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Summary

In mammals, cytosine methylation (5mC) is widely distributed throughout the genome, but is
notably depleted from active promoters and enhancers. While the role of DNA methylation in
promoter silencing has been well documented, the function of this epigenetic mark at enhancers
remains unclear. Recent experiments have demonstrated that enhancers are enriched for 5-
hydroxymethylcytosine (5hmC), an oxidization product of the Tet family of 5mC dioxygenases
and an intermediate of DNA demethylation. These results support the involvement of Tet proteins
in regulation of dynamic DNA methylation at enhancers. By mapping DNA methylation and
hydroxymethylation at base resolution, we find that deletion of Tet2 causes extensive loss of
5hmC at enhancers, accompanied by enhancer hypermethylation, reduction of enhancer activity,
and delayed gene induction in the early steps of differentiation. Our results reveal that DNA
demethylation modulates enhancer activity, and its disruption influences the timing of
transcriptome reprogramming during cellular differentiation.

Introduction

Cytosine methylation is a well-established epigenetic mechanism essential for genomic
imprinting, X chromosome inactivation, silencing of retrotransposons, and lineage-specific
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expression of developmental regulatory genes (Smith and Meissner, 2013). This epigenetic
mark is extensively remodeled during mammalian development and in different tissue
lineages (Hemberger et al., 2009; Reik et al., 2001). The establishment, maintenance, and
erasure of 5mC depend on several DNA methyltransfeases (DNMTSs) and the (Ten-Eleven-
Translocation) TET family of protein dioxygenases (Fu and He, 2012; Pfeifer et al., 2013).
TET proteins mediate oxidation of 5mC to 5hmC (Tahiliani et al., 2009), which is then
further oxidized in a stepwise manner to 5-formylcytosine (5fC) and 5-carboxylcytosine
(5caC) (He et al., 2011; Ito et al., 2011; Pfaffeneder et al., 2011). It is now thought that
5hmC, along with 5fC and 5caC, are intermediates of DNA demethylation (Pastor et al.,
2013).

While loss of Tet or Dnmt proteins causes global changes in DNA methylation status in
mouse embryonic stem cells (MESCs) (Dawlaty et al., 2013; Meissner et al., 2005), the cells
nevertheless retain the ability to self-renew (Tsumura et al., 2006), suggesting that the
mMESC state is quite robust to alterations in DNA methylation. Still, Tet and Dnmt proteins
play key roles in development (Dawlaty et al., 2014; Okano et al., 1999). Notably, loss of
Dnmt activity causes abnormal mESC differentiation (Sakaue et al., 2010), and loss of Tetl
or Tet2 causes differentiation skewing (Ficz et al., 2011; Koh et al., 2011).

5mC and 5hmC are dynamically regulated both within and across cell types. Notably, 5mC
is depleted at distal regulatory elements such as enhancers, where reduction of 5mC is
correlated with the activity of these sequences (Hon et al., 2013; Lister et al., 2009; Stadler
etal., 2011; Ziller et al., 2013). 5hmC is also significantly enriched at distal cis-regulatory
sequences, suggesting that dynamic DNA methylation at these regions is likely mediated by
interplays between DNMT-mediated methylation and TET-mediated demethylation
processes (Stroud et al., 2011; Szulwach et al., 2011; Yu et al., 2012).

Despite these discoveries, several open questions remain. First, while all TET proteins can
oxidize 5mC, how functionally redundant are they? Do different TETSs target different
regions of the genome, and if so, which ones target enhancers? Second, does enhancer
oxidation play a gene regulatory role, perhaps by modulating enhancer activity? Third,
previous findings indicate that perturbed oxidation causes skewed differentiation in
embryonic stem cells. Does reduced oxidation affect differentiation through epigenetic
dysregulation of enhancer activity?

Here, we examined the effects of loss of Tetl and Tet2 genes on DNA methylation,
chromatin modification, and gene expression. By generating base resolution DNA
methylation and hydroxymethylation maps, we elucidate a role of Tet2 in enhancer
oxidization. Loss of Tet2 leads to dramatic reduction of DNA hydroxymethylation genome-
wide and elevated levels of DNA methylation at enhancers. These enhancers exhibit reduced
activity, supporting an active role for oxidation at enhancers. Lastly, we provide evidence
that disrupted enhancer oxidation during early differentiation causes delayed induction of
differentiation genes. Together, our results clarify the functions of Tetl and Tet2 in
mammalian cells, highlight an active role of 5mC oxidation at enhancers, and reveal a role
for enhancer DNA methylation in regulating the timing of transcriptome changes during
differentiation.
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Results

