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The TET family of dioxygenases (TET1/2/3) can convert 5-methylcytosine (5mC) into 5-hydroxymethylcytosine
(5hmC) and has been shown to be involved in active and passive DNA demethylation. Here, we demonstrate that
altering TET dioxygenase levels within physiological range can affect DNA methylation dynamics of HEK293 cells.
Overexpression of TET1 increased global 5hmC levels and was accompanied by mild DNA demethylation of promoters,
gene bodies and CpG islands. Conversely, the simultaneous knockdown of TET1, TET2, and TET3 led to decreased global
5hmC levels and mild DNA hypermethylation of above-mentioned regions. The methylation changes observed in the
overexpression and knockdown studies were mostly non-reciprocal and occurred with different preference depending
on endogenous methylation and gene expression levels. Single-nucleotide 5hmC profiling performed on a genome-
wide scale revealed that TET1 overexpression induced 5mC oxidation without a distribution bias among genetic
elements and structures. Detailed analysis showed that this oxidation was related to endogenous 5hmC levels. In
addition, our results support the notion that the effects of TET1 overexpression on gene expression are generally
unrelated to its catalytic activity.

Introduction

In mammals, DNA methylation at the 5-position of cytosine
residues occurs predominantly in the context of CpG dinucleoti-
des and is generally associated with transcriptional repression.1,2

It is essential for normal development and involved in various
cellular processes, such as genomic imprinting, X chromosome
inactivation, tissue-specific gene expression, and silencing of
repetitive DNA.3,4 While CpG sites are underrepresented
throughout the genome and tend to be methylated, there are
CpG-rich regions termed CpG islands (CGIs), which are gener-
ally unmethylated. They often cover transcriptional start sites
and approximately 70% of annotated gene promoters are associ-
ated with a CGI.5 Genomic methylation patterns are dynamic
during development and disturbed in various diseases, such as
cancer, imprinting-related diseases, and psychiatric disorders.6-9

Methylation patterns are established by the de novoDNA methyl-
transferases DNMT3A and DNMT3B and are accurately
maintained through cell division by the maintenance methyl-
transferase DNMT1.10 In contrast to its establishment, less is

known about the enzymes and pathways involved in DNA
demethylation.

The recent discovery that the ten-eleven translocation (TET)
family of dioxygenases can iteratively convert 5-methylcytosine
(5mC) into 5-hydroxymethylcytosine (5hmC), 5-formylcytosine
(5fC), and 5-carboxylcytosine (5caC) has provided a mechanism
for the initiation of active and passive DNA demethylation.11-19

The TET enzyme family consists of 3 members (TET1, TET2,
and TET3) that originate from a common ancestor gene by trip-
lication20 and that have been shown to play important roles at
different stages of development and in reprogramming of differ-
entiated cells.21 Due to their partially overlapping expression
patterns during early development and viable Tet1 and Tet2 sin-
gle-knockout mice, a certain degree of functional redundancy
between Tet1 and Tet2 has been proposed.22,23 Compensatory
effects among the Tet enzymes were further supported by a study
with Tet1/Tet2 double-knockout mouse embryos. Although the
majority of double-mutant embryos died perinatally, a fraction
survived to overtly normal adult mice probably due to compensa-
tion by Tet3.24 Moreover, a study investigating the effects of
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individual TET depletions in a pluripotent carcinoma model
identified many overlapping TET target loci suggesting a syner-
gistic role of the TET enzymes.25 Although the TET enzymes are
expressed to varying degrees in somatic cells,26-28 only a few stud-
ies have addressed their role in DNA methylation regulation in
differentiated cells. Two reports demonstrated that TET1 overex-
pression in HEK293 cells caused DNA demethylation of reporter
plasmids and endogenous genomic loci.11,29 However, both stud-
ies overexpressed only the catalytic domain of TET1, which
might miss important regulatory domains and might not reflect
the wild type situation. Indeed, a recent study by Jin and col-
leagues30 showed that overexpression of the TET1 catalytic
domain induced massive global DNA demethylation in
HEK293T cells whereas overexpression of full-length TET1 had
only minimal global effects. Using shRNA-mediated knockdown
of TET1, the authors demonstrated that TET1 can act as a main-
tenance DNA demethylase preventing methylation spreading
from methylated edges into hypomethylated CGIs.

