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DNA methylation is a dynamic epigenetic modification with an important role in cell fate specification and reprogramming. The
Ten eleven translocation (Tet) family of enzymes converts 5-methylcytosine to 5-hydroxymethylcytosine, which promotes pas-
sive DNA demethylation and functions as an intermediate in an active DNA demethylation process. Tet1/Tet2 double-knockout
mice are characterized by developmental defects and epigenetic instability, suggesting a requirement for Tet-mediated DNA
demethylation for the proper regulation of gene expression during differentiation. Here, we used whole-genome bisulfite and
transcriptome sequencing to characterize the underlying mechanisms. Our results uncover the hypermethylation of DNA meth-
ylation canyons as the genomic key feature of Tet1/Tet2 double-knockout mouse embryonic fibroblasts. Canyon hypermethyl-
ation coincided with disturbed regulation of associated genes, suggesting a mechanistic explanation for the observed Tet-depen-
dent differentiation defects. Based on these results, we propose an important regulatory role of Tet-dependent DNA
demethylation for the maintenance of DNA methylation canyons, which prevents invasive DNA methylation and allows func-
tional regulation of canyon-associated genes.

DNA methylation is an important epigenetic modification that
undergoes dynamic changes during cellular differentiation

(1, 2). The discovery of the Ten eleven translocation (Tet) family
ofenzymesandtheirenzymaticactivitiesidentifiedanoveldemeth-
ylation pathway triggered by the conversion of 5-methylcytosine
(5mC) to 5-hydroxymethylcytosine (5hmC) (3–5). All three
mammalian Tet proteins possess catalytic dioxygenase activity to
generate 5hmC from existing 5mC and also to further process this
modified cytosine to 5-formylcytosine (5fC) and 5-carboxylcyto-
sine (5caC) (4, 5). As the maintenance DNA methyltransferases
recognize 5hmC poorly, this modification could promote passive
DNA demethylation (4). Moreover, 5hmC and its oxidation de-
rivatives can function as intermediates in a process of active DNA
demethylation, where they are enzymatically recognized and re-
moved from the genome by components of the DNA repair ma-
chinery (4, 5).

Reduced levels of hydroxymethylation have been described in
various human cancers (5). While the mechanistic basis for this
loss is not known, it has been associated with reduced levels of Tet
expression, in particular of Tet1 and Tet2, and cancer-specific hy-
permethylation (5). Recently, it has also been shown that 5hmC
marks promoters that are resistant to cancer-specific hypermeth-
ylation (6). However, even though substantial progress has been
made in the characterization of 5hmC as a novel DNA base mod-
ification, the epigenetic regulatory function of Tet enzymes re-
mains to be fully understood.

Studies in mouse models with combined null alleles of Tet
genes have started to investigate these issues. Embryonic stem cells
(ESCs) lacking all three Tet genes are incapable of proper differ-
entiation (7). Tet1/Tet2 double-knockout (DKO) ESCs were
characterized by more restricted developmental defects that were
associated with DNA hypermethylation (8, 9). DKO mice are
characterized by global DNA hypermethylation and developmen-
tal plasticity, suggesting an important role of Tet1/Tet2 in the
epigenetic regulation of developmental genes (8). In agreement

with this notion, recent studies have shown a role of Tet-mediated
demethylation in the modulation of enhancer activity (10–12).

Global analyses of mammalian methylomes at single-base res-
olution have shown that most CpGs are highly methylated (13).
Nevertheless, 10% of the genome is comprised of regions mostly
smaller than 1.5 kb with low or absent DNA methylation that
coincide with promoter-associated CpG islands, gene body, and
enhancer regions, as well as transcription factor binding sites (14).
Furthermore, whole-genome bisulfite sequencing (WGBS) in hu-
man ESCs and mouse hematopoietic stem cells identified around
1,000 larger (�3.5-kb) genomic domains with low average meth-
ylation levels, termed DNA methylation valleys or DNA methyl-
ation canyons (1, 15). These elements remained unmethylated
during differentiation and were often associated with develop-
mental genes.

The roles of Tet enzymes in the establishment and mainte-
nance of the global DNA methylation landscape remain an impor-
tant topic of current research (16, 17). Here, we have characterized
the methylation profiles of Tet1/Tet2 DKO mouse embryonic fi-
broblasts (MEFs) at single-base resolution. These cells possess im-
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paired demethylation machinery (8) and therefore provide an ex-
cellent model to investigate the effects of globally reduced 5hmC.
We identified the hypermethylation of DNA methylation canyons
that often harbor developmental genes as a key feature of the DKO
methylome. DKO MEFs showed pronounced defects in adipo-
genic differentiation, suggesting functional relevance of the ob-
served methylation changes. We propose that Tet-dependent
DNA demethylation plays an important role in the maintenance
of hypomethylated canyons and the prevention of invasive hyper-
methylation.