Generation of base resolution maps of 5mC and 5hmC in Tetl™”~ andTet2/~ mESCs

Tetl and Tet2 can entirely account for 5hmC abundance in mouse ES cells (Dawlaty et al.,
2013). To investigate the distinct roles of Tetl and Tet2 in establishing 5mC and 5hmC
patterns, we performed both whole genome bisulfite sequencing and TAB-seq (Lister et al.,
2009; Yu et al., 2012) to generate base-resolution 5mC and 5hmC maps in wild-type (WT),
Tet1™/~, and Tet2~/~ mESCs (Figure 1A-B). Loss of Tet1 results in a 44.0% loss of global
5hmC compared to WT, while Tet2~/~ mESCs exhibited more extensive loss of 5hmC
(90.7%) (Figure 1C). Bulk quantification of 5hmC by mass spectrometry confirmed these
observations (Figure 1D). Consistent with global quantification, we find that loss of Tet2
results in global depletion of 5hmC at promoters, gene bodies, CTCF-bound insulators, and
enhancers (Figure 1E-L). In contrast, the pattern of 5ShmC in Tetl~/~ mESCs parallels that
of WT cells, though at a lower abundance. Together, these results suggest that Tet2 is a
major hydroxymethylase in mESCs. While these observations are supported by recent
findings of Tet2 loss in mESCs and bone marrow (Huang et al., 2014; Li et al., 2011), others
have observed less dramatic loss of 5hmC in mESCs (Dawlaty et al., 2013), perhaps
highlighting biological variability of TET activity.

Loss of 5mC oxidation and gain of 5mC at enhancers in Tet2™/~ cells

Next, we examined the effect of Tetl and Tet2 deletion on DNA methylation levels genome-
wide. We used a y2-based statistic to capture cell-specific DNA methylation, and employed
a hidden Markov model on this statistic to segment the genome into regions that have either
no change or substantially altered levels of DNA methylation in the Tet1™~ and Tet2~/~
MESCs (Figure S1A, Table S1). Only 4.4% and 3.8% of the Tet1~/~ and Tet2~/~ cell
genomes, respectively, exhibited significant deviation of DNA methylation from WT cells
(Figure 2A, S1A). These differentially methylated regions (DMRs) are short, with median
length under 500bp (Figure S1C). In contrast to Tet1 ™~ cells where the vast majority of
DMRs (96.1%) are hypomethylation events (Figure S1B), DMRSs in Tet2 ™/~ ESCs are split
more evenly among hypermethylation (31.1%) and hypomethylation (68.9%) events. There
are more than 7 times as many hypermethylated DMRs in Tet2~/~ (60,095) than in Tet1 ™/~
cells (8,455) (Figure 2B, S1B). Despite their abundance, hypomethylated DMRs overlap
poorly with known and predicted regulatory elements in mESCs (Figure 2C).

Previous studies have shown that active enhancers in mESCs contain high levels of 5hmC,
reflective of abundant oxidation of 5mC, and correspondingly low abundance of 5mC
(Stadler et al., 2011). We therefore hypothesized that loss of Tet2 could lead to reduced
oxidation and increased 5mC at enhancers. Indeed, hypermethylated DMRs (hyper-DMRSs)
in Tet2~/~ cells exhibit several hallmarks of enhancers including: evolutionary sequence
conservation (Siepel et al., 2005) (Figure S1E), enrichment for enhancer chromatin marks
H3K4mel and H3K27ac (Heintzman et al., 2009) (Figure S1F), and significant overlap with
co-activator p300 binding sites (o/e = 5.9, p < 1E-200), DNase | hypersensitive sites
(Consortium, 2011) (o/e = 4.5, p < 1E-200), and predicted enhancers (Shen et al., 2012) (o/e
=7.1, p < 1E-200) (Figure 2C). The vast majority (86.0%) of Tet2~~ hyper-DMRs overlap
with previously identified enhancers and distal-regulatory elements (Figure 2D). While

Mol Cell. Author manuscript; available in PMC 2015 October 23.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Page 4

70.0% of Tetl™~ hyper-DMRs are also distal regulatory elements (Figure S1D), there are
8.7 times as many in Tet2~/~ cells. These results indicate that Tet2 contributes to enhancer
hypomethylation by oxidizing 5mC.

Hypermethylation of enhancers with low TF occupancy

We next wondered which enhancers undergo hypermethylation in Tet2~/~ mESCs, and
whether this event is dependent on enhancer activity. Focusing on 52,406 enhancers
identified based on chromatin modification patterns in mESCs (Figure 3A) (Shen et al.,
2012), we found that 26.6% undergo significant hypermethylation in Tet2~/~ mESCs,
compared to only 2.0% for Tet1 ™/~ cells (Figure 3B—C). Both active and poised enhancers
(Creyghton et al., 2010; Hawkins et al., 2011; Rada-Iglesias et al., 2010) in Tet2~/~ mESCs
exhibit extensive hypermethylation to nearly background genomic levels, with almost
complete loss of 5hmC (Figure 3D-E). Active enhancers are >4.5 times more methylated in
Tet2™/~ (40.6% mCG) than WT (9.0%) and Tetl™/~ (10.5%) cells. Similarly, poised
enhancers are more than 3.3 times more methylated in Tet2~/~ mESCs (%MCGretp—/- =
44.5% mCG, %mMCGret1—/- = 16.5%, %mCGyt = 13.4%). Expectedly, the enhancers
exhibiting the greatest increase of DNA methylation in Tet2~/~ cells correspond to those
with the highest levels of 5hmC in WT cells (Figure 3F) (prep1 < 1E-15, prep2 < 1E-15), and
there is a significant correlation between these two features (Figure 3G) (p < 1E-15). That
hypermethylation in TET2 knockout mESC coincides with regions of 5hmC in WT implies
that our observations are a direct rather than indirect consequence of Tet2 loss and its roles
in 5mC oxidation and DNA de-methylation. Supporting this observation, upon examination
of a previously published TET2 ChIP-seq dataset in mESC (Chen et al., 2013), we found
that hypermethylated enhancers exhibit significantly more TET2 occupancy than non-ES
cell enhancers in WT cells (Figure 3H) (p < 1E-15, Wilcoxon).