Here, we demonstrate that TET expression levels altered
within physiological range can influence DNA methylation
dynamics in HEK293 cells. TET1 overexpression increased
global 5hmC levels and caused mild DNA hypomethylation of
promoters, gene bodies and CGIs, whereas TET triple knock-
down led to decreased global 5hmC levels and mild hypermethy-
lation of such regions. The methylation changes were mostly
non-reciprocal between the overexpression and knockdown stud-
ies and occurred with different preference depending on endoge-
nous methylation and gene expression levels. Reduced
representation 5-hydroxymethylcytosine profiling31 (RRHP)
revealed that TET1 overexpression induced 5mC oxidation with-
out a distribution bias among genetic elements and structures,
but that this oxidation was related to endogenous 5hmC levels.

Results

TET1 overexpression induces DNA hypomethylation
whereas TET triple knockdown induces DNA
hypermethylation in HEK293 cells

We used the Flp-InTM T-RExTM-293 host cell line to generate
3 stable HEK293 cell lines exhibiting doxycycline-inducible
expression of FLAG-tagged TET1. Doxycycline induction for
48 h revealed a »2.5-fold mRNA overexpression of TET1 in all
3 cell lines (Fig. 1A). Western blots confirmed the expression of
tagged TET1 protein and showed strongly increased TET1 pro-
tein levels (Fig. 1B). The increase of total TET1 protein levels in
induced cells exceeded the 2.5-fold increase of TET1 mRNA,
which might be due to a different stability of mRNA and protein.
DNA dot blot assays demonstrated a strong increase of 5hmC in
induced cells compared to absent 5hmC signals in uninduced
control cells (Fig. 1C). Complementary to the overexpression of
TET1, we performed the simultaneous knockdown of TET1,
TET2, and TET3. This triple knockdown should help compen-
sate for a possible redundancy among the different TET enzymes.
The siRNA-mediated knockdown was carried out for 96 h in 3
Flp-InTM T-RExTM-293 cell lines that had an integrated copy of

GFP instead of FLAG-tagged TET1. These cells were cultivated
in the absence of doxycycline, and for most cell lines and TET
transcripts we could achieve a knockdown efficiency of more
than »60% compared to the scrambled controls (Fig. 1D).
DNA dot blot assays indicated a strong decrease of global 5hmC
levels after TET knockdown (Fig. 1E). During the overexpres-
sion and knockdown studies, we did not observe any obvious
changes in cell morphology or growth rate when comparing
treated cell lines with their respective controls. Analysis of endog-
enous TET expression levels relative to GAPDH expression
revealed low basal levels of TET enzyme expression in HEK293
control cells ranging from 0.42% of GAPDH expression for
TET1 and 0.36% for TET3 down to 0.09% for TET2 transcripts
(Fig. S1).

We investigated whether TET1-mediated 5mC oxidation
leads to genomic DNA demethylation and, if in contrast to this,
the triple knockdown of the TET enzymes leads to an increase of
genomic 5mC levels due to reduced demethylation activity. To
this end, Infinium HumanMethylation450 BeadChip analyses
were performed on DNA extracted from the TET1 overexpres-
sion and TET triple knockdown experiments. As these assays are
based on bisulfite treatment of sample DNA, the oxidation prod-
ucts of the TET enzymes can complicate the data interpretation:
5hmC gives the same readout as 5mC while 5fC and 5caC give
the same readout as unmodified cytosine.32-34 For TET1 overex-
pression this means that we cannot specifically measure an
increase of 5hmC. Although the oxidation of 5mC to 5hmC can-
not be detected by BeadChip analyses, we note that it is an
important epigenetic process as 5hmC is enriched at gene bodies,
which positively correlates with gene expression in many mam-
malian cell types.20 However, the BeadChips are capable of
detecting DNA demethylation events, since “unmethylated” sig-
nals are much more likely to be unmodified cytosines rather than
5fC/5caC due to the low abundance of these modified bases,
which is typically one to several orders of magnitude lower than
that of 5mC.15 It has been reported that the transient overexpres-
sion of the Tet2 catalytic domain in HEK293 cells increased the
genomic content of 5hmC and also led to elevated 5fC/5caC lev-
els.15 Although our cell system is characterized by a modest over-
expression of full-length TET1, we cannot rule out that elevated
levels of 5fC/5caC exist that might to a certain degree interfere
with the interpretation of demethylation data. In contrast, if we
see a methylation increase after the triple knockdown of the TET
enzymes, then this is presumably due to increased 5mC levels.
Taken together, the BeadChips, although being based on bisulfite
analysis, are suitable of detecting the questioned methylation
changes in both experiments. Data analysis using the RnBeads
software package revealed that TET1 overexpression caused slight
DNA demethylation in gene promoters, gene bodies and CGIs.
While the affected regions showed a wide range of initial methyl-
ation levels, there was a higher preference for those gene pro-
moters and gene bodies with intermediate methylation levels
(Fig. 2A and B). In contrast, TET1 overexpression preferentially
caused demethylation in already sparsely methylated CGIs
(Fig. 2C). The triple knockdown of the TET enzymes led to
slight methylation increases in promoters, gene bodies and CGIs
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(Fig. 2D–F). The affected regions also
showed a wide range of initial methyla-
tion levels, but there was a clear prefer-
ence for those promoters, gene bodies
and CGIs with a higher degree of
methylation. Details on the depicted
1,000 best ranking regions are pro-
vided in Tables S1–S6.