MATERIALS AND METHODS
Derivation, cell culture, and adipogenic differentiation of MEFs. MEFs
were isolated from Tet-deficient midgestation embryos using a standard
protocol (8). In brief, timed pregnancies were set up by intercrossing
heterozygous Tet mutant mice. Embryonic day 13.5 (E13.5) embryos
were isolated. The extraembryonic layers, internal organs, and heads of
the embryos were removed. The heads were used for DNA extraction and
genotyping of the embryos/MEFs by quantitative PCR (8). The remaining
carcass was minced with a sterile blade and trypsinized for 15 min, fol-
lowed by pipetting to dissociate the cells. The cell suspension was cultured
in 20 ml of MEF medium (Dulbecco’s modified Eagle’s medium [DMEM]
with 10% fetal calf serum [FCS], essential amino acids, and 200 U/ml
penicillin and 200 mg/ml streptomycin) in a 15-cm tissue culture plate.
Two days later, the confluent cultures (considered passage 0 [P0]) were
split 1 to 3 to obtain the P1 culture. The MEFs were then frozen in cry-
ovials in MEF-freezing medium (50% fetal bovine serum [FBS], 40%
DMEM, 10% dimethyl sulfoxide [DMSO]) or split again 1 to 3 (to obtain
P2) and then grown for an additional 3 days and frozen for long-term
storage. For experiments, P2 MEFs were cultured at 37°C and 5% CO2 in
DMEM (supplied with 10% FCS and penicillin/streptomycin). For an
overview of the different batches of cells employed in the experiments, see
Table S1A in the supplemental material.

For adipogenic differentiation, 1 � 105 cells/well were seeded into
12-well plates in duplicate. After 24 h, treatment with adipogenic differ-
entiation medium (ADM) was initiated as described previously (18). After
7, 14, and 21 days, lipid droplets were stained or cells were harvested for
further analysis. For staining of lipid droplets, cells were fixed for 1 h in
10% formalin, washed with 60% isopropanol, and stained with a filtered
(0.2 �m) Oil-Red-O working solution (a 60% stock solution in water; the
stock solution was 0.35% Oil-Red-O [Sigma] in isopropanol) for 10 min.
Wells were washed in pure H2O, and the numbers of Oil-Red-O-positive
cells were determined in 5 random images per well acquired at �4 mag-
nification using ImageJ.

RNA extraction, cDNA synthesis, and quantitative RT-PCR. RNA
was extracted from frozen cell pellets using TRIzol (Invitrogen), cDNA
was synthesized from 1 �g RNA (QuantiTect reverse transcription kit;
Qiagen), and quantitative RT-PCRs were performed in triplicate with
mouse �-actin and Gapdh as reference genes using ABsolute qPCR SYBR
green Mix (Thermo Fisher) and the Lightcycler 480 system (Roche) (for
primer sequences, see Table S4 in the supplemental material).

DNA isolation and dot blotting. For dot blots, 1 �g of sonicated
genomic DNA was denatured and neutralized, and serial dilutions were
transferred to a nylon membrane (GE Healthcare) using a dot blot appa-
ratus (Bio-Rad). The membrane was washed in 2� SSC (1� SSC is 0.15 M
NaCl plus 0.015 M sodium citrate), air dried, baked at 80°C for 2 h, stained
with methylene blue to assess equal loading, destained, blocked, and in-
cubated with primary antibodies (1:1,000) against 5hmC (Active Motif;
39791) for 1 h at room temperature. After 1 h of incubation with a horse-
radish peroxidase (HRP)-coupled secondary antibody (1:7,500), the
membrane was incubated in enhanced chemiluminescence solution
(PerkinElmer; Western Lightning Plus-ECL) and exposed to X-ray films.

Whole-genome bisulfite sequencing and analysis of DNA methyl-
ation patterns. Library preparation for paired-end bisulfite sequencing
was performed as described previously (19). Reads were trimmed and

mapped with BSMAP 2.5 (20) using the mm9 assembly of the mouse
genome as a reference sequence. Duplicates were removed using the
Picard tool (http://broadinstitute.github.io/picard). Methylation ratios
were determined using a Python script (methratio.py) distributed to-
gether with the BSMAP package. Inherently metastable partially methyl-
ated domains (PMDs) were removed as described previously (19) using a
sliding-window approach with a window size of 100 kb. For every single
window, the average methylation value was subtracted from the corre-
sponding value of the reference Mus musculus skin methylome. The re-
sulting sequence of average methylation ratio differences was processed
using a 2-state first-order hidden Markov model and separated into two
kinds of states, representing windows with a strong reduction of methyl-
ation (PMDs) and windows with no or only a small reduction. The PMD
part was excluded from further analyses, which removed 38% of the
genome sequence but retained 83% of the annotated genes. For an
unbiased analysis of methylation changes in different samples,
ChromHMM (21; http://compbio.mit.edu/ChromHMM/) was ap-
plied to published chromatin immunoprecipitation sequencing
(ChIP-seq) data sets (22, 23) to partition the MEF genome into 15
chromatin states, and methylation ratios for these genomic segments
(E1 to E15) were calculated. The data sets used were as follows (depos-
ited at the Gene Expression Omnibus): GSM307609 (H3K27me3),
GSM307610 (H3K36me3), GSM307611 (H3K9me3), GSM723004
(CTCF), GSM723005 (H3K4me1), GSM723006 (H3K4me3),
GSM723007 (Pol2), and GSM851277 (H3K27ac).