TET proteins can further oxidize 5hmC to 5fC (He et al., 2011; Ito et al., 2011), and loci
bearing both 5hmC and 5fC (fhMRs) are thought to mark regions of active de-methylation.
Hyper-DMRs are significantly enriched at fiMRs (Figure 31) (p < 1E-15, normal
distribution). Furthermore, consistent with the observation that fhMRs correspond to poised
enhancers (Song et al., 2013), we observe that poised enhancers are more likely to exhibit
hypermethylation than active enhancers (Figure 3lI). In agreement with these observations,
Tet2~/~-hypermethylated enhancers exhibit weaker enrichment of histone acetylation in WT
cells (Figure 3J). Furthermore, these enhancers show decreased nascent RNA transcription
from previously published global run-on sequencing (Melgar et al., 2010) (Figure 3K).
Consistent with these observations, hypermethylated enhancers also exhibit significantly
weaker occupancy of the ES-cell core transcription factors (TFs) OCT4, SOX2, and
NANOG than those that do not change DNA methylation status (Figure 3L) (Boyer et al.,
2005). Taken together, these results suggest that weak enhancers with low TF occupancy
undergoing active de-methylation by Tet2 in wild-type cells are preferentially
hypermethylated to nearly background levels upon loss of Tet2.

Hypermethylation reduces enhancer activity

The hypermethylation of a subset of enhancers in Tet2™/~ cells offers a unique opportunity
to examine the roles of DNA methylation in modulating enhancer activity and gene
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expression. Since DNA methylation and active chromatin are antagonistic epigenetic marks
(Hawkins et al., 2010; Okitsu and Hsieh, 2007), we wondered if increased enhancer DNA
methylation may be accompanied by loss of active chromatin. Surprisingly, we find that
global levels of both active and repressive chromatin marks at enhancers generally remain
unchanged upon hypermethylation (Figure S3A), suggesting that the transcriptional effects
of enhancer hypermethylation may be limited. Indeed, we only observe a small fraction
(2,710; 15.7%) of Tet2~/~ hyper-DMRs that lose H3K27ac compared to WT cells (hypo-Ac)
(Figure 4A) (Table S2). For this subset of enhancers, we hypothesized that gain of DNA
methylation and loss of active chromatin has a repressive effect on enhancer function.
Indeed, an enhancer that physically interacts (Kagey et al., 2010) with the developmental
gene Left-Right Determination Factor 1 (Lefty1) is hypermethylated and hypoacetylated in
Tet2~/~ cells, potentially explaining the significantly decreased expression of this gene
(Figure 4B). Several transcription factors including lymphoid enhancer-binding factor 1
(Lefl) and Signal Transducer And Activator Of Transcription 5A (Stat5a) also exhibit
hypermethylation/hypo-acetylation of nearby enhancers, which may contribute to the
decreased expression of these genes (Figure S2).

Extending our analysis genome-wide, we find that genes down-regulated in Tet2~/~ cells are
significantly enriched near enhancers with reduced histone acetylation (Figure 4C, S3B)
(Prand=all = 4.3E-82, Prand=expr = 1.5E-17, normal). In contrast, up-regulated genes are
significantly depleted (prang=ail = 9-3E-4, Prand=expr = 7-7E-4, normal). Furthermore, no
significant change in gene expression was observed near enhancers with unchanged
H3K27ac (prang=all = 0.03, prand=expr = 0.31), despite the presence of hypermethylation at
these enhancers. If reduced gene expression is due to a loss of enhancer activity, we would
expect repressed genes in Tet2~/~ mESC to be physically linked to enhancers exhibiting
reduced histone acetylation. To test this hypothesis, we employed a method to predict
enhancer-promoter interactions (Jin et al., 2013) using published Hi-C datasets of WT
mMESCs (Dixon et al., 2012; Selvaraj et al., 2013). We find that enhancers with reduced
histone acetylation are more likely to be physically linked to repressed genes than expected
by chance (p = 9.3703e-14, binomial), and more frequently than hypermethylated enhancers
with no loss of H3K27ac (p = 1.7166e-21, Wilcoxon) (Figure 4D). Further supporting these
observations, we find that the hypo-Ac enhancers identified in this system are significantly
enriched near genes down-regulated in Tet2 knockdown mESCs (p = 0.0073, normal) (Koh
etal., 2011) and in independently derived Tet2™/~ mESCs (p = 0.0093, normal) (Dawlaty et
al., 2013) (Figure S3C-D). Together, these results implicate the altered methylation state of
enhancers as an effector of enhancer activity and the expression of target genes.