Small numbers of reciprocal
methylation changes among top-
ranked promoters, gene bodies
and CGIs

We prepared candidate lists of the
500 top-ranked CGIs and top-ranked,
gene symbol-associated promoters and
gene bodies that were identified in the
overexpression and knockdown studies
(Tables S7–S12). In line with the anal-
yses described above, the majority of
these top-ranked regions showed a
methylation decrease after TET1
overexpression and a methylation increase after TET triple
knockdown (Fig. 3, left). Gene ontology overrepresentation tests
(Table S13) of promoters and gene bodies that were

hypomethylated after TET1 overexpression revealed enrichment
related to the field of sensory perception. In contrast, promoters
hypermethylated after TET knockdown were enriched in the

Figure 1. TET1 overexpression and TET tri-
ple knockdown affect global 5hmC levels
of HEK293 cells. (A) Quantitative real-time
RT-PCR of induced vs. uninduced T-REx-
293-TET1 cell lines demonstrates elevated
TET1 mRNA levels after doxycycline induc-
tion of transgene expression. T-REx-293-
GFP control cells (GFP) do not show ele-
vated TET1 transcript levels upon induc-
tion. Measurements were performed in
duplicates and presented as mean § SD.
(B) Western blot analysis of FLAG-tagged
TET1 overexpression in T-REx-293-TET1
cell lines in induced and uninduced state
with anti-FLAG (upper part) and anti-TET1
antibodies (lower part) shows inducible
expression of TET1. (C) DNA dot blot analy-
sis shows increased global 5hmC levels in
induced compared to uninduced T-REx-
293-TET1 cells. (D) Quantitative real-time
RT-PCR demonstrates reduced TET tran-
script levels in T-REx-293-GFP cell lines
treated with siRNAs against TET1, TET2 and
TET3 when compared to scrambled con-
trols. Measurements were performed in
triplicates and presented as mean § SD.
(E) DNA dot blot analysis shows decreased
global 5hmC levels in TET triple knock-
down (TET kd) compared to scrambled
control (scr) T-REx-293-GFP cell lines. TET1
#1–3: single-cell derived T-REx-293-TET1
cell lines; GFP #1–3: single-cell derived T-
REx-293-GFP cell lines; Cdox: doxycycline-
induced transgene expression; -dox: unin-
duced control.
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category “immune system process”
while hypermethylated gene bodies
were enriched in the category “system
development” and categories related to
biological regulation, including the
regulation of transcription from RNA
polymerase II promoters. Promoter-
associated CGIs that were hypomethy-
lated in the overexpression or hyperme-
thylated in the knockdown study did
not show any significant enrichment.

Next, we compared the candidate
lists from both studies to identify recip-
rocal methylation changes (Fig. 3,
right). Details on consistently identified
promoters, gene bodies and CGIs are
provided in Tables S14–S16. Of the
top 500 differentially methylated gene
promoters, 38 showed decreased meth-
ylation induced by TET1 overexpres-
sion (range ¡4 to ¡23%) in
combination with increased methyla-
tion after TET triple knockdown (range
C7 to C24%). Fifteen other promoters
overlapped among both top lists, but
showed methylation changes to other
directions. Among the 500 top-ranked
gene bodies of both studies, 26 showed
reciprocal methylation changes as
described above while further 25 gene
bodies exhibited methylation changes
to other directions. Similar to gene pro-
moters, 42 CGIs showed decreased
methylation after TET1 overexpression
and increased methylation after TET
triple knockdown. Here, 9 further
CGIs were identified in both top lists
but showed other methylation dynam-
ics. Interestingly, only 8 of the 42
CGIs overlapped with the gene
promoters that showed reciprocal meth-
ylation changes. Gene ontology analyses
of promoters, gene bodies, and CGIs
with reciprocal methylation changes
did not reveal over- or underrepresented
biological processes (Table S17). Only
3 gene promoters, corresponding CGIs
and gene bodies had a total overlap of
reciprocal effects (DUSP26, ZNF597,
and ZNF619). Although TET1 overex-
pression and TET triple knockdown
generally caused opposite methylation
changes at gene promoters, gene bodies
and CGIs there were only limited recip-
rocal effects among the top-ranking tar-
get regions.

