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SUMMARY
DNA methylation at the 5-position of cytosine (5mC) in the mammalian genome is a key
epigenetic event critical for various cellular processes. The Ten-eleven translocation (Tet) family
of 5mC-hydroxylases, which convert 5mC to 5-hydroxymethylcytosine (5hmC), offers a way for
dynamic regulation of DNA methylation. Here we report that Tet1 binds unmodified C, 5mC- or
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5hmC-modified CpG-rich DNA through its CXXC domain. Genome-wide mapping of Tet1 and
5hmC reveals mechanisms by which Tet1 controls 5hmC and 5mC levels in mouse embryonic
stem cells (mESCs). We also uncover a comprehensive gene network influenced by Tet1.
Collectively, our data suggest that Tet1 controls DNA methylation both by binding to CpG-rich
regions to prevent unwanted DNA methyltransferase activity, and by converting 5mC to 5hmC
through hydroxylase activity. This Tet1-mediated antagonism of CpG methylation imparts
differential maintenance of DNA methylation status at Tet1 targets, ultimately contributing to
mESC differentiation and the onset of embryonic development.

INTRODUCTION
DNA methylation at the 5-position of cytosine (5mC) occurs predominantly at CpG
dinucleotides in the mammalian genome and is one of the most important epigenetic marks,
playing critical roles in host defense, genome imprinting, and X chromosome inactivation
(Suzuki and Bird, 2008). It is well established that individual CpGs located in different
genomic regions are differentially methylated depending on cell or tissue type and
developmental stage. Furthermore, it is evident that the GC density and gene transcriptional
status also influence DNA methylation status. For example, the majority of CpG islands
(CGIs) displaying a dense CpG content are hypomethylated while the rest of the genome,
including CpG-rich repetitive heterochromatin regions and dispersed CpGs in gene coding
regions are usually hypermethylated. Yet it is still poorly understood how genome-wide
DNA methylation is differentially regulated at discrete loci and dynamically processed in
different cell types and during development.

Increasing evidence suggests that DNA methylation is intimately linked to histone
methylation. For instance, it is well known that high levels of DNA methylation at GC-rich
repetitive genomic elements are protected first by methyl-binding proteins such as MBDs,
which in turn recruit both histone deacetylases and H3K9 methyltransferases. This
epigenetic signature can subsequently recruit HP1 protein and thus establish a condensed
chromatin structure, which recruits more DNMTs to maintain this methylation pattern. On
the other hand, unmethylated CpGs in CGIs recruit factors such as MLL1 and CFP1/SETD1,
which only bind to unmethylated CpGs, to establish a unique chromatin environment with
high H3K4me3 to deter DNA methyltransferases from binding. Thus, the underlying
chromatin structure at CGIs, in terms of modifications and recruited binding partners, likely
represents one mechanism to modulate DNMTs mediated DNA methylation.

A longstanding and fascinating question in the epigenetics field is whether there are
enzymes capable of directly removing the methyl group. While such an enzyme has been
elusive, human TET1 was recently identified as a 5mC hydroxylase that catalyzes the
conversion of 5mC to 5-hydroxymethylcytosine (5hmC) (Tahiliani et al., 2009). The
mammalian TET family contains three members, Tet1, Tet2 and Tet3, which share
significant sequence homology at their C-terminal catalytic domains (Ito et al., 2010;
Tahiliani et al., 2009). Similar enzymatic activities for mouse Tet family members have also
been described (Ito et al., 2010; Ko et al., 2010). The discovery of this family of enzymes
has provided a new potential mechanism for altering DNA methylation status. However,
little is known as to what extent individual family members regulate the genome-wide 5mC/
5hmC patterns and contribute in genome functions.

Tet1 is highly expressed in embryonic stem cells (ESCs) and its depletion leads to a
reduction in global 5hmC levels (Koh et al., 2011). In addition to the 5mC hydroxylase
domain, TET1 also contains a conserved CXXC domain (Tahiliani et al., 2009; Zhang et al.,
2010), a domain employed by other proteins to bind unmethylated CpG DNA and enabling
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them to modify histone or DNA methylation. The family of CXXC domain-containing
proteins includes factors involved in DNA methylation (DNMT1, MBD1) and histone
methylation/demethylation (MLL, CFP1, KDM2A), all of which play important roles in
gene regulation and contribute to embryonic development. Significantly, our recent study
shows that human TET1 is a CpG DNA binding protein that promotes DNA demethylation
when it is over-expressed in 293T cells and positively regulates transcription of a reporter
gene in a 5mC hydroxylase activity-dependent manner (Zhang et al., 2010). These findings
suggest that Tet1 regulates DNA methylation and gene expression through its ability to
convert 5mC to 5hmC.

5hmC was first identified in T-even bacteriophage (Wyatt and Cohen, 1953), and later found
in the vertebrate brain (Kriaucionis and Heintz, 2009; Penn et al., 1972) and several other
tissues (Globisch et al., 2010). Interestingly, while 5hmC exists at high levels in mESCs, its
level significantly decreases after mESC differentiation (Szwagierczak et al., 2010; Tahiliani
et al., 2009), and rises again in terminally differentiated cells such as Purkinje neurons
(Kriaucionis and Heintz, 2009). Despite these recent advances, the molecular basis for Tet1
and 5hmC functions in the ESC genome and epigenome is unknown, although a
controversial role for Tet1 in maintaining ESC pluripotency and determining ESC
differentiation has been proposed (Ito et al., 2010; Ko et al., 2010; Koh et al., 2011).

Here, we show that Tet1 is capable of binding to unmethylated as well as methylated and
hydroxymethylated CpG DNA via its CXXC domain. Further, we report a complete
genome-wide mapping of Tet1 binding and 5hmC in mESCs. Complemented with Tet1
depletion studies, this allows us to establish specific correlations among Tet1 occupancy,
5mC and 5hmC levels, histone modification and gene expression in mESCs and reveal an
intricate role of Tet1 in its associated gene network. Thus, this study provides a foundation
for understanding not only possible functions of Tet proteins and 5hmC but also molecular
mechanisms by which Tet proteins, via dynamic regulation of DNA methylation, influence
gene transcription and related biological functions in mESCs.

RESULTS
Tet1 is a CGI binding protein in vitro and in vivo

TET1 is a CXXC domain-containing 5mC hydroxylase. We have previously reported that
the CXXC domain-containing N-terminus of TET1 (500–910) binds not only to
unmethylated but also methylated CpG-containing DNA (Zhang et al., 2010). To extend our
previous study, we first performed computer modeling based on our recent CFP1 CXXC-
DNA complex crystal structure (Xu et al., 2011). In this model, like CFP1, the TET1 CXXC
domain also binds CpG DNA through the CpG containing major groove; the shortened loop
in the TET1 CXXC domain moves about 2 Å away from the CpG major groove, which
creates enough space to allow for 5mC or 5hmC binding (Figure 1A). Hence, this model
predicts that the TET1 CXXC domain may have the ability to bind both unmodified as well
as 5mC- and 5hmC-modified CpG-containing DNA. Indeed, by GST pull-down assays, we
demonstrate that the TET1 CXXC domain (528–674) binds to unmodified, 5mC-modified,
and 5hmC-modified CpG-containing DNA, in contrast to the MLL1 CXXC domain, which
is only able to recognize unmodified CpG DNA (Figure 1B, Figure S1A–S1F).