Why does hypermethylation of only a subset enhancers correlate with reduced activity? One
possible explanation is that at a cell population level, the degree of hypermethylation
determines changes of enhancer activity. Consistent with this idea, we find that
hypermethylation of most enhancers, which gain on average 30.5% 5mC in Tet2~/~ cells,
does not contribute to dramatic alterations in enhancer activity as reflected through
chromatin structure or the expression of nearby genes (Figure 4C—E). However, when 5mC
levels increase beyond a threshold of ~40% mCG, we observe a significant loss of active
chromatin modifications, particularly of histone acetylation (Figure 4E). Indeed, enhancers
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that have >50% more methylation in Tet2~/~ compared to WT cells also exhibit on average
a 37.2% decrease in H3K27ac abundance. However, enhancers with small changes in
methylation only exhibit minor loss of H3K27ac. A possible explanation for this observation
is that small changes in methylation may reflect only a subset of cells having increased
methylation. Since ChlP-Seq is enrichment-based, it is less sensitive to changes in a small
population of cells, unlike bisulfite sequencing which uniformly samples the entire
population. Thus, while we detect reduced activity at only a subset of hypermethylated
enhancers, we cannot exclude the possibility that a larger subset also exhibit reduced activity
in the subset of affected cells.

Delayed gene induction in Tet2™/~ cells during differentiation

Previous studies have observed skewed differentiation of mESCs deficient for TET1 or
TET2 (Ficz et al., 2011; Koh et al., 2011). As enhancers are involved in the early steps of
cell fate commitment during ES cell differentiation (Hawkins et al., 2011), we wondered if
the altered epigenetic status of enhancers in Tet2~/~ cells affects gene expression during
differentiation. We performed RNA-seq to measure expression profiles in a time-course of
mESC differentiation to neural progenitor cells (NPCs) for 3 and 6 days. Consistent with
previous reports, cluster analyses of gene expression profiles in WT and mutant cells
showed that NPC differentiation is not globally disrupted by the loss of either protein
(Figure 5A). Indeed, markers of neuronal cell fate including nes, pax6, and sox1 are
consistently induced in WT and Tet2~/~ cells (Figure 5B). Both genotypes exhibited
consistent alterations in Tet expression, with increased expression of Tet3 contrasting
decreases of Tet1/Tet2 expression (Figure 5C). Interestingly, we also observed discordant
expression of genes normally induced in WT cells, notably at day 3 (Figure 5D). These
results suggest that expression between WT and Tet2~/~ cells is more discordant in early,
rather than late, steps of differentiation. Supporting this observation, only 68.6% of genes
are commonly differentially expressed in WT and Tet2~/~ cells at day 3, noticeably less than
the 77.3% observed at day 6 (p < 1e-15) (Figure 5E). To verify that delayed induction is not
unique to our system, we also differentiated a previously reported Tet2 knockdown mESC
line (Huang et al., 2014) and performed quantitative real-time PCR analysis. Consistent with
our observations in TET2~/~ mESCs, we also find delayed induction of the three marker
genes slit3, Imo4, and irx3 (Figure S4A-B). Locus-specific bisulfite sequencing also
indicates that Tet2 knockdown cells exhibit enhancer hypermethylation of DMRs identified
in Tet2~/~ cells (Figure S4C-E).

To further investigate genes discordantly regulated in Tet2~/~ cells during early NPC
differentiation, we identified genes induced in WT cells and examined their expression in
Tet2~/~ cells. Of the genes differentially expressed between WT and Tet2~/~ cells at day 3,
70.5% were induced at a smaller degree in Tet2™/~ cells than WT cells (p < 1e-15,
binomial). This is significantly greater than the 48.0% observed at day 6 (p = 1.1e-35),
suggesting that Tet2~/~ cells exhibit delayed gene induction during early, but not late,
differentiation. Next, we identified 333 genes discordantly regulated in Tet2~/~ cells during
early NPC differentiation as those that: 1) are induced in WT cells at day 3 compared to day
0, 2) are repressed in Tet2~/~ cells at day 3 compared to WT cells, and 3) are not repressed
in Tet2™/~ cells at days 0 and 6 compared to WT cells (Figure 5G). Functional enrichment

Mol Cell. Author manuscript; available in PMC 2015 October 23.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Page 7

analysis of delayed induction genes revealed significant enrichment for neural development
and tissue morphogenesis (Figure 5H).

Differential enhancer methylation contributes to delayed gene induction

One possible explanation of this delayed gene induction is an altered epigenetic state of
enhancers in Tet2 ™/~ cells. To test this possibility, we performed bisulfite sequencing to map
DNA methylation at day 3 of differentiation in WT and Tet2~/~ cells. Compared to WT
cells, the number of Tet2~/~ hyper-DMRs at this stage of differentiation (denoted “D3
hyper-DMRs”) had dramatically decreased by 81.3% to only 11,246 regions (Figure 6A).
Notably, only 2,192 of these regions (19.5%) were DMRs at day 0, suggesting that Tet2
deficiency has additional effects on the epigenome during differentiation.

D3 hyper-DMRs remain significantly enriched at distal regulatory elements, including
enhancers (Figure 6B). While many of these enhancers are normally hypermethylated in WT
cells during differentiation, they exhibit a greater degree of hypermethylation in Tet2™/~
cells (Figure 6C—E). D3 hyper-DMRs are almost twice as methylated in Tet2~/~ (median,
54.1%) than WT cells (median, 28.6%) (p = 4.6e-119, Wilcoxon) (Figure 6F). To assess if
an epigenetic status predisposes these enhancers to be hypermethylated during
differentiation, we examined methylation in day 0 mESCs. Interestingly, these enhancers are
weakly hypermethylated in Tet2~/~ compared to WT mESCs. Furthermore, in WT mESCs
this group of enhancers is significantly hypermethylated compared to other enhancers (p =
1.2e-33, Wilcoxon) (Figure 6F). These observations suggest that D3 hyper-DMRs are pre-
disposed to hypermethylation.