Figure 2. TET1 overexpression and TET triple knockdown affect DNA methylation levels of HEK293 cells.
Shown are comparisons of mean methylation b values for different genomic regions after induced
overexpression of TET1 (TET1 Cdox; A–C) and triple knockdown of the TET enzymes (TET kd; D–F) com-
pared to the respective uninduced (TET1 -dox) or scrambled controls (scr). The methylation status of
more than 450,000 CpG sites was measured by Illumina Infinium HumanMethylation450 BeadChips
and quantitatively analyzed on the region level for the 3 replicate cell lines of each experiment. The
transparent blue areas correspond to point density with the 1% of the points in the sparsest populated
plot regions drawn explicitly. The 1,000 best ranking differentially methylated promoters (A, D), gene
bodies (B, E) and CGIs (C, F) are represented by red dots. r D Pearson correlation coefficient.
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TET1 overexpression and TET
triple knockdown have promoter
methylation-independent, marginal
effects on gene transcription

As DNA methylation of gene pro-
moters is often associated with repressed
gene expression and as the TET enzymes
have been reported to affect gene expres-
sion, we used GeneChip� Human
Genome U133 Plus 2.0 arrays to look for
whole genome gene expression changes.
RNA was extracted from the same over-
expression, knockdown and control cells
described and analyzed above. For both,
the TET1 overexpression study and the
triple knockdown study, the 3 replicate
cell lines were analyzed in treated versus
control states. Combined analysis of the
replicates using an FDR (q-value) <0.05
identified no deregulated genes after
TET1 overexpression and one downregu-
lated gene after TET triple knockdown
(KIAA0494/EFCAB14). To look for
more subtle expression changes and account for interclonal differ-
ences among the replicate cell lines, we performed pair-wise analy-
ses in which each experimental sample was compared to its
respective baseline control using the AffymetrixMAS 5.0 compari-
son algorithm. Probe sets were retained that showed a consistent
up- or downregulation among the 3 replicate cell lines of the
respective study. This way, 11 up- and 10 down-regulated genes
were identified that showed consistent deregulation in all 3 TET1-
overexpressing cell lines (Table S18). With 67 up- and 124 down-
regulated genes, the triple knockdown experiment caused more
gene expression changes (Table S19). Gene ontology analyses of
deregulated genes did not reveal any over- or underrepresented
biological processes after induced overexpression of TET1 or TET
triple knockdown (Table S20). Importantly, TET1 overexpres-
sion had no effect on the transcript abundance of other TET spe-
cies or DNA methyltransferases; neither did the TET triple
knockdown affect DNA methyltransferase levels. We can rule out
an effect of doxycycline used for induction of TET1 expression as
other experiments have shown that doxycycline itself had no effect
on the transcriptome of HEK293 cells.35 Although the majority of
expression changes were below 2-fold in the overexpression and
knockdown studies, they could exemplarily be verified by qRT-
PCR (Fig. S2). There was very little overlap among the identified
genes of both studies as only 2 genes were deregulated in all TET1-
overexpressing and triple knockdown cell lines, even though these
genes showed reciprocal expression changes (ARRDC4, HOXA13).

Comparison of the gene expression profiles to the 500 top-
ranked differentially methylated gene promoters showed no over-
lap in case of TET1 overexpression whereas after TET triple
knockdown 3 slightly upregulated genes showed increased pro-
moter methylation (CREBZF, HIST1H3H, and ROBO1). Taken
together, the transcriptional changes observed after TET1 overex-
pression or TET triple knockdown cannot be linked to altered

methylation levels of the top-ranked differentially methylated
gene promoters. However, it should be noted thatTET1was mod-
erately overexpressed in our experiments, and the endogenous
TET levels were quite low in the HEK293 cell system studied.

TET1 overexpression and TET triple knockdown affect
promoter methylation depending on gene expression levels

As TET1 overexpression and the triple knockdown of the
TET enzymes affected promoter methylation levels with different
preference depending on initial methylation levels, we asked
whether this may be related to the general expression level of a
gene. To this end, we first divided the gene expression profiles of
the control cell lines into quartiles ranging from lowest/absent to
highest expression levels and compared those to the correspond-
ing methylation b values determined in the BeadChip experi-
ments verifying the assumption that promoter methylation levels
and gene expression intensities are generally negatively correlated
(Fig. S3). Next, we compared the top-ranked differentially meth-
ylated gene promoters that showed a methylation decrease after
TET1 overexpression or a methylation increase upon TET
knockdown to the quartiles of gene expression. While TET1
overexpression preferentially caused demethylation of gene pro-
moters with medium methylation levels, we found that genes of
all expression levels were affected and identified a bias toward
lowly expressed genes (Fig. 4A). TET triple knockdown prefer-
entially led to increased methylation levels at gene promoters
with high methylation levels. Similar to TET1 overexpression,
we found that genes of all expression levels were affected; how-
ever, there was a bias toward moderately expressed genes
(Fig. 4B). Importantly, after filtering for identical gene symbols
between the methylation and gene expression data sets, the
remaining promoters preserved their distribution patterns that
depended on endogenous methylation levels (Fig. S4).