We next performed GST pull-down assays followed by deep DNA sequencing to identify
the genome-wide binding profile of the mouse Tet1 CXXC domain (512–671). Purified
GST-tagged Tet1 CXXC domain and mutants that contain a single C to A mutation in the
core CXXC domain (Figure S1C, S1D) were incubated with sonicated genomic DNA
extracted from mESCs. Protein-bound DNA was purified, sequenced and mapped onto the
mouse genome (mm9). Bioinformatic analysis shows that Tet1 CXXC-bound DNA but not
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Tet1 CXXC mutants-bound DNA, is highly enriched for CGIs (Figure 1C, Figure S1G).
Thus, these results together with the previous data demonstrate that the Tet1 CXXC domain
strongly binds to CpG-rich DNA, and that the intact CXXC domain is essential for its DNA
binding ability. Furthermore, these data also suggest that the CXXC domain of Tet1 is
preferentially associated with CGIs.

To validate the unique DNA binding activity of Tet1 in vivo, we developed a mouse Tet1-
specific Chromatin immunoprecipitation (ChIP) grade antibody and performed Tet1 ChIP-
seq in mESCs where Tet1 is highly expressed. ChIP-seq quality and fidelity were verified by
conventional ChIP-qPCR assays at randomly selected Tet1 bound regions (Figure S2A). In
total, 9,669 Tet1 peaks were identified (P<10−5 and FDR<0.1). We find that 5166 and 7170
Refseq genes contain Tet1 peaks at promoters and gene bodies, respectively. Among them,
4944 genes show Tet1 association at both promoters and gene bodies. As exemplified by the
Pcdhα gene cluster, Tet1 binding is highly correlated with the GC% and CGIs (Figure 1D).
Bioinformatic analysis shows that Tet1 binding is enriched in CGIs (Figure 1E), and the
binding density is positively correlated with the GC content of CGIs (Figure 1F). In fact, we
find that 31.8% of all CGIs in the genome overlap with Tet1 peaks. Interestingly, we also
note that 20% of methylated gene promoters (Fouse et al., 2008) and 27% of 5hmC
containing promoters (based on the hMeDIP-seq results described below) in mESCs are
bound by Tet1 (Figure S2B), which indicates that Tet1 protein binds to a subset of
methylated and hydroxymethylated CpG DNA in vivo. As an example, Tet1 binds to
promoters of both Elf5 gene isoforms (Figure S2C), which are hypermethylated in mESCs
(Koh et al., 2011; Ng et al., 2008). Collectively, we conclude that Tet1 is a DNA binding
protein, which preferentially binds to unmodified CpG. Importantly, it is also capable of
binding to 5mCpG- and 5hmCpG-modified DNA in vitro and in vivo, which provides a
potential avenue for identifying 5hmC binding proteins in vivo.

Genome-wide mapping of Tet1 reveals that it targets gene promoters and exons in mESCs
Having defined Tet1 as a CpG-rich DNA binding protein, we next analyzed Tet1 genome-
wide distribution in detail. As shown in the representative Tet1 binding map (Figure 2A),
Tet1 strongly binds to the promoters and exons of a variety of key genes. Bioinformatic
analysis shows that among all the Tet1 peaks, almost half (43.1%) are located at promoters,
while the remaining peaks (21.5% and 11.7%) are found at exons and introns, respectively
(Figure 2B). The Tet1 profile across an average Refseq gene shows high density around the
transcription start site (TSS) that drops dramatically upon entering the gene body (Figure
2C). Furthermore, a clear preference for exons is noted (Figure 2D). Thus, these analyses
suggest that Tet1 is preferentially associated with gene promoters and exons.

When promoters are grouped based on their CpG content as previously described (Meissner
et al., 2008; Mikkelsen et al., 2007), Tet1 binding shows significant enrichment at high CpG
promoters (HCPs) compared to low (LCPs) or intermediate CpG promoters (ICPs) (Figure
2E), suggesting a positive correlation between Tet1 binding density and promoter CpG
content. In addition, we observe a better positive correlation of Tet1 binding with H3K4me3
(r=0.47) than H3K27me3 (r=0.2) at promoters (Figure 2F). Consistently, 49% of Tet1 bound
promoters are ‘univalent’ H3K4me3, 44% are ‘bivalent’ promoters (a total of 93%
H3K4me3 positive) and only 2.6% are ‘univalent’ H3K27me3 promoters. The average Tet1
density at ‘bivalent’ promoters is significantly higher than either type of ‘univalent’
promoters (P=2.58e–316) (Figure 2G). These data suggest that Tet1 presence is positively
correlated with H3K4me3 at promoters and is highly enriched at HCPs, which are mostly
hypomethylated in ESCs, raising an intriguing question of how Tet1 might regulate 5hmC
and 5mC levels at specific genome loci.
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A genome-wide map of 5hmC illustrates a unique outlook of the 6th base in mESCs
To gain insight into Tet1-mediated regulation of 5hmC levels, we first performed a genome-
wide mapping of 5hmC in mESCs using a 5hmC antibody-based hydroxymethylated DNA
immunoprecipitation (hMeDIP) protocol recently established in our lab (Figure S3A). We
collected about 1.5G bases sequencing data and identified a total of 47,472 5hmC peaks
(P=10−7, FDR≤0.01). In general, 5hmC levels are localized predominantly in gene-rich
areas, with a paucity of signal in gene-poor regions (gene deserts) (Figure 3A).

5hmC is abundant in gene bodies with a specific enrichment at exons—
Statistical analysis reveals that 51.5% of 5hmC peaks are located at either exons (23.9%) or
introns (27.6%), while only 7.6% are at promoters (Figure 3B). The 5hmC profile across
averaged Refseq genes confirms this distribution, where 5hmC density demonstrates a
gradual increase from TSSs towards transcription termination sites (TTSs), dropping
drastically around the TTSs (Figure 3C). Importantly, 5hmC is highly enriched in gene
exons compared to introns (Figure 3D, 3E).