Next, we asked if enhancer hypermethylation during differentiation affects enhancer
activity. Using histone acetylation as a marker for enhancer activity, we find that enhancers
hypermethylated in day 3 exhibit significantly reduced levels of H3K27ac (p = 8.2e-15,
Wilcoxon) (Figure 6F). If hypermethylation decreases enhancer activity, one expectation is
that target genes will exhibit reduced expression. To test this possibility, we examined
enhancer enrichment near genes exhibiting delayed induction in Tet2~/~ mESC. Considering
that the mammalian genome is partitioned into developmentally stable, mega-base-sized
topological domains (TADs) (Dixon et al., 2012), we asked whether hypermethylated
enhancers are specifically enriched in the TADs containing genes with delayed induction.
While the control set of all active NPC enhancers is not enriched in these TADs (p = 0.64,
normal) (Figure 6G), the subset of hypermethylated enhancers is significantly enriched (p =
2.1e-3, normal), as well as subset of hypermethylated enhancers that loses H3K27ac (p =
5.0e-4, normal). Together, these observations provide additional evidence that Tet2
modulates enhancer methylation status and activity during differentiation, and that its loss
contributes to delayed induction of differentiation genes and therefore a disrupted timing of
early transcriptome reprogramming during differentiation.

Discussion

While DNA hypomethylation is a universal feature of active enhancers (Stadler et al., 2011),
the requirement of hypomethylation on enhancer activity is inadequately understood. By
examining the epigenome in the context of Tet deletion, we have identified Tet2 as an
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important mediator of 5mC oxidation and hypomethylation at enhancers. We document a
cascade of epigenetic events at enhancers initiating from loss of 5mC oxidation, to gain of
methylation, loss of active chromatin modification, and culminating in reduced enhancer
activity. This observation has several implications. The first is that DNA methylation
changes can be upstream of chromatin changes (or mutually affect each other) in this
system. The second is that changes in chromatin structure are sufficient to perturb enhancer
activity, in agreement with previous studies (Lee et al., 2013). The third is that Tet2 is a
positive regulator of enhancer activity.

Since both Tetl and Tet2 can catalyze the oxidation of 5mC, their functional distinctions are
either through unique temporal activities or genomic targets. Indeed, consistent with our
observations, a recent study found that knockdown of Tetl causes loss of promoter
oxidation, while depletion of Tet2 results in loss of 5hmC at some enhancers (Huang et al.,
2014). The biased activities of TET proteins could be accomplished by context-dependent
genomic binding that may be attributed to distinct domain structures. For example, TET1
contains a CpG-island targeting CXXC domain (Pastor et al., 2011), while the lack of this
domain in TET2 potentially opens it to a wider set of genomic loci including enhancers,
perhaps through DNA-targeting partners (Ko et al., 2013). Nevertheless, while loss of Tet2
causes extensive epigenetic effects at enhancers, our observations that 1) enhancer 5hmC
decreases marginally in Tet1 ™~ cells, 2) Tet1 is enriched at enhancers, and 3) hyper-DMRs
in Tetl™/~ mESCs are enhancer-rich suggest that Tet1 plays at least some role in the
oxidation of some enhancers.

Why are weaker enhancers preferentially targeted for hypermethylation upon Tet2 loss? One
possibility relates to a model whereby TF occupancy inhibits de novo DNA methylation
(Gebhard et al., 2010), and unmethylated loci not bound by TFs are passively methylated
(Figure 7) (Thurman et al., 2012). In contrast, we observe that Tet2 occupancy increases
with increasing TF occupancy (Figure 3H). Thus, while TF occupancy is antagonistic to
methylation by DNMTSs, it may be permissive for Tet2 activity. At one extreme, weak
enhancers with lower TF occupancy are subject to increased TF turnover. TF-off states
promote passive filling in of DNA methylation, while TF-on states promote Tet2-mediated
oxidation of 5mC to 5hmC to balance passive DNA methylation. This equilibrium is broken
upon loss of Tet2, in favor of a fully methylated state. In contrast, strong enhancers contain a
higher density of TFs. The lower probability of complete TF-off states potentially results in
a fully de-methylated state in wild-type cells due to lack of passive DNA methylation, which
remains unaltered upon loss of Tet2. Over time, this model would suggest a passive
methylation of low occupancy enhancers, while high occupancy enhancers remain
unmethylated and active. Similarly, as promoters are more DNase | hypersensitive and
therefore more occupied by TFs than enhancers (Boyle et al., 2008), dynamic methylation
and de-methylation occurs more frequently at enhancers than promoters. Thus, this model
suggests that Tet2 fine-tunes enhancer activity.