Figure 3. Reciprocal methylation changes of TET1 overexpression and TET triple knockdown. Shown
are the distributions of the 500 top-ranked differentially methylated promoters, gene bodies, and
CGIs toward hypo- (#) and hyper-methylation ("). In general, TET1 overexpression was associated
with DNA hypomethylation while TET knockdown was associated with DNA hypermethylation (both
in bold). Overlaps are shown in the right hand column.
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Reduced representation 5-hydroxymethylcytosine profiling
(RRHP) revealed global 5hmC increase after TET1
overexpression

As the DNA dot blot experiments indicated a strong increase
of genomic 5hmC levels upon TET1 overexpression, we investi-
gated 5hmC distribution patterns in overexpressing vs. control
cells. DNA from 2 of the 3 pairs of TET1 overexpression and
control samples analyzed above was subjected to RRHP at Zymo

Research. This approach enabled single-nucleotide 5hmC profil-
ing at MspI restriction sites throughout the genome. In the end
of this next-generation sequencing-based method, counting of
read numbers allowed for quantification of 5hmC levels and
comparison between samples.31 Sequencing resulted in 22–
25 million mapped 5hmC reads in uninduced control cells com-
pared to 40–41 million reads in TET1-overexpressing cells con-
firming the increased 5hmC levels that were observed in dot blot
experiments. More detailed analyses revealed that 76–78% of
gene promoters, 84–85% of gene bodies and 88–90% of CGIs
were covered by at least one 5hmC site in TET1-overexpressing
and control cells. Upon TET1 overexpression we observed a
strong increase of 5hmC-dense (>50 reads) promoters, gene
bodies and CGIs (Fig. S5).

For further comparisons, we averaged the sequencing results
from the replicate cell lines and applied a threshold of 5 reads for
positive 5hmC identification per CpG site, which is based on
Zymo Research’s experience for robust 5hmC identification.
Using this threshold, we determined a 3-fold increase of 5hmC-
positive sites and a 6-fold increase of total 5hmC read numbers
upon TET1 overexpression. We adapted the region definitions so
that the same promoter, gene and CGI definitions were applied to
the RRHP and HumanMethylation450 BeadChip data sets.
Overexpressing cells showed a distinct shift toward increased
5hmC levels at most of the 778,332 identified 5hmC sites
(Fig. 5), including promoters, gene bodies, CGIs, and intergenic
regions (Fig. S6). Despite the overall increase of 5hmC, the

Figure 4. TET1 overexpression and TET triple knockdown affect promoter
methylation levels depending on gene expression levels. The top-ranked
differentially methylated gene promoters that showed a methylation
decrease after TET1 overexpression (A) or a methylation increase after
TET knockdown (B) are grouped according to gene expression quartiles
of the respective control cells. Comparisons between expression and
methylation were only performed for genes with identical gene symbol
annotations in both data sets (TET1 overexpression: n D 234, TET triple
knockdown: n D 322). Q1 – Q4: gene expression quartiles ranging from
lowest to highest expression levels.

Figure 5. TET1 overexpression leads to increased 5hmC levels at most
5hmC sites. Two T-REx-293-TET1 cell lines in uninduced and induced
state were subjected to RRHP. Shown are averaged read counts reflect-
ing 5hmC abundance in TET1-overexpressing (TET1 Cdox) and control
cells (TET1 -dox). CpG sites with less than 5 reads were considered zero.
The black line illustrates a perfect positive correlation. r D Pearson cor-
relation coefficient.
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relative read distribution among these genetic elements and
regions did not remarkably change between TET1-overexpressing
and control cells indicating that TET1 overexpression induced
genome-wide 5mC oxidation without a distribution bias (Fig. 6).

TET1-mediated 5mC oxidation is linked to endogenous
5hmC levels

To examine whether TET1-mediated oxidation is linked to
pre-existing, endogenous 5hmC levels, we mapped the fold
changes that occurred after TET1 overexpression to 5hmC read
levels in control cells. There was a trend indicating that CpG sites
that were hydroxymethylated in some cells before overexpression
(read class 15–20) were most susceptible to hydroxymethylation
after TET1 overexpression (Fig. 7). This preference was true for
all genomic regions analyzed including promoters, gene bodies,
CGIs, and intergenic regions (Fig. S7).