5hmC levels at promoters relative to CpG content and histone modifications—
Given that 5hmC is derived from 5mC and the majority of 5mC occurs at CpG sites in
ESCs, we analyzed the correlation between 5hmC and CpG content. Interestingly, 5hmC is
uniquely enriched within gene body CGIs, but very low in CGIs at promoters and intergenic
regions (Figure 3F). We also find that 5hmC is enriched in CGIs with low or medium GC
content and shows a negative correlation with the GC content in CGIs (Figure 3G).
Consistently, when promoters are grouped according to their CpG content, we find that
weak CpG promoters (ICPs and LCPs) have relatively higher 5hmC levels than strong CpG
promoters (HCPs) (Figure 3H). In addition, the average 5hmC level continues to increase
towards the TTS in genes with HCPs, while it remains constant in the body of genes with
ICPs and LCPs (Figure 3H). Importantly, these bioinformatic analyses can be confirmed by
conventional hMeDIP-qPCR on randomly selected genes including Scann1a and Trim29,
representative ICP genes, and Gli1, a representative HCP gene (Figure 3I and 3J). Finally,
we find 5hmC levels to be enriched at ‘univalent’ H3K27me3 promoters, in contrast to
‘univalent’ H3K4me3 or ‘bivalent’ promoters (Figure 3K).

5hmC levels at promoter or within gene body relative to gene expression—The
regulation of gene expression in ESCs is a complex process influenced by transcriptional
factors, DNA methylation and histone modifications. So far, 5hmC is an unknown
contributor to gene expression in ESCs. We therefore set out to determine whether gene
expression levels correlate with their respective 5hmC content. Based on the microarray
assay gene expression profile in E14 mESCs (described below), we find that 5hmC density
is much higher at lowly expressed gene promoters compared to those of genes with medium
and high expression levels, with extremely low levels around the TSS of highly expressed
genes (Figure 3L), suggesting a negative correlation between the 5hmC level at gene
promoters and associated gene transcription activity.

In contrast to promoters, 5hmC levels gradually increases towards TTSs of genes expressed
at high and medium levels, but remain constant at lowly expressed genes (Figure 3L). Genes
that are expressed at the high and medium levels have relatively higher 5hmC levels than
lowly expressed genes at the 3′ end of intragenic regions (Figure 3L). Using the independent
gene transcriptome data derived from J1 mESCs (described below), we observe similar
5hmC distribution profiles relative to gene expression levels (Figure S3B). Interestingly, we
note that our results are different from the recently reported genome-wide mapping of 5hmC
in mouse cerebellum (Song et al., 2011), particularly at promoters and the 5′ end of
intragenic regions. To address this discrepancy, we compared the 5hmC distribution profiles
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of mouse ESCs and cerebellum tissue (Song et al., 2011). Globally, mESCs show a unique
5hmC profile around TSSs and a more overt 5hmC level increase from TSSs to TTSs
(Figure 3M). In addition, 5hmC patterns at certain genomic loci are also different between
mESCs and mouse cerebellum (Figure S3C). Thus, it is possible that during development or
differentiation from ESCs to terminally differentiated neurons, 5hmC levels are dynamically
changed at specific gene bodies and/or promoters.

Taken together, our genome-wide mapping of 5hmC together with the finding from mouse
cerebellum suggests that high 5hmC enrichment in gene bodies is likely a common feature
for most 5hmC-associated genes. However, unique to mESCs, our study reveals that 5hmC
is generally absent or present at very low levels at gene promoters that are associated with
high CpG density, high H3K4me3 and/or high expression levels, whereas it is enriched at
gene promoters with ‘univalent’ H3K27me3, ICPs, or low expression levels. Importantly,
although 5hmC levels are low at gene promoters in comparison with gene bodies, the 5hmC
level within gene bodies is not a simple reflection of associated gene expression. For
example, we find that the 5hmC level is very low both at the promoter and the body of a set
of genes with constantly high expression levels, such as house keeping genes (Figure S3D).
These findings highlight the central question of how 5hmC is regulated as well as where it
fits within the network of epigenetic regulation and transcription in ESCs.

Tet1 regulates 5hmC levels at targeted gene promoters and exons
The C-terminus of Tet1 converts 5mC to 5hmC, while the CXXC domain likely targets the
protein to specific CpG-rich regions at gene promoters and exons. Furthermore, Tet1 is
highly expressed in mESCs and depletion of Tet1 results in a 30% decrease of global 5hmC
level in mESCs (Koh et al., 2011). Thus, it is possible that the unique DNA binding and
enzymatic activities of Tet1 may be coordinated to regulate 5hmC generation at specific
genome loci. We employed RNAi to address this hypothesis and observed depleted Tet1
expression at the mRNA and protein levels after siRNA treatment in mESCs (Figure 4A), as
well as a 35% decrease in global 5hmC by HPLC (Figure 4B). Using shRNA-mediated Tet1
depletion (Figure 4C), we further confirm a similar global 5hmC level decrease by dot-blot
assays (Figure 4D). To define loci-specific 5hmC regulation by Tet1, we carried out
hMeDIP-seq combined with shRNA-mediated Tet1 depletion in mESCs. In comparison with
the control shRNA-treated ESCs, Tet1-depleted ESCs show a dramatic decrease of 5hmC
levels within gene bodies, particularly at the 3′ end of genes (Figure 4E). Even though 5hmC
level at gene promoters is relatively low, we also observe a significant 5hmC level reduction
around TSSs after Tet1 depletion (Figure 4E and 4F).

Given the disproportionate number of 5hmC-containing loci (47,472; ~50% within gene
bodies) compared with Tet1 sites (9,669; 43% at promoters), we hypothesize that Tet1 likely
regulates 5hmC in a loci-specific fashion. To identify specific genes or gene elements
regulated by Tet1, we sorted out Tet1 peaks that overlap with 5hmC. This amounts to
roughly 30% (2803 of 9669) of all peaks, distributed among promoters (26.1%), exons
(30.5%), introns (19.5%) and intergenic regions (27.5%) (Figure 4G). Of note, we find that
these promoters and exons strongly represent genes involved in various developmental
processes, particularly neural development (Figure S4).

To validate this analysis and assess the regulatory effects of Tet1 on 5hmC levels at these
genomic elements, we performed Tet1 ChIP-qPCR and hMeDIP-qPCR using an
independent set of control and Tet1 shRNAs. Tet1 depletion results in a marked reduction of
Tet1 occupancy at targeted promoters and exons (Figure 4H, 4J and 4K). Concurrently, we
detect significant 5hmC level decrease at 5hmC enriched, Tet1-targeted exons (Figure 4J
and 4L) and promoters (Figure S5A, S5B) but not at Tet1-targeted promoters with low
5hmC level (Figure 4I). Importantly, 5hmC reduction is not observed at Tet1 non-targeted
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regions (Figure S5C, S5D), suggesting specific regulation of 5hmC production by Tet1.
Taken together, we conclude that Tet1 regulates 5hmC levels in targeted key gene elements,
such as gene promoters and exons.