The lack of gross phenotypic differences in Tet-deficient mMESCs is in agreement with
previous studies showing the viability of mESCs lacking DNA methylation (Jackson et al.,
2004). Furthermore, the ability of Tet1/2-deficient mESCs to differentiate (Ficz et al., 2011;
Koh et al., 2011) and contribute to live animals (Dawlaty et al., 2013) suggests that Tet1 and
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Tet2 are not required for development or viability. However, we observe that Tet2 ™/~ cells
are more transcriptionally distinct from wild-type cells in early rather than late
differentiation. This result suggests that enhancer oxidation may play a role in the timing of
early regulatory events during lineage commitment to NPCs. Our data links loss of 5mC
oxidation to increased methylation of NPC enhancers, which contributes to their decreased
activity. However, as all Tet proteins share the same enzymatic activity and may compensate
for each other, rapid induction of Tet3 by day 6 of differentiation may offset the early
regulatory consequences of losing Tet2. The mechanism for how a subset of enhancers is
targeted, how changes in chromatin structure occur, and how these results apply to other
systems such as hematopoietic malignancies driven by loss of Tet2 will be subjects of future
research.

Experimental Procedures

Cell lines

Tetl™~ ES cell lines were derived from the knockout mouse described previously (Zhang et
al., 2013). The derivation of Tet2~~ ESCs is described elsewhere (Hu et al., 2013,
submitted). These knockout ESCS have been shown to be pluripotent by chimera formation
assay.

Mouse ESC Culture and Differentiation

Mouse ESCs were cultured in feeder-free gelatin-coated plates in Dulbecco’s Modified
Eagle Medium (DMEM) (Invitrogen Cat. No. 11995) supplemented with 15% FBS
(GIBCO), 2 mM L-glutamine (GIBCO), 0.1 mM 2-mercaptoethanol (Sigma), 1 x
nonessential amino acids (GIBCO), 1,000 units/ml LIF (Millipore Cat. No. ESG1107), 1 X
pen/strep (GIBCO), 3 mM CHIR99021 (Stemgent), and 1 mM PD0325901 (Stemgent).
Differentiation of ESC towards NPC was performed out as previously described (Bibel et
al., 2007). Briefly, differentiation was induced by growing cells in suspension in non-
adhesive bacterial dishes in DMEM supplemented with 10% FBS, 2 mM L-glutamine, 0.1
mM 2-mercaptoethanol, 1 x nonessential amino acids, and 1 x pen/strep. After four days, 5
UM of retinoic acid was added in the medium. Medium was changed every two days. Cells
are harvested after three days and six days.

methylC-Seq, TAB-Seq, ChIP-Seq, and RNA-Seq

MethylC-Seq and TAB-Seq was performed as previously described (Lister et al., 2009; Yu
etal., 2012). Briefly, extracted DNA (DNeasy Kit, Qiagen) was spiked with control DNA
(Promega) at 0.5%. For methylC-Seq, the control consisted of unmethylated lambda DNA.
For TAB-Seq, two different controls here used: 1) lambda DNA with distinct PCR-amplified
regions containing either 5mC, C, or 5hmC; or 2) M.sssl-methylated lambda DNA with
5hmC-amplified pUC19 DNA. Spiked DNA was sonicated (Bioruptor, Diagenode), end-
repaired, adenylated, and ligated to Illumina TruSeq sequencing adapters. After 2% agarose
gel purification to select fragments of size 200-650 bp, samples were subjected to bisulfite
conversion (MethylCode, Invitrogen) and PCR amplification with PfuTurbo Cx Hotstart
DNA Polymerase (Agilent). After gel purification, libraries were sequenced on an Illumina
Hi-Seq 2000. Reads were mapped to the computationally bisulfite-converted mouse genome
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(mm9) using bowtie (Langmead et al., 2009) and PCR duplicates were removed with Picard.
Only basecalls with Phred score = 20 were considered for analysis. See Supplemental
Experimental Procedures.

Chromatin immunoprecipitation was performed out as previously described (Hawkins et al.,
2010) with 20pg chromatin and 5ug antibody. The following antibodies were used
H3K4mel (Abcam, Ab8895), H3K4me3 (Active Motif 39159), H3K9me3 (Abcam
Ab8898), H3K27ac (Active Motif 39133), H3K27me3 (Active Motif 39155), and
H3K36me3 (Abcam Ab9050). Library preparation and sequencing procedures were carried
out as described previously (Hawkins et al., 2010) according to Illumina protocols with
minor modifications (Illumina, San Diego, CA). Reads were mapped with bowtie
(Langmead et al., 2009) (parameters: -v 3-m 1--best strata) and PCR duplicates were
removed.

Poly-A tail selected, strand-specific mMRNA sequencing was performed as previously
described (Parkhomchuk et al., 2009). Reads were mapped with tophat (Trapnell et al.,
2009) (parameters:-g 1--library-type=fr-firststrand). Differential gene expression of exonic
sense reads was assessed by the edgeR tool (Robinson et al., 2010).

External datasets

Enhancers

Previously published ChIP-Seq data for CTCF and p300 (Shen et al., 2012), as well as
DNase | hypersensitivity data (Consortium, 2011), were either previously published or
acquired from the mouse ENCODE Project. PhastCons (Siepel et al., 2005) conservation
scores from alignments of 29 vertebrate genomes with mouse, as well as definitions of
repetitive elements, were acquired from the UCSC Genome Browser. Topological domains
in mouse ES cells were previously defined (Dixon et al., 2012).