TET1 oxidates promoter 5mC depending on gene
expression levels

A vast majority of 5hmC sites (525,937) occurred de novo
upon TET1 overexpression, and most of these sites (89–93%)
were covered by <20 reads in all genomic regions analyzed.
However, in all genetic elements there were some de novo 5hmC
hotspots with �20 and up to 119 reads. As the calculation of a

fold change increase is not possible for de novo sites, we generated
2 separate lists of top 500 5hmC-gaining gene promoters, one
depending on the highest de novo 5hmC increase (Table S21)
and one depending on the highest fold change increase if endoge-
nous 5hmC existed at a given promoter (Table S22). Gene
ontology analyses did not reveal any over- or under-represented
biological processes among the top fold change 5hmC-gaining
promoters, but identified an overrepresentation of genes belong-
ing to the basic category “biological regulation” among the top
de novo 5hmC-gaining promoters (Table S23).

Comparison of both top 500 lists to gene expression levels
revealed that while genes of all expression levels showed de novo
and fold change increases of 5hmC, there was a bias toward genes
with medium expression levels in both groups (Fig. 8A).
Genome-wide, there were a total of 9,900 CpG sites that
completely lost 5hmC after TET1 overexpression. These sites
were distributed across all genetic elements and formerly had low
levels of 5hmC so that they do not seem to be preferred TET1
targets. We identified 257 promoters that were characterized by
such a complete loss of 5hmC. We compared the 257 promoters
that showed a complete 5hmC loss and the 500 promoters with
the lowest fold changes (mean 1.03-fold 5hmC increase) to
respective gene expression levels. In contrast to the top 5hmC-
gaining promoters that showed a bias toward genes with medium

Figure 6. TET1 overexpression does not change the relative 5hmC distribution among genetic elements. Presented are 5hmC read distributions for
different genetic elements and regions in control (TET1 -dox) and TET1-overexpressing cells (TET1Cdox). CpG sites with 5 or more reads were counted.
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expression levels, there were very few unexpressed and lowly
expressed genes present and continuously increasing numbers of
genes toward high expression levels (Fig. 8B).

TET1 oxidates 5mC preferably at highly methylated
promoters

Next, we compared the top 5hmC-gaining promoters to their
basal, endogenous methylation levels as determined by the
HumanMethylation450 BeadChip experiments. While both, the
de novo and the fold change lists of top 5hmC-gaining promoters,
were composed of promoters from all endogenous methylation
levels, there was a strong enrichment of highly methylated pro-
moters (Fig. 9A). In contrast, those promoters that were

characterized by the lowest fold change increase or even a reduc-
tion of 5hmC levels after TET1 overexpression were strongly
enriched of unmethylated and lowly methylated promoters
(Fig. 9B).

Little overlap among top-ranked differentially methylated
and hydroxymethylated promoters

As 5hmC has been proposed to act as an intermediate in
TET-induced DNA demethylation, we asked to which extent

Figure 7. TET1-mediated 5mC oxidation is associated with endogenous
5hmC levels. Endogenous 5hmC read levels in control cells (reads TET1
-dox) are compared to the fold changes of 5hmC that occurred after
TET1 overexpression (TET1 Cdox). Sites with basal 5hmC levels corre-
sponding to 15–20 reads showed the highest increase. Only CpG sites
with 5 or more reads in TET1-overexpressing and control cells were con-
sidered. Boxes mark the interquartile range with whiskers indicating the
1.5 £ interquartile range. Outliers beyond the whiskers are plotted.

Figure 8. TET1 oxidates promoter 5mC depending on gene expression
levels. The promoters showing the highest de novo or fold change
increase of 5hmC (A) and those promoters characterized by a complete
loss or lowest fold change of 5hmC upon TET1 overexpression (B) are
grouped according to gene expression quartiles of uninduced control
cells. Comparisons between expression and 5hmC methylation were
only performed for genes with identical gene symbol annotations in
both data sets (top de novo promoters: n D 372, top fold change pro-
moters: n D 381, complete loss promoters: n D 195, lowest fold change
promoters: n D 334). Q1 – Q4: gene expression quartiles ranging from
lowest to highest expression levels.
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the 500 top-ranked, mostly demethylated promoters identi-
fied after TET1 overexpression were also among the top-
ranked 5hmC-gaining (de novo or fold change) promoters.
Of the top 500 differentially methylated promoters identified
by the BeadChip experiments, 18 promoters were among the
top 500 de novo or fold change 5hmC-gaining promoters
(Table S24). Furthermore, only 14 of these 18 promoters
showed decreased methylation accompanied with 5hmC
increase.