Tet1 regulates DNA methylation status of its target genes
5hmC is converted from 5mC, thus we complement the above study by examining the effect
of Tet1 depletion on 5mC levels at Tet1 target genes. By HPLC, we observed a moderate
but consistent (5–10%) global 5mC level increase following siRNA- or shRNA-mediated
Tet1 depletion in mESCs (Figure 5A and data not shown). Because of the low sensitivity of
MeDIP and low DNA methylation levels at a majority of Tet1-occupied promoters in
mESCs, we also utilized targeted bisulfite sequencing (Deng et al., 2009) to determine 5mC
changes caused by Tet1 depletion. Even though bisulfite sequencing cannot distinguish
between 5mC and 5hmC (Huang et al., 2010), we reasoned that any increased signal caused
by Tet1 depletion likely reflects the 5mC increase, given that Tet1 depletion results in 5hmC
level decrease but not increase. We interrogated 1,603 candidate genes (see Methods) and
found differential CpG methylation in 981 out of 11,608 sites (P<0.001) (Figure 5B left
panel, 5C, Figure S5E). Importantly, roughly 40% of these sites overlap with Tet1 peaks and
a large portion of the others are flanking Tet1 peaks (as exemplified in Figure 5D). In
contrast, only 0.3% (449 of 133,635) of non-CpG methylation sites show significant
differences after Tet1 depletion (Figure 5B, right panel). Taken together, we conclude that
Tet1 functions at its target genes to regulate cytosine methylation.

Tet1-mediated gene expression program in mESCs
We next carried out microarray studies in J1 mESCs to explore the role of Tet1 in regulating
gene expression, given its high enrichment at promoters and gene bodies. Using a criterion
of 1.5-fold expression change, we identified 867 up- and 682 down-regulated genes
following siRNA-mediated Tet1 depletion (Figure 6A). Among these genes, 54% of the up-
and 41% of the down-regulated genes are Tet1 targets (Figure 6A), suggesting that Tet1 has
both positive and negative effects on target gene expression.

To eliminate any potential artificial effects and confirm the above results, we also examined
gene expression changes in E14 mESCs following lentivirus-mediated shRNA depletion of
Tet1, using both microarray and recently developed mRNA-seq technologies. We developed
and tested 5 independent Tet1 shRNAs, and selected shRNA2863 and shRNA3387, as these
showed consistent and stable Tet1 depletion and negligible morphological and alkaline
phosphatase activity changes in the Tet1-depleted ESCs (Figure 4C, Figure S6A). Using a
criterion of P<0.05 and FDR<0.05, we generated genome-wide expression maps of both
normal and Tet1-depleted ESCs by mRNA-seq. After comparing the results of mRNA-seq
and two independent microarray assays, we identified a set of genes that demonstrate
consistent differential expression as high confidence Tet1-regulated genes. Interestingly,
among the Tet1 target genes showing increased CpG methylation after Tet1 depletion
(Figure 5C), many genes also exhibit gene expression decreases (Figure S6C). These data
suggest that Tet1 dynamically regulates DNA methylation level at its functional sites, which
may partly account for the Tet1 influence on gene expression.

To validate these findings, we selected a subset of Tet1 target genes, including consistently
changed genes such as Gli1, Ptch1, Ptch2, Smad1, Smad6, Neurod1 and Pax6, as well as
unchanged genes such as Klf4, Oct4, Sox2 and Ngn2 for RT-qPCR examination. We find
consistent expression changes similar to those observed in microarray and mRNA-seq
assays (Figure 6B-6D, Figure S6B). In agreement with a previous report (Koh et al., 2011),
we find that some ESC pluripotency genes, such as Sox2, Klf4 and Oct4, display strong Tet1
association, but do not demonstrate expression changes following Tet1 depletion (Figure
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S6B). Interestingly, while Tet1 depletion causes a dramatically decreased occupancy at the
Ngn2 promoter (Figure 6E), it does not alter the expression of the Ngn2 gene, a key neural
development gene silenced in ESCs. However, Tet1 depletion in mESCs results in a
significant delay in Ngn2 induction during neural differentiation after RA treatment (Figure
6F), suggesting a potential role of Tet1 in the epigenetic regulation of neural differentiation.
Taken together, these gene expression analyses strongly suggest that Tet1 may be not
critical for maintaining the transcriptional status of ESC self-renewal or pluripotency genes
in ESCs, whereas it certainly affects the transcriptional status of a subset of genes involved
in neurogenesis, as well as Shh and TGF-β signaling pathways.

5hmC and Tet1 define a new layer of epigenetic regulation in mESCs
To understand the overall correlation of Tet1 function with DNA modification, histone
methylation and gene expression, we performed a hierarchical clustering analysis of DNA
modifications (5mC and 5hmC), histone modifications (H3K4me3, H3K27me3 and
H3K36me3), RNA Pol II occupancy and gene expression changes for the Tet1 associated
genes. We focused on 300 genes whose promoters are bound by Tet1 with the largest profile
variance for more detailed analysis (Figure 6G). This reveals 4 categories of Tet1 target
genes. Group I genes (n=43) contain Tet1 binding mainly around the TSS but with a modest
spread flanking TSSs, with no obvious 5mC or 5hmC depletion or enrichment around the
TSS compared to proximal regions. Most of these genes contain H3K4me3 and H3K27me3
around the TSS, and medium to low H3K36me3 and RNA Pol II association, suggesting that
these genes contain ‘bivalent’ promoters, and are expressed at low levels. For these genes,
removal of Tet1 predominantly results in down-regulated expression. Gene Ontology (GO)
term analysis shows that these genes are mainly associated with proteins and lipid metabolic
processes as well as cell proliferation.

Group II genes (n=54) demonstrate Tet1 binding at the TSS, but also widespread Tet1
association within the gene body. In these genes, 5hmC is absent from promoters, but
enriched in gene bodies; 5mC is high at the TSS and flanking regions, similar to Tet1. Most
of these genes exhibit low H3K4me3 but high H3K27me3 levels, and consistently, no
obvious H3K36me3 enrichment or RNA Pol II association, suggesting that these genes are
silenced. In this case, Tet1 depletion has little or no effect on gene expression. GO term and
KEGG pathway analyses show an impressive functional association of this group of genes in
transcriptional regulation and key signaling pathways (such as Wnt, Notch and Shh). Indeed,
74% of these genes are transcription factors, of which, 56% are homeobox containing-genes
that are important for embryogenesis, cell lineage differentiation and tissue specification.

Among the group III genes (n=99), Tet1 is enriched at the TSS, in contrast to 5hmC, which
is absent around the TSS. These genes exhibit high H3K4me3, H3K36me3, and RNA Pol II
occupancy, but lack H3K27me3, suggesting high expression in ESCs. However, similar to
the group II genes, Tet1 depletion does not cause significant gene expression changes. GO
term and KEGG pathway analyses indicate that this group of genes participate in
transcriptional regulation, cell cycle control and signaling pathways that are important for
both ES cell biology and embryogenesis.

