed
in a certain stage at a considerably higher level than in the other
stages. The gene with a score >0 was considered as specifically
expressed in certain stage.

Statistical analyses

Statistical analyses were implemented with R (http://www.r-
project.org). The x2 test was used to compare the frequency of an
occurrence between two groups by analyzing the two-by-two
contingency tables using the chisq.test function in R. Indepen-
dent two-group Wilcoxon rank sum tests were used to compare
distributions using the wilcox.test function in R. A Pearson’s R
coefficient was calculated using the cor function with default
parameters. Student’s t-test (two-tailed, equal variance) was
performed to obtain P-values for qPCR experiments and ChIP-
seq enrichment.

Promoter classification by chromatin states

Gene promoters are classified into four groups (active, initiated,
bivalent, and silent) by histone modifications as previously
described (Whyte et al. 2012). Specifically, (1) active promoters
are associated with H3K4me3 (61.5 kb flanking the TSS) and
H3K79me2 (5 kb downstream from the TSS), (2) initiated pro-
moters are associated with H3K4me3 (61.5 kb flanking the TSS)
only, (3) bivalent promoters are associated with H3K4me3 (61.5
kb flanking the TSS) and H3K27me3 (61.5 kb flanking the TSS),
and (4) silent promoters are not associated with H3K4me3/
H3K79me2/H3K27me3.

Immunostaining and FACS analysis

Cells were fixed with 4% paraformaldehyde for 15 min at room
temperature. After washing with PBS twice, the cells were
permeabilized with PBS containing 0.3% Triton X-100 for 10
min and blocked with PBS with 1% BSA for 30 min. The cells
were then incubated with primary antibodies diluted in PBS with
1% BSA for 1 h at room temperature. After washing three times
with PBS, cells were incubated with Alexa Fluor 488-, Alexa
Fluor 594-, or Alexa Fluor 647-conjugated secondary antibodies

(Molecular Probes) for 1 h at room temperature. The cells were
washed three times with PBS, stained with DAPI, and visualized
under an Axio Observer Z1 microscope (Carl Zeiss). For FACS
analysis of Zscan4 staining, cells were dissociated with trypsin
to single-cell suspension, washed with PBS, and fixed in 4%
paraformaldehyde for 15 min at room temperature. After wash-
ing with PBS twice, permeabilization was done by resuspending
cells in 90% cold methanol for 30 min. After washing with PBS
twice, staining was done with procedures described above.
Stained cells were analyzed on a BD FACSaria machine (BD
Biosciences).

Telomere length qPCR quantification

Telomere length quantification was carried out as previously
described (Callicott and Womack 2006; Liu et al. 2007), with the
exception that 1 ng of DNAwas used for each amplification, and
4, 2, 1, 0.5, and 0.25 ng of DNA per sample was used for standard
curve generation.

Telomere Q-FISH

Telomere Q-FISH was carried out as previously described with
minor modifications (Herrera et al. 1999). Briefly, ESCs were
cultured with 0.2 mg/mL Colcemid for 1 h and 40 min to enrich
cells at metaphases. Harvested cells were treated with 75 mM
KCl solution followed by fixation with Carnoy’s fixative solution
(methanol:acetic acid, 3:1) and spread onto clean glass slides.
Slides were then washed with PBS and fixed with 4% para-
formaldehyde/PBS followed by the incubation with 1 mg/mL
pepsin (pH 2.0). Slides were then post-fixed with 4% paraformal-
dehyde/PBS followed by dehydration in ethanol series and air-
dried. Telomeres were denatured for 3 min at 80°C and hybrid-
ized with telomere-specific peptide nucleic acid (PNA) probe
(PNA Bio, F1002) for 4 h at room temperature. Chromosomes
were counterstained with DAPI and mounted with Slowfade
Gold (Life Technologies). Telomere images were taken by con-
focal microscope with fixed exposure parameters. For quantita-
tivemeasurement of telomere length, fluorescence intensity was
analyzed using the TFL-TELO software (a gift kindly provided by
P. Lansdorp, Terry Fox Laboratory) and calibrated using standard
fluorescent beads.

Telomere CO-FISH

CO-FISH was carried out as previously described (Williams and
Bailey 2009; Falconer et al. 2010) with minor modifications. In
brief, cells were cultured with ESC culture medium containing
10 mM 59-bromo-29-deoxyuridine (BrdU) for 12 h. Colcemid (0.2
mg/mL final) was added for the final 1 h and 40 min. ESCs were
then harvested and treated with hypotonic solution followed by
fixation with Carnoy’s fixative solution. Chromosome spreads
were prepared and treated with 100 mg/mL RNase A for 10min at
room temperature. After fixation with 4% paraformaldehyde in
PBS for 10min at room temperature, slides were dehydrated with
ethanol and stained with 1.0 mg/mL Hoechst 33258 for 15 min at
room temperature, followed by washing in 23 SSC. Slides were
then mounted with 23 SSC and exposed to 365 nm UV light
(Spectronics) for 35 min. After a brief rinse with 23 SSC, BrdU-
substituted DNA was digested by exonuclease III for 15 min at
room temperature followed by washing in 23 SSC. DNA was
denatured with 70% formamide for 1 min at 70°C followed
by dehydration in ethanol. A Cy3-conjugated PNA Tel-C
(CCCTAA)3 probe (PNA Bio, F1002) was hybridized in the
hybridization buffer containing denatured herring sperm DNA
(Sigma) for 3 h at 37°C. Slides were washed twice with formam-
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ide wash solution for 15 min at 32°C and twice in Tris-NaCl-
Tween (TNT) wash solution for 15 min at room temperature.
Chromosomes were counterstained with DAPI (Life Technolo-
gies) and imaged under confocal microscopy.

ChIP analysis

Cells were fixed in 2 mM ethylene glycol bis (succinimidylsuc-
cinate; Thermo Scientific) for 30 min followed by 10 min in 1%
formaldehyde. The fixation was quenched by adding glycine to
0.25 M for 5 min at room temperature. Chromatin was lysed in
lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris at pH 8.0) and
sonicated to ;200–400 bp (Branson Sonifier 450). Immunopre-
cipitation was performed with anti-Kap1 (Cell Signaling, 4123),
anti-Ring1b (Cell Signaling, 5694), anti-Ezh2 (Cell Signaling,
5246), or rabbit IgG (Santa Cruz Biotechnology, SC-2027). The
bound chromatin was washed, eluted, and reverse cross-linked.
DNA was extracted by phenol/chloroform and precipitated.
Primers used in qPCR analysis are listed in Supplemental Table
6. IAP is ‘‘IAP U3’’ from published literature (Rowe et al. 2010).
Fold enrichment was calculated by comparing DNA captured by
anti-Kap1 with that captured by IgG control, which avoided the
possible bias caused by copy number difference.

Accession numbers

The WGBS and RNA-seq data sets generated in this study have
been deposited in the Gene Expression Omnibus (GEO) under
the accession number GSE56986.
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