Analysis of DNA methylation canyons. DNA methylation canyons
were identified as described previously (15, 24). A canyon that overlapped
the transcription start site of a gene was assigned to that gene. For every
wild-type (WT) canyon, the average level of active (H3K4me3 and
H3K27ac) and repressive (H3k27me3 and H3k9me3) histone marks was
computed using ChIP-seq data sets available for wild-type MEFs (22, 23).
For further analysis, canyons were ordered by increasing amounts of the
respective histone mark, and the resulting list was split into 10 equal parts.
For every part, the average length of the canyons in wild-type and DKO
MEFs was determined.

454 DNA bisulfite sequencing. Deep DNA bisulfite sequencing was
performed with 500 ng of genomic DNA for bisulfite treatment using the
EpiTect bisulfite kit (Qiagen) according to the manufacturer’s instruc-
tions. Treated DNA was amplified with sequence-specific primers (see
Table S4 in the supplemental material) containing cell-type-specific bar-
codes and standard 454 linker sequences. PCR products were gel extracted
using the peqGold extraction kit (Peqlab). For sequencing, equimolar
amounts of all amplicons were combined in a single tube and processed
on a GS Junior sequencer (Roche) according to the manufacturer’s in-
structions. Sequence reads were aligned and displayed as color-coded heat
maps.

MeDIP and hydroxymethylated DNA immunoprecipitation (hMe-
DIP). Methylated DNA immunoprecipitation (MeDIP) was performed as
described previously, using antibodies against 5mC (Active Motif; 39649)
and 5hmC (Active Motif; 39791) (25). Immunoprecipitates (IPs) were
analyzed by real-time PCR using specific primer pairs (see Table S4 in the
supplemental material). The mouse Gapdh and �-actin promoters served
as negative controls for unmethylated regions. Final enrichments were
calculated relative to these unmethylated controls.

Gene expression analysis. Transcriptome-sequencing libraries were
prepared from total RNA preparations from WT-1 and DKO-1 MEFs (see
Table S1A in the supplemental material) using the TruSeq RNA sample
preparation kit (Illumina, San Diego, CA). Reads were trimmed to a max-
imal length of 80 bp, and stretches of bases having a quality score of �30
at the ends of the reads were removed. The reads were mapped using
Tophat 2.0.6 (26) against the mm9 assembly of the mouse genome. Dif-
ferential expression was quantified using DESeq 1.10.1 (27) and Cuffdiff
2.0 (28) and subjected to multiple testing corrections. Genes with a q value
smaller than 0.05 were considered differentially expressed.
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Statistical analysis. To compare the frequencies of an occurrence be-
tween two groups, a �2 test was used. Student’s t test was performed to
obtain P values for quantitative-PCR (qPCR) experiments, MeDIP anal-
yses, and WGBS enrichments. Both tests were performed using imple-
mented functions in R or online tools. P values to indicate significant
differential expression for the transcriptome sequencing (RNA-seq) anal-
ysis were obtained from DESeq after FDR correction (27). Statistical test-
ing for the overlap between differentially expressed genes and genes asso-
ciated with hypermethylated canyons was done by a hypergeometric test
using R, as described previously (11). Biological pathway analyses were
performed using Ingenuity Pathway Analysis software, and bar charts
showing the �log (P values) were directly used as figure panels.

WGBS and RNA-seq data accession number. WGBS and RNA-seq
data sets were deposited at the Gene Expression Omnibus database
under accession number GSE58611.

RESULTS
Altered DNA methylation patterns in DKO MEFs. To analyze
the roles of Tet1 and Tet2 in somatic cells, we generated MEFs
from DKO mouse embryos (8). Expression of Tet1 and Tet2 could
not be detected in DKO MEFs, whereas Tet3 was moderately ex-
pressed and did not show a significant change compared to the
wild type (see Fig. S1A in the supplemental material). Consistent
with previous results (8), DKO MEFs retained reduced levels of
5hmC (see Fig. S1B in the supplemental material).