In the last group of genes (n=87), group IV, Tet1 is highly enriched at promoters, while
5hmC is enriched in gene bodies, and 5mC is enriched mostly around the TSS. Most of
these genes, as in group I, contain ‘bivalent’ promoters, and low but obvious H3K36me3
enrichment and RNA Pol II association, suggesting low expression levels. For these genes,
Tet1 depletion results in a significant increase in expression, suggesting that Tet1 negatively
regulates their transcription. GO term analysis indicates that these genes are strongly
associated with the regulation of transcription and protein phosphorylation.
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Taken together, this integrative bioinformatic analysis reveals that Tet1 genome association
is dependent on GC content and availability of CpG binding sites, but not the CpG
methylation state or gene transcription activity. Although Tet1 binds to ‘univalent’
H3K4me3 (group III) or H3K27me3 (group II) promoters, it does not directly influence their
transcription of in mESCs. On the other hand, there exist two types of ‘bivalent’ promoters
(groups I and IV) whose transcriptional activities are clearly dependent on the presence of
Tet1. For those promoters that have depleted 5hmC and high 5mC (group IV), Tet1 plays a
repressive role. For those promoters that contain high 5hmC and average 5mC levels (group
I), Tet1 positively regulates the associated gene expression. Thus, Tet1 and 5hmC may
provide an additional layer of epigenetic regulation which, like other epigenetic controls, has
an intricate role in fine-tuning the transcriptional program of ESCs.

DISCUSSION
In this study we first define Tet1 as a CGI binding factor in mESCs. We show that the
CXXC domain of Tet1 is a DNA binding module that preferentially binds to CpG-rich DNA
in vitro and in vivo. Significantly, Tet1 also binds to 5mC or 5hmC modified DNA in vitro
and in vivo, which provides a molecular basis for Tet1 function in vivo and is distinct from
most other CXXC domain containing proteins. Furthermore, we complete genome-wide
mapping of 5hmC and Tet1 in mESCs, and provide comparative maps of 5hmC and gene
expression profiling from Tet1-depleted ESCs. Finally, through integrative analysis of these
data, we have established specific correlations among Tet1 occupancy, 5mC, 5hmC, histone
modifications and gene expression in mESCs, revealing complex modes of Tet1 action in
genome-wide regulation of 5hmC, DNA methylation and gene transcription in mESCs.
Thus, this study sheds important light on 5mC/5hmC regulation by Tet1 and provides a
foundation for understanding the functional role of Tet proteins and 5hmC in the regulation
of ESC epigenome and gene transcription.

A working model for dynamic control of 5hmC and 5mC by Tet1 in mESCs
Genome-wide mapping of 5hmC and Tet1 suggests that only a portion of 5hmC in mESC is
catalyzed by Tet1 protein, which is intriguing but not entirely surprising. Firstly, since Tet2
is also abundantly expressed in mESCs, we suspect that many 5hmC regions may be
occupied by Tet2 or other unknown hydroxylases. Secondly, although some 5hmC-enriched
regions are bound by Tet1, Tet1 may dissociate from its target regions after hydroxylation.
Finally, due to the system differences between ChIP-seq and hMeDIP-seq, we do not
exclude the possibility that either Tet1-bound peaks may be underestimated or that 5hmC
peaks may be overestimated in our studies.

We propose that Tet1 may employ various molecular mechanisms to function at these
discrete loci. To illustrate this, we propose a working model (Figure 7) whereby strong Tet1
binding to unmethylated CpG rich DNA via its CXXC DNA binding domain provides an
additional layer of protection to limit the accessibility of DNMTs. Conversely, in CpG-rich
regions that are already methylated (such as the pericentromeric region), the densely-
methylated CpGs become an epigenetic beacon to recruit methyl-binding proteins (MBDs)
such as MeCP2 and MBD4, which subsequently recruits repressive histone modifiers such
as H3K9me3 methyltransferases and HP1s to establish a constitutive heterochromatin state,
making Tet1 inaccessible to these hypermethylated sites and preventing the conversion from
5mC to 5hmC. Indeed, we find highly enriched 5mC but not 5hmC in heterochromatin
regions in mESCs (Figure S7). However, when dispersed CpGs are methylated in
euchromatin, the versatile DNA binding ability of Tet1 CXXC domain allows Tet1 to access
those sites and convert 5mC to 5hmC. It has been reported that the 5mC hydroxylation
product 5hmC cannot be recognized by MBDs such as MeCP2 (Valinluck et al., 2004).
Therefore, the newly generated 5hmC will prevent the binding of MBDs or access of
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DNMTs, thus allowing 5hmC-marked regions to escape from being heterochromatinized.
Furthermore, since Tet1 can also bind 5hmCpG DNA, it can then remain at those sites after
the 5mC to 5hmC conversion and thereby further limit the accessibility of DNMTs or
MBDs. Overall, through these separate or coordinated mechanisms, Tet1 and 5hmC provide
an important layer of control to the dynamic regulation of DNA methylation in mESCs.

The unique 5hmC patterns suggest an additional layer of epigenetic landscape in mESCs
Since 5hmC is the hydroxylation product of 5mC, not surprisingly, both modified bases
share certain common distribution features in mESC genome. For example, like 5mC
(Meissner et al., 2008; Mikkelsen et al., 2008; Weber et al., 2007), 5hmC levels are
extremely low at high GC content CGIs, HCPs, ‘univalent’ H3K4me3 promoters, but are
frequently associated with ICPs, LCPs and ‘univalent’ H3K27me3 promoters. In addition,
our genome-wide mapping reveals 5hmC enrichment in gene bodies, particularly in gene
exons, which is similar to the related finding on 5mCpG in mESCs (Chodavarapu et al.,
2010). However, our finding that 5mC but not 5hmC is highly enriched in heterochromatin
regions (Figure S7) suggests differential distribution patterns between 5mC and 5hmC in
mESCs.

ESCs can undergo indefinite cycles of self-renewal while maintaining pluripotency, which is
dependent on the network of Oct4, Nanog and Sox2 mediated transcriptional circuitry and
epigenetic regulation mediated by DNA methylation, Trithorax and Polycomb group
proteins (Boyer et al., 2006; Young, 2011). In this report, we have generated a genome-wide
map of 5hmC, adding an additional layer of regulation to the emerging ESC epigenetic
landscape. One interesting finding we report is that while 5hmC only accounts for about
0.1% of total bases in mESCs (4% for 5mC), 52% of 5hmC are located in gene bodies with
an enrichment in gene exons. Although it is known that H3K36me3 is an epigenetic mark
for actively transcribed gene bodies, and that nucleosome position strongly correlates with
gene exons (Tilgner et al., 2009), our data suggest that 5hmC represents a potential
epigenetic landmark for gene exons in mESCs, independent of transcriptional status.