Motif discovery
Using the HOMER software suite,36 we performed a de novo

motif search to look for enriched sequence motifs in proximity
(§200 bp) of the top 5,000 CpG sites that showed a methylation
decrease after TET1 overexpression or a methylation increase
after TET knockdown. In addition, analyses were carried out for
the top 5,000 de novo and fold change 5hmC-gaining CpG sites
identified by RRHP. The HOMER software employs a differen-
tial motif discovery algorithm comparing the top 5,000 target
regions to the respective background regions (i.e., the sequence
context of all CpG sites covered by BeadChip or RRHP analyses,
respectively) to determine motif enrichment. Two motifs were
significantly enriched after TET1 overexpression. In contrast,
TET triple knockdown showed enrichment of 27 motifs, but did
not include those motifs identified after TET1 overexpression.
The surrounding sequences of the top de novo 5hmC-gaining
CpG sites were enriched for 7 sequence motifs. Here, the top-
ranked motif was also identified as top-ranked among the group
of fold change 5hmC-gaining sites, which showed a total of 17
enriched motifs in their proximity. These motifs may serve as
binding sites for transcription factors that recruit TET enzymes
and initiate DNA demethylation. All results from the motif
search are provided in Table S25.

Discussion

In the present study, we show that altering TET dioxygenase
levels within physiological range can affect DNA methylation
dynamics in HEK293 cells. Overexpression of TET1 strongly
increased global 5hmC levels and was accompanied by mild
DNA hypomethylation of promoters, gene bodies, and CGIs.
Conversely, the simultaneous knockdown of the 3 TET enzymes
led to decreased global 5hmC levels and mild DNA hypermethy-
lation of above-mentioned regions. Single-nucleotide 5hmC pro-
filing revealed that TET1 overexpression induced 5mC oxidation
without a distribution bias among genetic elements and struc-
tures, such as promoters, gene bodies, CGIs, and intergenic
regions but that this oxidation was related to endogenous 5hmC
levels. Moreover, our results support the current view that the
effects of TET1 overexpression on gene expression are mostly
unrelated to its catalytic activity.

TET1 overexpression led to DNA hypomethylation of pro-
moters, gene bodies, and CGIs, but, as the experiments were per-
formed in dividing cells, we cannot say whether this was caused
by active and/or passive replication-dependent DNA demethyla-
tion pathways. While the hypomethylated regions showed a wide
range from low to high endogenous methylation levels, there was
a higher preference for demethylating those promoters and gene
bodies with intermediate methylation levels in contrast to the
preferred demethylation of already sparsely methylated CGIs. In
a similar experimental approach, Jin and colleagues30 studied the
consequences of TET1 overexpression in HEK293T cells and
observed only minimal effects on global DNA methylation.
More specifically, TET1 overexpression caused significant DNA
demethylation only in CGIs with low endogenous methylation

Figure 9. TET1 oxidates 5mC preferably at highly methylated promoters.
The promoters showing the highest de novo or fold change increase of
5hmC (A) and those promoters characterized by a complete loss or low-
est fold change of 5hmC upon TET1 overexpression (B) are grouped
according to their basal, endogenous methylation levels as determined
by the HumanMethylation450 BeadChip experiments. Comparisons
between 5hmC and HumanMethylation450 data were only performed
for genes with identical gene symbol annotations in both data sets (top
de novo promoters: n D 470, top fold change promoters: n D 477, com-
plete loss promoters: n D 237, lowest fold change promoters: n D 424).
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levels, which is where we identified the preferred TET1-induced
demethylation among CGIs. In contrast to the DREAM method
applied by Jin et al., the HumanMethylation450 BeadChips we
used for methylation quantification measured about a tenfold
more CpG sites. We analyzed the methylation data on the region
level mostly with multiple evaluated CpG sites per region and
applied the combined rank method of the RnBeads software
package to identify top-ranking, differentially methylated
regions. This might be a more sensitive approach for detecting
subtle methylation changes. The fact that the methylation
changes we observed were small and TET1 overexpression did
not induce massive, genome-wide demethylation could partly be
due to the CXXC domain inherent to the TET1 enzyme. This
domain has been shown to preferentially target TET1 to CpG-
dense, hypomethylated regions where the substrate 5mC is rare
and 5hmC production and demethylation activities are conse-
quently limited.30 This condition is applicable to the majority of
CGIs,37 where we and Jin and colleagues discovered TET1-
induced demethylation. In the scenario of overexpression, excess
TET1 protein might also bind and demethylate target regions of
lower priority such as higher methylated or less CpG-dense
regions. This would explain why we also detect demethylation in
CGIs with medium and high degrees of methylation as well as in
gene bodies.