Wild-type mouse ES cell enhancers were defined as promoter-distal (>5000bp from
transcription start sites) DNase | hypersensitive sites ES cells (Consortium, 2011) exhibiting
enrichment of both H3K4mel and H3K27ac (active enhancers) or only H3K4mel but not
H3K27ac. Enrichment was defined as log,(ChlIP/input) = 1 and lack of enrichment
aslogo(ChlP/input) < 0. To define putative enhancers in day 3 differentiation cells, we
merged promoter-distal H3K27ac peaks from replicate experiments, as identified from the
MACS peak-finder (Zhang et al., 2008).

Identifying cell type-specific DNA methylation

DMRs were defined using a hidden Markov model approach as described previously (Hon et
al., 2013). DMRs with fewer than 10 base-calls spanning CpGs, or with less than 20%
absolute methylation difference between knockout and wild-type, were removed. The final
set of DMRs are those with p-value <= 0.05 (x2 distribution, 1-tailed).

Assessing abundance of epigenetic modifications

The abundance of DNA methylation was measured as %mCG, the percentage of methylated
cytosines in CpG context. The abundance of ChIP-Seq reads in a given genomic region was
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measured as a log-ratio of ChlIP RPKM to input RPKM, each with a pseudocount of 0.05.
We estimated 5mC and 5hmC from methylC-Seq and TAB-Seq experiments. See
Supplemental Experimental Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Global loss of 5hmC in Tet2™/~ mouse ES cells
(A-B) DNA methylation profiles of the (A) Tetl and (B) Tet2 genes in Tetl™/~ and Tet2 7/~

ESCs, illustrating the loci targeted for TET deletion. Two biological replicates of bisulfite
sequencing are shown. (C) Boxplots of hydroxymethylation abundance for non-overlapping
10-kb bins spanning the mouse genome in WT, Tet1™~, and Tet2~/~ mESCs. (D) Bulk
quantification of 5hmC in triplicates. Isolated genomic DNA was digested to single
nucleosides and quantified using LC-MS/MS. Average profiles of absolute 5ShmC abundance
at (E) H3K4me3-only promoters, (F) bivalent H3K4me3/H3K27me3 promoters, (G)
H3K27me3-only promoters, (H) gene bodies, (1) active H3K4mel/H3K27ac enhancers, (J)
poised H3K4me1-only enhancers, and (K) CTCF-bound insulators. (L) Boxplot
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quantification of 5hmC abundance in E-J. For boxplots, notches indicate median, boxes
extend to the 25th and 75th percentiles, and whiskers extend to non-outliers. In bar charts,
error bars indicate standard deviation. wrt, with respect to.
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Figure 2. Hypermethylation of enhancers in Tet2™/~ cells

Genome-wide DNA methylation profiles were segmented by a hidden Markov model to
identify cell-specific DNA methylation. Shown are (A) the relative abundance of DMRs in
Tet1 ™/~ and Tet2™/~ cells and (B) the distribution of 5mC change at DMRs of knockout
compared to wild-type cells. (C) The relative enrichment of Tet2~/~ hyper(left)/hypo(right)
DMRs (black) and random sites (gray) at genomic elements, normalized to the total
coverage of the element type. “P 250bp” indicates promoter defined as transcription start
site +/- 250bp, DHS denotes DNase | hypersensitive sites, and LAD denotes lamina-
associated domains (Peric-Hupkes et al., 2010). Random consists of 5 random samplings of
genomic loci. (D) The relative abundance of Tet2~/~ hyper-DMRSs at regulatory elements.
Red indicates distal regulatory elements. In bar charts, error bars indicate standard deviation.
See also Figure S1 and Table S1.
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Figure 3. 5ShmC-containing enhancers are hypermethylated in Tet2 ™/ cells
(A) (left) Abundance of 5mC and 5hmC at mESC enhancers in WT, Tet1 ™, and Tet2 ™/~