In addition, the correlation between gene expression and 5hmC levels at promoters and gene
bodies in mESCs is different from that in mouse cerebellum (Song et al., 2011), suggesting
that 5hmC likely plays distinct roles in gene transcription in different cell or tissue types.
Furthermore, by comparing genome-wide 5hmC distribution in mESCs and the terminally
differentiated cerebellum tissue, our data also highlight differential 5hmC distribution
profiles at specific genomic loci in different cell types. Therefore, these data suggest that not
only the global 5hmC level (Szwagierczak et al., 2010; Tahiliani et al., 2009) but also the
loci-specific distribution of 5hmC can be regulated during cell differentiation at various
developmental stages.

An intricate role of Tet1 and 5hmC in gene regulation in mESCs
A large body of evidence has demonstrated that DNA methylation plays important roles in
the expression program of several developmentally regulated genes during ESC
differentiation, such as ESC pluripotency genes Nanog, Oct4, Sox2 and lineage specific gene
Elf5. However, in the ESC state, promoter DNA methylation does not directly correlate with
gene expression (Meissner et al., 2008; Weber et al., 2007). It has also been shown that 36%
of genes remain expressed despite methylation in the proximal promoter in mESCs (Fouse et
al., 2008). In addition, the DNMTs triple knockout (TKO) mESCs possess negligible DNA
methylation, yet display only limited alteration in gene expression compared to normal
mESCs (Fouse et al., 2008). Thus, it is generally accepted that the influence of DNA
methylation on transcriptional regulation is very complex in ESCs. Therefore, it has been

Xu et al. Page 10

Mol Cell. Author manuscript; available in PMC 2012 May 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



proposed that multiple layers of epigenetic mechanism control the transcriptional program of
ESCs, and that the effects of a single layer may be minimized by other layers.

We propose that Tet1 and 5hmC provide an important layer of epigenetic regulation in
mESCs. Indeed, while our present study clearly demonstrates that Tet1 plays a significant
role in dynamic regulation of 5mC and 5hmC at specific genome loci in mESCs, it is worth
noting that our global comparative analyses of mESCs gene expression profiling after Tet1
depletion reveal that Tet1 and 5hmC likely have only a limited impact on the transcription of
their directly associated genes in mESCs. For example, we observe expression changes in a
subset of target genes such as Gli1, Smad6 and Pax6, but little or no effect on many other
target genes, such as the ESC pluripotency genes Sox2, Oct4 and Klf4. There are several
interpretations for these various transcriptional outcomes caused by Tet1 depletion in
mESCs. For instance, histone modifications may compensate for the dynamic changes of
5mC and/or 5hmC on gene expression after Tet1 depletion. In addition, the effects of master
transcriptional repressors or activators on a subset of Tet1 target genes may override the
regulatory effects of Tet1 in mESCs. Thus, the influence of Tet1 and 5hmC on its target
gene expression is intricate, similar to the effects of DNMTs and 5mC on the gene
transcriptional program in mESCs.

Interestingly, while Tet1 depletion does not alter the expression of the Ngn2 gene in mESCs
(which is silenced in mESCs), Tet1-depleted mESCs show significantly delayed Ngn2
induction during neural differentiation, after RA treatment (Figure 6F). A recent report also
shows that Tet1 depletion does not result in the expression change of Elf5 in mESCs;
however after culturing in trophoblast stem cell condition for 2 weeks, Tet1-depleted mESC
clones show significantly stronger Elf5 induction (Koh et al., 2011). In addition, it was
shown that Tet1 plays an important role in mESC lineage specification (Ito et al., 2010; Koh
et al., 2011). Together with the previous findings that DNMTs TKO mESCs, which exhibit
global hypomethylation, can maintain self-renewal and an undifferentiated ESC state
(Tsumura et al., 2006) but are defective in ESC differentiation (Jackson et al., 2004), this
suggests that 5mC and Tet1/5hmC may have limited effects on mESC self-renewal and
pluripotency, yet are still required for the epigenetic reprogramming during mESC
differentiation.

A potential role of Tet1-modulated 5hmC in neurogenesis
Our present genome-wide study of Tet1 and 5hmC clearly reveal that Tet1 binds to a set of
key developmental genes in which 5hmC is also enriched. In particular, GO analysis of
genes associated with both 5hmC and Tet1 demonstrates significant enrichment in terms of
developmental processes, neurogenesis and cell differentiation (Figure S4). Moreover, Tet1
regulates the expression of a set of key neural development genes, such as Pax6 and
Neurod1 and governs the DNA methylation state of a group of genes that are important for
normal neural function, such as Sgk1 and Bdnf, in mESCs. Tet1 also regulates several key
signaling pathways, such as Shh and TGF-β pathways that are essential for neurogenesis,
and the expression of Ngn2 during neural induction. Therefore, our results together with the
previous findings that 5hmC is present in brain at high levels (Kriaucionis and Heintz, 2009)
and that the 5hmC level is increased during mouse cerebellum maturation (Song et al.,
2011), strongly suggest that 5hmC and Tet1 may have important roles in neural
development and function.

We envision that the epigenetic network established and maintained by the Tet family and
5hmC represents a previously un-appreciated mechanism to ensure the establishment of a
precise pattern of DNA methylation, which is dynamically regulated from fertilization,
through the zygote and ESC stage and ultimately during full development of vertebrates.
Further investigation is warranted to determine how Tet1 recruits or is recruited by cellular
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complexes involving epigenetic regulation to influence gene transcriptional status, and how
5hmC signals downstream gene expression events.

EXPERIMENTAL PROCEDURES
GST pull-down assay

Proteins were expressed in Rosetta E. Coli cells and purified by Glutathione Agarose beads.
GST pull-down assays were performed in different NaCl concentrations as previously
described (Zhang et al., 2010).

ChIP-seq
ChIP was performed as previously described using formaldehyde cross-linked ESCs
chromatin (Fang et al., 2010). The antibody against Tet1 (1749–1902) was generated and
used for ChIP. ChIP-Seq was further performed according to standard Illumina protocols.
Read sequences were mapped to the mouse genome (mm9) using ELAND v2 in the
CASAVA (Illumina, v1.6) package. Significantly enriched regions were determined by
Model-based Analysis of ChIP-Seq (MACS) package (Zhang et al., 2008).

hMeDIP-seq
ESC genomic DNA was purified and sonicated. Illumina adapters were ligated before
hMeDIP. 5μg of adapter-ligated DNA was denatured and incubated with 5μl of 5hmC
antibody (Active Motif) at 4°C overnight. Antibody-DNA complexes were captured by
protein A/G beads. The immunoprecipitated DNA was purified and sequenced followed by
standard Illumina protocols.