To analyze the methylation patterns of wild-type (WT) and
DKO MEFs at the highest possible resolution, we used WGBS of
two independent biological replicates for both wild-type and

DKO cells (see Table S1A in the supplemental material), with a
combined average genome coverage of 	20� in both WT and
DKO MEFs (see Table S1B in the supplemental material). The
bisulfite conversion rate was determined by analyzing mitochon-
drial sequences that we considered unmethylated (29). This re-
vealed conversion rates of �99.9%, suggesting highly effective
bisulfite treatment. The average methylation levels of the four
samples were similar between replicates but appeared to be in-
creased in DKO cells (Fig. 1A), suggesting specific Tet-dependent
methylation changes.

We then used multivariate hidden Markov modeling based on
published ChIP-seq data sets (22, 23) (see Materials and Methods
for the GEO accession numbers) to segment the MEF epigenome
into subgenomic features using ChromHMM (21). The identified
segments were functionally classified according to their protein or
histone modification patterns (30–32), and the average methyl-
ation levels of these segments were extracted from the WGBS data
sets, revealing widespread hypermethylation in DKO MEFs (Fig.
1B; see Fig. S2 in the supplemental material). Significant (P �
0.01; Wilcoxon rank sum test) hypermethylation was detected for
both promoter and enhancer regions, consistent with recent find-
ings in Tet-deficient mouse ESCs (11, 12). As Tet-dependent
methylation changes at promoters appeared more prominent
(Fig. 1B), we focused our further analysis on promoter regions.

DNA methylation canyons are regions with locally reduced
DNA methylation levels that often contain CpG islands and are

FIG 1 Methylome of WT and DKO MEFs. (A) Average (av.) methylation ratios of the WT-1, WT-2, DKO-1, and DKO-2 samples. (B) Methylation changes at
various subgenomic features shown as fold changes of the average methylation (DKO versus wild type; two replicates). ChromHMM (43) was applied to
published ChIP-seq data sets (22, 23) to partition the wild-type MEF genome into 15 chromatin states, and methylation ratios for these genomic segments were
calculated. All the segments (except E14) showed variable but significant (P � 0.01; Wilcoxon rank sum test) hypermethylation in DKO MEFs (see Fig. S2 in the
supplemental material for a detailed description of segments and values). The error bars represent standard deviations. (C) Box plot showing the size distribution
of all canyons. The box shows all canyons between the first and third size quartiles of the data set, whereas the line inside the box depicts the median for the canyon
size. The ends of the whiskers mark the minimum and maximum sizes observed. (D) Canyons are strongly and significantly (**, P � 0.01; �2 test) associated with
transcription start sites. (E) Numbers of DNA methylation canyons in WT-1, WT-2, DKO-1, and DKO-2 cells. (F) Box plot showing average methylation ratios
of canyons in WT-1, WT-2, DKO-1, and DKO-2 cells. The difference between the wild-type and DKO replicates is highly significant (***, P 
 2.2 � 10�16;
two-sided paired t test). (G) Pie chart showing canyon size dynamics in DKO MEFs.
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frequently associated with promoter regions (15). As such, they
represent attractive candidate target regions for Tet-dependent
epigenetic regulation. Canyons are defined as regions with an av-
erage proportion of methylation of �10%, requiring at least five
CpGs per kilobase (to satisfy the permutation-based false-discov-
ery rate of 5%) and a minimum size of 3.5 kb (15). Applying
established hidden Markov models to our WGBS data (15, 24), we
identified 1,394 canyons in wild-type MEFs, with an average size
of 5.5 kb (Fig. 1C). As expected, the vast majority (95%) of can-
yons were associated with transcription start sites (Fig. 1D). The
number of canyons was distinctly reduced in DKO cells (Fig. 1E),
as many canyons failed to reach the size minimum. This effect is
directly related to increased canyon methylation in these cells, as
average canyon methylation ratios were robustly (2-fold) and sig-
nificantly (P 
 2.2 � 10�16; t test) increased in DKO relative to
wild-type MEFs (Fig. 1F).

Collapse of DNA methylation canyons in DKO MEFs. Our
findings so far suggested that hypermethylation of canyons is a
prominent feature of the DKO methylome. In order to study this
further, we took all the canyons detected in wild-type MEFs and
analyzed the corresponding canyons in DKO MEFs (Fig. 1G); 38%
of the canyons fell below the size limit in DKO MEFs (disap-
peared), and 30% were contracted. In contrast, 25% of the can-
yons increased in size in DKO MEFs (expanded), whereas 7%
experienced no significant change. These results confirmed that
most canyons (68%) showed a pronounced size reduction (col-
lapsed) caused by hypermethylation in DKO cells, which we also
observed by visual inspection of differentially methylated canyons
(Fig. 2A; see Fig. S3 in the supplemental material). Systematic
analysis of biological replicates further confirmed this observation
and also demonstrated that hypermethylation in DKO MEFs was
particularly evident at canyon borders (Fig. 2B). We therefore
used DNA immunoprecipitation (MeDIP) with antibodies
against 5mC and 5hmC for an independent analysis of the border
regions of four selected canyons in two replicate samples of wild-
type and DKO MEFs. The results confirmed the substantially
higher levels of 5mC at these regions in DKO MEFs, whereas
5hmC levels were rather low, suggesting fast processing of this
mark at canyon borders in MEFs, but were significantly reduced in
DKO MEFs (Fig. 2C). In further experiments, we also used deep
bisulfite sequencing of 4 selected PCR amplicons to independently
confirm the collapse of canyons in replicate samples using 454
technology. The resulting methylation profiles showed pro-
nounced hypermethylation in the DKO sample (Fig. 2D) and thus
provided strong confirmation for our WGBS data.