cells. (right) Enhancer chromatin state (mel: H3K4me1l; ac: H3K27ac) and expression state
(RNA: Global Run-On) in WT cells is also indicated. Enhancers are ranked by change in
methylation state between Tet2™~ and WT cells. (B) For enhancers that are hypermethylated
in Tet27/~ cells (red) and those that remain hypomethylated (gray), shown is the enrichment
of 5mC in WT and Tet2~/~ cells. (C) Quantification of mESC enhancers that are
hypermethylated, hypomethylated, or unchanged in knockout cells compared to wild-type.
(D-E) Profiles of average (left) 5mC and (right) 5hmC centered at Tet2~/~ hyper-DMRs at
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(D) poised enhancers and (E) active enhancers. (F) For enhancers that are hypermethylated
in Tet27/~ cells (red, left) and those that remain hypomethylated (gray, right), shown is the
enrichment of 5hmC in wild-type cells. (G) Density plot illustrating the relationship between
5hmC abundance in WT cell and 5mC abundance in Tet2~/~ cells. p indicates Spearman
rank correlation. (H) Quantification of TET enrichment, using data previously mapped by
ChIP-Seq (Chen et al., 2013; Williams et al., 2011), at enhancers active in non-ES cells
(white), enhancers hypermethylated in Tet2™/~ cells (red), and enhancers that remain
hypomethylated (grey) in Tet2~/~ cells. (1) The relative enrichment of Tet2~/~ hyper-DMRs
(black) and random sites (gray) at peaks of 5hmC and 5fC enrichment, at domains of 5fC/
5hmC (fhMR) or 5hmC alone (hMR), and at active/poised enhancers. Error bars indicate
standard deviation. (J-L) For enhancers that are hypermethylated in Tet2~/~ cells (red, left)
and those that remain hypomethylated (gray, right), shown is the enrichment of (J) active
chromatin (H3K4mel and H3K27ac), (K) nascent RNA transcription (by GRO-Seq) in
wild-type cells, and (L) transcription factor binding (OCT4, SOX2, NANOG) (Chen et al.,
2008; Marson et al., 2008). Boxplot edges indicate the 25th and 75th percentiles, and
whiskers indicate non-outlier extremes. See also Figure S2.
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(A) Partitioning of active enhancers hypermethylated in Tet2™/~ ESCs into those that (top)
lose H3K27ac and (bottom) retain H3K27ac. The middle column indicates difference in
H3K27ac, and the right columns indicate DNA methylation abundance. (B) UCSC Genome
Browser snapshots of Tet2~/~ hyper-DMRs that lose H3K27ac (highlighted yellow) near an
enhancer of the differentially expressed (bottom) Leftyl gene. (C) The enrichment of
different enhancer groups near genes differentially repressed in Tet2/~ cells. (D) The
distribution of expression change for genes physically interacting with enhancers that (red)
lose H3K27ac and (green) retain H3K27ac. The ratio of down-regulated to up-regulated
genes is indicated. (E) Difference in enrichment of active chromatin (H3K4mel, left;
H3K27ac, right) between Tet2™~ and WT cells, as a function of hypermethylation. Average
percentage change in ChlP enrichment is indicated. Boxplot edges indicate the 25th and
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75th percentiles, and whiskers indicate non-outlier extremes. See also Figure S3 and Table
S2.
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Figure 5. Delayed gene induction of Tet2 ™/~ cells during NPC differentiation
(A) Dendrogram summarizing RNA-Seq experiments during differentiation of mES cells to

NPCs. Red indicates Tet2~/~ branches; bold black indicates WT branches. (B-C)
Expression of (B) neuronal markers and (C) Tet genes during NPC differentiation. (D)
Examples of genes exhibiting delayed gene induction in Tet2~/~ specifically at
differentiation day 3. Error bars indicate standard deviation. (E) The total number of
differentially expressed genes in Tet2~/~ (black) and WT (white) cells, as compared to
undifferentiated ES cells. Shown in red are those genes commonly differentially expressed
in these two cells. (F) Of the genes induced in WT cells at day 3 (left) or day 6 (right) during
differentiation towards NPCs, shown are the number of genes repressed (blue) or induced
(red) in Tet2~/~ cells compared to WT. (G) Expression of genes in Tet2~/~ relative to WT
differentiated cells for delayed induction genes (top) and all other genes (bottom). Genes in
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(F) that exhibited differential expression in dO or d6 were removed. (H) Ontology terms
enriched for delayed induction genes. See also Figure S4.
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Figure 6. Differential enhancer methylation contributes to delayed gene induction
(A\) Distribution of change in 5mC for DMRs identified in Tet2~/~ cells compared to WT

cells 3 days after mESC differentiation towards NPCs. (B) Relative enrichment of Tet2 ™/~
hyper DMRs from (A) (black) and random sites (gray) at genomic elements, normalized to
the total coverage of the element type. Error bars indicate standard deviation. (C) Density
heatmap representing the methylation state of hypermethylated enhancers before (x axis)
and after (y axis) differentiation in WT (left) and Tet2~/~ (right) cells. (D) Heatmap
representing the epigenetic state of d3 Tet2~/~ hypermethylated enhancers. (E) Genome
browser snapshots of DNA methylation and chromatin state at d3 Tet2~/~ hypermethylated
enhancers (yellow). (F) Boxplots quantifying mCG (top) and quantile-normalized H3K27ac
(bottom) at enhancers before (right) and after (left) differentiation. Day 3 Tet2 ™/~ specific
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hypermethylated enhancers are labeled as “Tet2~/~ > WT”, and other active enhancers as
“remainder”. Boxplot edges indicate the 25th and 75th percentiles, and whiskers indicate
non-outlier extremes. (G) The number of enhancers within TADs containing delayed
induction genes is indicated in red, compared to the distribution of 5000 random gene sets.
Enhancers are defined as: (top) the set of all WT day 3 active enhancers, (middle) the subset
that is hypermethylated in Tet2~/~ cells at day 3, and (bottom) the subset with WT specific
H3K27ac at day 3.
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Figure 7. Model of enhancer hypermethylation in Tet2™~ cells
Transcription factors bind to DNA and therefore occlude hypermethylation by DNMTs.

Enhancers with high TF occupancy (left) are more resistant to DNMTSs, and therefore
remain hypomethylated in Tet2~/~ cells. However, enhancers with low TF occupancy (right)
are prone to hypermethylation, which is balanced by the action of Tet2. Loss of Tet2 causes
re-methylation.

Mol Cell. Author manuscript; available in PMC 2015 October 23.