Targeted bisulfite sequencing
The genomic DNA was purified from control or Tet1 siRNA transfected mESCs by DNeasy
kit (Qiagen). Targeted bisulfite sequencing assay was performed as previous report (Deng et
al., 2009).

Microarray assay
Two independent sets of microarray assays were performed in J1 and E14 mESCs. Firstly,
J1 mESCs were transfected with control siRNA or Tet1 siRNA and harvested 4 days after
transfection. Secondly, E14 ESCs were infected with Scr shRNA, Tet1 shRNA2863 or Tet1
shRNA3387 containing lentivirus and harvested after 4-days selection with puromycin.
Total RNA was purified by RNeasy kit (Qiagen). The microarray assays were performed
using Affymetrix GeneChip mouse genome 430 2.0 array. Data analysis was performed
using the bioinformatics toolbox in MATLAB (MathWorks, R2009b).

mRNA-seq
The mRNA-seq was performed according to the previous report (Gan et al., 2010). The
sequencing reads were mapped to mouse genome (mm9) using TopHat package (v1.1.2)
(Trapnell et al., 2009). RPKM (reads per kilobase per million mapped reads) values were
calculated using the Cufflinks package (v0.9.2) (Trapnell et al., 2010) and the differential
expressed genes were identified by Cuffdiff package.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Tet1 binds to CpG-rich DNA via its CXXC domain
(A) Superposition of the model of the human TET1 CXXC domain with the crystal structure
of CFP1 CXXC-CpG DNA complex. The TET1 model (green) and the CFP1 crystal
structure (blue) are shown in cartoon. The DNA is shown in a cartoon representation and the
5m-cytosines in the CpG motif are displayed in a stick model with its backbone colored in
orange. The CXXC domain binds 2 zinc ions, which are displayed in gray balls. The CpG
binding motif in the CFP1 CXXC structure and the corresponding motif in TET1 CXXC are
shown in salmon color, and the extra sequence motif (DMKFGG) in the CFP1 CXXC that
lacks in TET1 CXXC is colored in red.
(B) GST pull-down assay to determine the binding activities of human TET1 CXXC domain
(upper panel) and MLL CXXC domain (lower panel) to CpG, 5mCpG and 5hmCpG
containing DNA (generated by PCR, see Figure S1A, S1B) under different NaCl
concentration. Data showing here is one representative from three independent assays.
(C) Normalized distribution profiles of Tet1 CXXC domain (blue) and Tet1 CXXC domain
mutant2 (green) bound mESCs genomic DNA across CpG islands (CGIs). The CGIs
annotation (mm9) was obtained from the UCSC website, and each CGI was normalized to
0–100%. Tag densities in the two profiles were normalized by their total reads number and
plotted from 200% upstream to 200% downstream of the normalized CGI.
(D) Representative region (chr18: 37,088,056–37,188,452) to show the correlation of Tet1
binding with GC% and CGIs in mESCs.
(E–F) Normalized Tet1 tag density distribution across total CGIs (E) or with GC content
classifications (F). In panel F, CGIs were sorted by GC% from high to low, and equally
divided into 5 groups. The first, third, and fifth groups were chosen as HGC (red), MGC
(green) and LGC (blue), respectively.
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Figure 2. Tet1 is enriched at gene promoters and positively correlates with promoter CpG
content and H3K4me3
(A) Representative Tet1 ChIP-seq results and associated histone modification patterns.
Arrow denotes promoter orientation.
(B) Genomic distribution of Tet1-enriched regions. The genomic features (exons, introns,
and intergenic regions) were defined based on RefSeq gene (mm9) annotations. Promoter
was defined as −2kb to +2kb relative to TSS.
(C) Normalized Tet1 tag density distribution across the gene body. Each gene body was
normalized to 0–100%. Normalized Tag density is plotted from 20% of upstream of TSSs to
20% downstream of TTSs.
(D) Normalized Tet1 tag density distribution across exons. Each exon is normalized to 0–
100%. Normalized Tet1 density is plotted from 200% upstream to 200% downstream of the
normalized exon.
(E) Normalized Tet1 tag density distribution across gene bodies with promoter
classifications. The high CpG promoters (HCPs), intermediate CpG promoters (ICPs) and
low CpG promoters (LCPs) were defined as described previously (Meissner et al., 2008;
Mikkelsen et al., 2007). Each gene body region was normalized to 0–100%. Normalized tag
density is shown from 20% upstream of TSSs to 20% downstream of TTSs.
(F) The correlations between Tet1 and H3K4me3 (left) or H3K27me3 (right) tag densities at
gene promoters. H3K4me3 and H3K27me3 densities were obtained from the reference
(Mikkelsen et al., 2007). Tet1, H3K4me3, and H3K27me3 values at promoters were
calculated as log10 (tag density).
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(G) Normalized Tet1 tag density distributions at ‘univalent’ H3K4me3 (red), ‘univalent’
H3K27me3 (blue) and ‘bivalent’ (green) promoters. Promoters were classified according to
their histone modification patterns (Mikkelsen et al., 2007). Tet1 enrichment from −5kb to
+5kb relative to TSSs is shown.
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Figure 3. Genome-wide distribution of 5hmC in mESCs
(A) The distribution of 5hmC density (green) in the region of chr2: 90,353,915–106,163,465
by hMeDIP-seq. Refseq genes (blue) are shown under 5hmC peaks.
(B) Genomic distribution of 5hmC-enriched regions.
(C–E) Normalized 5hmC tag density distribution across the gene body (C), exon (D) or
exon-intron boundary (E). Normalized tag density is plotted from −100bp to 100bp relative
to exon-intron boundaries in panel E.
(F–G) Normalized 5hmC tag density distribution across CGIs with genomic location (F) or
GC content (G) classifications. In panel F, CGIs were grouped into promoter (−2k to +2k
relative to TSS, green), gene body (+2k to TTS, red), and intergenic CGIs (TTS to −2k of
the downstream gene, blue) based on their locations. In panel G, CGIs were sorted by GC%
from high to low, and equally divided into 5 groups. The first, third, and fifth groups were
chosen as HGC (red), MGC (green) and LGC (blue), respectively.
(H) Normalized 5hmC tag density distribution across the genes with HCPs (red), ICPs
(green) or LCPs (blue).
(I) hMeDIP q-PCR to detect 5hmC levels. Results are shown as mean +/− SEM (n=3). The
targeting region for each primer set is underlined in panel J. Arrow denotes promoter
orientation.
(J) hMeDIP-seq results of Gli1 (HCP) and Scnn1a and Trim29 (ICPs) genes.
(K) Normalized 5hmC tag density distribution across the genes with ‘univalent’ H3K4me3
(red), ‘univalent’ H3K27 me3 (blue) or ‘bivalent’ (green) promoters.
(L) Normalized 5hmC tag density distribution across genes with high (red), medium (green)
or low (blue) expression levels. Genes were sorted by their expression levels identified in