Recent publications have suggested distinct roles for Tet1 and
Tet2 in mouse embryonic stem cells, particularly with respect to
the subgenomic localization of Tet1- or Tet2-dependent 5hmC
and the degree of hypermethylation in Tet1- or Tet2-deficient cell
lines (12, 33). We therefore analyzed the same canyons in Tet1 and
Tet2 single-knockout MEFs. The results showed more moderate
canyon border hypermethylation in Tet2-deficient and, to a lesser
extent, also in Tet1-deficient MEFs (see Fig. S5 in the supplemen-
tal material). This suggests that the combined activities of Tet1
and Tet2 protect canyon borders against methylation invasion
from surrounding methylated sequences.

Altered gene expression patterns and differentiation defects
in DKO MEFs. In order to correlate phenotypic differences be-
tween wild-type and DKO MEFs with gene expression changes, we
analyzed the transcriptomes of both cell lines using RNA-seq. A

total of 301 differentially expressed genes were identified using
DESeq (Fig. 3A; see Table S2 in the supplemental material). Dif-
ferential gene expression was validated by qRT-PCR analysis of 14
selected genes in independent samples (see Fig. S6 in the supple-
mental material). Biological pathway analysis identified cellular
growth and various developmental categories as the most signifi-
cantly deregulated functions (Fig. 3B), suggesting an altered de-
velopmental state of DKO cells.

In order to investigate the functional relevance of the observed
epigenetic defects, we utilized an established paradigm for MEF
differentiation and induced adipogenesis using insulin-contain-
ing medium (ADM) (34). A substantial fraction of ADM-treated
wild-type MEFs started to form lipid droplets visible under a mi-
croscope, whereas DKO MEFs showed strongly reduced lipid
droplet formation, indicating incomplete adipogenesis (Fig. 3C).
Consistent with this, wild-type MEFs showed ADM-dependent
induction of the established adipogenic marker genes Ppar�,
C/ebp�, and Igf1 (34), whereas the response of DKO MEFs was
markedly reduced (Fig. 3D). Also, all three Tet genes were upregu-
lated in wild-type MEFs upon ADM treatment (see Fig. S1C in the
supplemental material), consistent with a functional requirement
for these enzymes. Our results thus uncovered a pronounced dif-
ferentiation phenotype in DKO MEFs that may be related to al-
tered epigenetic reprogramming.

Defective regulation of canyon-associated developmental
genes in DKO MEFs. In order to establish a functional connection
between Tet-dependent hypermethylation and the differentiation
defects observed, we analyzed canyon association and canyon hy-
permethylation for all deregulated genes in DKO cells. To do this,
we took all the genes with a log fold change of greater than or equal
to 
0.5 (WT versus DKO) from our RNA-seq data (6,200 genes)
and then selected those genes residing in a hypermethylated can-
yon (average methylation difference � 0.1) from the WGBS data
set (84 genes) and calculated the overlap. This identified 46 dereg-
ulated genes that were associated with hypermethylated canyons
in DKO cells (see Table S3 in the supplemental material). Statis-
tical testing revealed that the overlap between gene deregulation
and the hypermethylation of gene-associated canyons was highly
significant (P 
 6.26e�9; hypergeometric test) (Fig. 4A). This
association remained highly significant when less stringent pa-
rameters were used for the definition of hypermethylated can-
yons, which increased the number of genes included in the statis-
tical analysis (see Fig. S7A in the supplemental material). Next, we
asked if there is a similar overlap when all genes residing in can-
yons were considered. This association was also significant (see
Fig. S7B in the supplemental material), albeit to a lesser degree.
Half of the genes associated with a hypermethylated canyon were
also deregulated in DKO MEFs (see Fig. S7A in the supplemental
material), whereas only one-third of all canyon genes were dereg-
ulated (see Fig. S7B in the supplemental material), indicating that
genes with a transcription start site in a hypermethylated canyon
are very likely misregulated. Of note, the expression of the major-
ity of deregulated genes in DKO MEFs does not seem to depend on
Tet-regulated canyons. However, due to the minimum size for
canyons (3.5 kb), many deregulated genes are not considered to be
associated with a canyon. Their expression might therefore de-
pend on the presence of smaller Tet-dependent hypomethylated
regions (see Fig. S7A in the supplemental material, which shows
that the reduction of the size minimum for canyons leads to a
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strong increase of the number of overlapping deregulated genes),
or their misregulation was caused by indirect effects.

Biological pathway analysis again identified mostly develop-
mental categories as enriched in the 46 deregulated genes associ-
ated with hypermethylated canyons (see Fig. S8 in the supplemen-
tal material), consistent with the previous analysis (Fig. 3B) and
the altered expression patterns of developmental genes in DKO
MEFs. Prominent examples of genes that overlap a hypermeth-
ylated canyon and that were downregulated in DKO MEFs are
Hoxa1 and Hoxa2 (Fig. 2A; see Table S3 in the supplemental ma-
terial), whereas several genes of the other three Hox clusters asso-
ciated with hypermethylated canyons in DKO MEFs showed in-
creased expression (see Table S3 in the supplemental material).

Because canyon hypermethylation might also prevent efficient
gene regulation and transcriptional maintenance during adipo-
genic differentiation, we used 454 bisulfite sequencing to analyze
the methylation status of the promoter regions of the canyon
genes Foxc1, Foxc2, Ppar�, and Igf1 during differentiation. Igf1
and Ppar� expression is a key feature of adipogenesis (34),
whereas both Foxc1 and Foxc2 have broader roles in regulating
adipogenic processes (35, 36) but have also been reported to func-
tion during mesenchymal-epithelial transition (MET) (37–39).
This is of particular interest, as a previous study suggested that
Tet-deficient MEFs show a reduced capacity to undergo repro-
gramming due to a block in MET (40). With the exception of Igf1,
all the genes were expressed in wild-type MEFs and significantly

FIG 2 Collapse of DNA methylation canyons in DKO MEFs. (A) Example of a DNA methylation canyon in the Hoxa cluster. Methylation profiles in WT-1 (top)
and DKO-1 (bottom) are shown as methylation ratios. The green box indicates the region analyzed by (h)MeDIP (C). The red boxes indicate the genomic regions
analyzed in panel D. (B) Average methylation levels of all canyons, comparing WT-1, WT-2, DKO-1, and DKO-2 MEFs. The canyons were size normalized before
superposition. (C) (h)MeDIP analysis of borders of canyons overlapping Hoxa1, Erbf3, Foxc1, and Foxc2. The results are shown as normalized enrichments
calculated relative to the unmethylated Gapdh and �-actin promoters (see Fig. S4 in the supplemental material). The regions analyzed are shown as green boxes
in panel A and in Fig. S3 in the supplemental material. All differences comparing WT with DKO MEFs are significant (t test; ***, P �0.001; **, P �0.01; *, P
�0.05). The error bars represent standard deviations (n 
 3). (C) Validation of DNA methylation by targeted 454 bisulfite sequencing at canyon borders near
Hoxa1, Hoxa3, Foxc1, and Foxc2. The results are shown as heat maps in which each row represents one sequence read. The individual blue boxes indicate
methylated CpGs, and the yellow boxes indicate unmethylated CpGs. The CpGs covered by the individual amplicons are numbered. The regions analyzed are
shown as red boxes in panel A and in Fig. S3 in the supplemental material.
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downregulated in DKO MEFs (Fig. 4B). Upon adipogenesis, ex-
pression of all four genes was strongly increased in wild-type
MEFs, whereas induction was greatly reduced in DKO MEFs (Fig.
4B). These findings could be correlated with the methylation state
of the corresponding canyons and also the promoters of the four
genes. In wild-type cells, the promoter regions were unmethylated
(see Fig. S3 in the supplemental material) and showed only a mod-
erate increase upon differentiation (Fig. 4C). In DKO cells, can-
yons collapsed and promoters showed pronounced hypermethyl-
ation, which was further exacerbated during the 2 weeks of ADM
treatment (Fig. 4C). Together, these findings suggest that the ac-
tivation of the assayed genes during adipogenesis requires Tet-
mediated maintenance of low methylation levels in the corre-
sponding canyons.

Epigenetic features of collapsing canyons. To further charac-
terize hypermethylated canyons in DKO MEFs, we analyzed the
genomic features that were identified in wild-type canyons by

ChromHMM (see Fig. S2 in the supplemental material). As shown
in Fig. 5A, 80% of canyon sequences showed promoter features
(segments E6 to E10), whereas 12% were not marked (E15) and
less than 4% showed enhancer features (E1 to E5). The related
promoter features were mainly characterized by chromatin marks
that correspond to repressed promoters (E6; H3K27me3), poised
promoters (E7; H3K27me3 and H3K4me3), initiated promoters
(E8; H3K4me3), and active promoters (E9 and E10; H3K4me3,
H3K27ac, and PolII). When extracting the average methylation
levels of the segments E6 to E10 from our WGBS data sets, regions
corresponding to repressed promoters (segment E6) showed the
strongest increase in DNA methylation in DKO MEFs (Fig. 5B).