microarray assay from high to low, and equally divided into 5 groups. The first, third and
fifth groups were chosen as genes with high-, medium- and low-expression levels,
respectively.
(M) Normalized 5hmC tag density distribution relative to the average gene body in mouse
ESCs (blue) and cerebellum (green) (Song et al., 2011). Tag densities in these two groups
were normalized by their total reads number and shown from 20% upstream of TSSs to 20%
downstream of TTSs.
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Figure 4. Tet1 regulates 5hmC levels in its targeted gene promoters and exons
(A) siRNA-mediated Tet1 depletion at mRNA (left, by RT-qPCR) and protein (right, by
western blot) levels. RT-qPCR data are presented as mean +/− SEM (n=3). Actb was used
as loading control.
(B) Global 5hmC level decrease caused by siRNA-mediated Tet1 depletion by HPLC assay.
Results are shown as mean +/− SEM (n=3).
(C) Specific shRNAs-mediated Tet1 depletion at both mRNA (left, by RT-qPCR) and
protein (right, by western blot) levels. RT-qPCR results are shown as mean +/− SEM (n=4).
Lamb1 was used as loading control.
(D) Dot blot assay showing the global 5hmC level decrease after shRNA-mediated Tet1
depletion. The same amount of genome DNA from Scr shRNA or Tet1 shRNA3387 treated
mESCs was processed for hMeDIP. The same quantity of input DNA and same volume of
hMeDIPed DNA were blotted onto NC membrane and performed dot-blot assay using
5hmC antibody.
(E–F) The differential average 5hmC levels in Luc shRNA (green, control) and Tet1
shRNA2863 (blue) treated mESCs though out the gene (E) or at gene promoters (F). Two
group 5hmC tag densities were normalized by their total reads number for comparison. The
TSS is noted by a dash line in panel F.
(G) Tet1 peaks overlapped with 5hmC and their distributions.
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(H–I) Tet1 occupancy (H) and 5hmC levels (I) changes at Tet1 targeted promoters after Tet1
depletion by ChIP-qPCR and hMeDIP-qPCR, respectively. Data are presented as mean +/−
SEM (n=3).
(J) Representative genes show good 5hmC and Tet1 correlation in Tet1-targeted exons. The
targeting regions of primers used in panel K and L are noted by blue rectangles.
(K–L) Tet1 occupancy (K) and 5hmC levels (L) changes at Tet1 bound exons after Tet1
depletion by ChIP-qPCR and hMeDIP-qPCR, respectively. Data are presented as mean +/−
SEM (n=3).
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Figure 5. Tet1 regulates the DNA methylation status at target gene promoters
(A) Global 5mC level increase after siRNA-mediated Tet1 depletion by HPLC assay.
Results are shown as mean +/− SEM (n=3).
(B) Global analysis of DNA methylation after siRNA-mediated Tet1 depletion by targeted
bisulfite sequencing. The differential CpG methylation (left) and non-CpG methylation
(right) are presented. CpG or non-CpG methylation levels were extracted from mapped
reads. The resulting values are real numbers ranging from 0 to 1, corresponding to
completely unmethylated to completely methylated.
(C) Examples of increased CpG methylation after Tet1 knockdown (KD) and associated
genes. The CpG methylation levels are shown as numbers from 0 to 1, corresponding to
completely unmethylated to completely methylated. “#”: the methylation level differences at
all listed CpG sites are statistically significant (see Figure S5E).
(D) Representative regions in Bdnf and Mest genes show the significantly increased CpG
methylation caused by Tet1 KD. Each bar represents single CpG methylation. Note that
unique bars in Tet1 KD sample show the significant CpG methylation increase (from
undetectable in control to detectable) and that most of those sites are overlapped with Tet1
peaks or flanking around Tet1 peaks, indicating the role of Tet1 in regulating CpG
methylation at those sites. Arrow denotes promoter orientation.
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Figure 6. Tet1 plays both positive and negative roles in target gene regulation in mESCs
(A) Using 1.5-fold as a cut-off value, all differentially expressed genes in the microarray
assay were selected and further classified into Tet1 bound and unbound genes.
(B–C) Representative mRNA-seq results. Arrow denotes promoter orientation.
(D) RT-qPCR confirms the differentially expressed genes after Tet1 depletion. Results are
shown as mean +/− SEM (n=4).
(E) Tet1 ChIP-qPCR reveals that Tet1 binds to the Ngn2 promoter and Tet1 depletion causes
the significantly decreased Tet1 occupancy at the Ngn2 promoter in mESCs. Data are
presented as mean +/− SEM (n=3).
(F) Tet1 depletion delayed the Ngn2 induction during neural differentiation. ESCs were
infected with control or Tet1 shRNA containing lentivirus, selected with puromycin and
differentiated by LIF withdraw for 3 days. The formed embryonic bodies were treated with
1μM RA for 3 days. Ngn2 expression was examined by RT-qPCR. Results of three
independent experiments are shown.
(G) Hierarchical clustering of epigenetic and transcriptional features of Tet1 target genes.
The histone methylation, DNA methylation and RNA Pol II profiles in mESCs were
obtained from the references (Meissner et al., 2008; Mikkelsen et al., 2007). Top 300 Tet1
target genes based on the variance of expression and epigenetic modifications density score
were chosen to make the cluster. The tag densities of Tet1 binding, 5hmC, 5mC, H3K4me3,
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H3K27me3, H3k36me3, H3K9me3 and RNA Pol II were profiled through −10kb to +10kb
relative to the TSS of each gene with bin of 500bp. The middle color bar indicates the
difference of mRNA levels between Scr shRNA- and Tet1 shRNA2863- or Tet1
shRNA3387-treated mESCs.
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Figure 7. A Model of Tet1 functions in regulating euchromatin CpG methylation
Tet1 strongly binds to unmethylated-CpG rich regions (such as gene promoters, CGIs) via
its CXXC domain, limiting the accessibility of DNMTs. Tet1 also binds to dispersedly
methylated-CpGs in euchromatin (shown as green nucleosomes) and converts 5mC to
5hmC. The newly generated 5hmC may further limit the binding of methyl-binding proteins
(MBDs) or DNMTs. However, densely-methylated CpGs can recruit MBDs, which
subsequently recruits repressive histone modifiers such as H3K9me3 methyltransferases to
establish a heterochromatin state (shown as dark blue nucleosomes), making Tet1
inaccessible to these hypermethylated sites and preventing the conversion from 5mC to
5hmC. Arrow denotes the gene promoter. Please refer to the related text for more details.

Xu et al. Page 24

Mol Cell. Author manuscript; available in PMC 2012 May 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