Next, we again used published ChIP-seq data sets for wild-type
MEFs (22, 23) to analyze the correlation between canyon size and
enrichment for the three histone marks we found associated with
canyons. Canyons with low levels of active marks (H3K4me3 and
H3K27ac) in wild-type MEFs showed size reduction in DKO cells

FIG 3 DKO transcriptome and defective adipogenic differentiation in DKO MEFs. (A) MA plot comparing the WT and DKO transcriptomes. The average base
mean (the average normalized read pair counts) of WT and DKO genes [log2(base mean)] is plotted against the expression difference [log2(FC)]. FC, fold change.
Differentially expressed genes are shown in red. (B) Biological pathway analysis of differentially expressed genes in DKO MEFs. (C) Bright-field microscopy
images of WT and DKO MEFs stained with Oil-Red-O before treatment and after 21 days of ADM treatment. Quantifications of lipid droplets after 7, 14, and 21
days of treatment are shown in the diagram on the right. The data represent mean numbers of particles per five view fields 
 standard deviations. (D) Relative
expression of adipogenic marker genes Ppar�, C/ebp�, and Igf1 in untreated (day 0) and ADM-treated WT and DKO MEFs normalized to �-actin and
Gapdh. The error bars represent standard deviations (n 
 3).
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(Fig. 5C). Similarly, canyons marked with high levels of
H3K27me3 in the wild type also showed a pronounced length
reduction (Fig. 5C). This effect was not observed for canyons that
were enriched for these active marks (Fig. 5C). Rather, we could
observe a trend toward enlargement for canyons highly tagged
with H3K4me3 (Fig. 5C, top). Next, we compared enrichments
for a specific histone modification in wild-type canyons with DNA
hypermethylation and expression changes of associated genes in
the same region in DKO MEFs. We found that low tagging of
canyons with active marks or high tagging with H3K27me3 coin-
cided with canyon hypermethylation and transcriptional deregu-
lation (see Fig. S9 in the supplemental material). Further, when we
analyzed the average canyon size in wild-type and DKO MEFs for
lowly tagged (bottom 50%) and highly tagged (top 50%) canyons,

a significant (P � 0.001; t test) size reduction was again observed
for canyons with low levels of H3K4me3 and H3K27ac and high
levels of H3K27me3 (Fig. 5D). Finally, when we counted the can-
yons that disappeared in DKO cells (as defined by failure to reach
the minimum size for a canyon), we observed substantially higher
numbers for the low-H3K4me3, low-H3K27ac, or high-
H3K27me3 fractions (Fig. 5E). These data suggest that repressed
canyons are particularly prone to canyon collapse.

DISCUSSION

Low levels of hydroxymethylation have been described in various
human cancers (5), but the significance of this effect for epigenetic
gene regulation has remained unclear. While the mechanistic ba-
sis for the loss of 5hmC in cancer is not known, it has been asso-

FIG 4 Differentiation defects in DKO MEFs are accompanied by canyon hypermethylation. (A) Venn diagram showing overlap between deregulated genes
[log(FC) � 
0.5] and genes associated with a hypermethylated canyon (P 
 7.55 � 10�7; hypergeometric test). diff. exp., differentially expressed. (B) Relative
expression values for the developmental canyon genes Foxc1, Foxc2, Ppar�, and Igf1 in the four cell types normalized to �-actin and Gapdh (WT, blue; DKO, red).
The error bars indicate standard deviations (n 
 3). u.t., untreated. (C) Validation of DNA methylation by targeted 454 bisulfite sequencing at promoter regions
near sites of the developmental canyon genes Foxc1, Foxc2, Ppar�, and Igf1. The results are shown as heat maps as in Fig. 2D. DNA from untreated and induced
MEFs (14 days of ADM) was analyzed. The CpGs covered by the individual amplicons are numbered. The regions analyzed are shown as yellow boxes in Fig. S3
in the supplemental material.
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ciated with reduced levels of Tet expression, in particular of Tet1
and Tet2, and cancer-specific hypermethylation (5). MEFs lacking
Tet1 and Tet2 possess an impaired demethylation machinery and
therefore provide an excellent model to investigate the effects of
globally reduced 5hmC levels on the epigenome of differentiated
cells. Our unbiased analysis of genome-wide methylation patterns
showed widespread hypermethylation in DKO MEFs, which in-
cluded promoter and enhancer regions. These findings are consis-
tent with recent studies of Tet-deficient mouse ESCs (11, 12) and
provide a mechanistic explanation for the epigenetic regulatory
defects of Tet-deficient cells.

Our data strongly suggest that a subset of hypomethylated can-
yons is maintained by the cooperative activity of Tet proteins, in
particular Tet1 and Tet2. In cells lacking both enzymes, many
canyons decreased in size or collapsed, leading to the transcrip-
tional deregulation of associated genes. This is particularly the
case for canyons that are not enriched for active histone modifi-
cations and that can be considered poorly active or epigenetically
silent. Prominent examples identified in this study include Hox
genes and a subset of genes related to adipogenesis and mesenchy-
mal-to-epithelial transition. The latter pathway represents a key
step for the reprogramming of MEFs and the generation of MEF-
derived induced pluripotent stem cells. As such, the observed in-
ability of Tet-deficient MEFs to undergo reprogramming (40) is

very likely also influenced by inefficient transcriptional regulation
of canyon-associated epithelial genes. A recent study has also
shown that 5-hydroxymethylcytosine marks promoters that resist
DNA hypermethylation in colon cancer (6). This suggests that
Tet1/Tet2-dependent prevention of promoter hypermethylation
is also relevant for a key feature of the cancer epigenome.

Canyon collapse and invasive hypermethylation affect not only
promoters but also gene bodies, regulatory sequences outside
genes, and enhancers associated with the canyon. Hypermethyl-
ation can therefore have context-dependent effects on gene ex-
pression, leading to up- or downregulation of canyon-associated
genes (see Table S3 in the supplemental material). In addition,
especially for Tet1, gene-regulatory functions (repressive and ac-
tivating) independent of its enzymatic activity have been de-
scribed (41, 42). This might in part account for Tet-dependent
effects on gene expression that are apparently not correlated with
hypermethylation.

On the mechanistic level, our results also expand on previously
published data that suggested a role for Tet1 as a demethylase to
counteract aberrant DNA methylation and the spread of DNA
methylation into CpG islands (41, 43). We observed strong de-
methylation defects at selected canyon borders already in Tet2
single-knockout cells. Because the deficiency of Tet1 also led to
significant, albeit weaker, hypermethylation in the same regions,

FIG 5 Tet1/Tet2 are required for the epigenetic regulation of poorly expressed genes. (A) Chromatin segments identified previously (left) (see Fig. S2 in the
supplemental material) and relative percentages of bases for each segment belonging to a mapped canyon in WT MEFs (right). Features were grouped for
enhancers (black), promoters (orange), gene body (green), and others (gray). (B) Average methylation levels in the ChromHMM segments E6 to E10 (promoters
in panel A) in WT and DKO MEFs. (C) All the canyons in wild-type MEFs that retained a length of �1.5 kb in DKO cells were identified, and the average
H3K4me3, H3K27ac, and H3K27me3 levels were calculated using published ChIP-seq data sets. The graphs show the lengths of canyons in wild-type and DKO
MEFs in relation to histone methylation levels. (D) Box plots showing the lengths of canyons that are comparably lowly (bottom 50% [bot.]; green) or highly (top
50%; yellow) enriched for the indicated histone H3-specific methylation marks. The asterisks indicate statistically significant differences between wild-type and
DKO cells (*, P � 0.05; ***, P � 0.001; two-sided paired t test). (E) Bar plots showing the numbers of canyons that disappear in DKO cells (as defined by falling
below the minimum size required for a canyon). Numbers are shown for canyons that are comparably lowly (bottom 50%; green) or highly (top 50%; yellow)
enriched for the indicated histone H3-specific methylation marks.
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we suggest an additive and collaborative role for both enzymes, at
least in the regions we analyzed. Lineage-specific genes residing in
hypomethylated domains appear to be mostly regulated by chro-
matin modifications and not directly by DNA methylation (1, 15,
44). Canyon collapse in Tet-deficient cells then leads to the dis-
ruption of this chromatin-based transcription-regulatory net-
work. Indeed, canyons marked by H3K27me3 and most likely
overlapping poorly active or inactive genes were particularly af-
fected by canyon collapse, which supports earlier findings that
5hmC and Tet1 coincide to a significant degree with Polycomb
group target regions (41, 45). Thus, repressed or poised canyons
appear to be more susceptible to collapse in Tet-deficient cells
than active or moderately expressed canyons. When Dnmt3a was
deleted in the hematopoietic system of the mouse, borders of can-
yons marked by active chromatin modifications became eroded
and hypomethylated canyons expanded (15).

Our study suggests that the maintenance of hypomethylated
canyons associated with developmental genes represents a major
activity of Tet proteins in differentiating cells. We envisage a sce-
nario where Tet1/Tet2 and Dnmt3a play cooperative but antago-
nistic roles in the maintenance of DNA methylation canyons to
allow undisturbed access for chromatin-based transcriptional reg-
ulators (see Fig. S10 in the supplemental material). Tet deficiency
leads to an imbalance in these methylating and demethylating
activities, inducing canyon hypermethylation and thus destabiliz-
ing canyons and related gene-regulatory mechanisms. Our results,
therefore, identify the protection of hypomethylated canyons as
an important epigenetic regulatory role of Tet-dependent DNA
demethylation, which provides a conceptual framework for un-
derstanding Tet-dependent epigenetic gene regulation.
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