In the vertebrate genome, the majority of gene promoters is
associated with CGIs.38 However, among the top 1,000 differen-
tially methylated gene promoters identified upon TET1 overex-
pression only a minority of about 28% was associated with
CGIs. Promoter regions in this study were defined as the regions
1.5 kb upstream and 0.5 kb downstream of transcription start
sites, so that existing CGIs influenced the methylation status of
promoter regions, but regions flanking CGIs also contributed to
the calculation of the methylation average. These conditions may
explain why TET1 overexpression caused demethylation prefera-
bly at lowly methylated CGIs but at promoter regions with
medium endogenous methylation levels.

The triple knockdown of the TET enzymes caused DNA
hypermethylation of promoters, gene bodies and CGIs. Similar
to TET1 overexpression, the affected regions also showed a wide
range of basal methylation levels, but there was a clear focus on
regions with a higher degree of endogenous methylation. This
prominent focus was consistently found among promoters, gene
bodies and CGIs and in contrast to TET1 overexpression, 52%
of gene promoters were associated with CGIs. Although we can-
not specifically distinguish between functions of individual TET
enzymes, this finding points to a general role of preventing highly
methylated regions from further methylation.

Although endogenous TET levels are low in HEK293 cells
and TET1 was only moderately overexpressed, both TET1 over-
expression and TET triple knockdown caused methylation
changes. However, there are only small reciprocal effects among
their top-ranking target regions. This might be related to the
overexpression of one TET enzyme which is compared to the
knockdown of all 3 known TET enzymes and to the different
base line methylation levels at which overexpression and knock-
down showed their main effects. In both experiments, we

identified marginally up- and downregulated genes, but there
was very little overlap as only 2 genes were deregulated in the
TET1-overexpressing and TET triple knockdown cell lines
(ARRDC4, HOXA13). The transcriptional changes observed in
both experiments were not associated with DNA methylation
changes of the top-ranked differentially methylated gene pro-
moters. It could be that important methylation changes occurred
at promoter-distal regulatory regions where a previous report
detected high levels of 5hmC and suggested active DNA demeth-
ylation events.39 However, the network of TET-interacting pro-
teins might also contribute to the discrepancy between the
observed methylation and gene expression changes and to
the limited amount of reciprocal effects. Since the discovery of
the TET enzymes, plenty of TET-interacting transcription-
related factors have emerged comprising transcription factors/
nuclear receptors and chromatin-associated proteins involved in
transcriptional activation or repression.21 A strong TET interac-
tion partner is the O-linked N-acetylglucosamine transferase
(OGT)40-42 and, depending on the cell context, all TET enzymes
seem to interact with OGT leading to a proposed model of
“hydroxymethylation independent” gene activation.21 The TET
enzymes associate with OGT on promoters enhancing its glyco-
syltransferase activity on histone H2B and the SET1/COMPASS
complex, finally leading to H3K4 trimethylation and transcrip-
tional activation.21,40-42 As there are many protein targets of
OGT, additional consequences of TET-mediated OGT recruit-
ment are assumed.20 TET1 and TET3, but not TET2, have been
shown to recruit the SIN3A co-repressor complex to their target
sites leading to transcriptional repression.2,41 The transcriptional
regulator PRDM14 interacts with TET1 and TET2 and enhan-
ces their recruitment to target loci promoting active DNA
demethylation in embryonic stem cells.43 Another example of
differential TET interaction is the transcriptional repressor
REST that interacts specifically with the neuronal isoform of
TET3, but neither with other TET3 nor TET1 or TET2
proteins.44

In contrast to the moderate TET1 overexpression in our
study, Jin and colleagues30 overexpressed TET1 at very high lev-
els and also identified up- and downregulated genes. We per-
formed the TET triple knockdown using siRNA application for
96h in HEK293 cells, which have low endogenous TET levels,
thus studying the rather immediate effects of further reduced
TET levels. In contrast, Jin and colleagues performed a shRNA-
mediated long-term repression of TET1 in HEK293T cells and
also observed up- as well as down-regulated genes. Importantly,
the authors showed that the expression changes identified after
TET1 overexpression or knockdown were independent of its
demethylating activity. The transcriptional up- and down-regula-
tion and missing association with differentially methylated pro-
moters in our overexpression and knockdown experiments are in
line with these findings.

In our study, elevating or lowering TET dioxygenase levels
affected promoter methylation levels with different preference
depending on initial methylation levels. To investigate whether
this correlates with respective gene expression levels, we com-
pared the top-ranked differentially methylated promoters that
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showed a methylation decrease after TET1 overexpression or a
methylation increase upon TET knockdown to quartiles of gene
expression of the respective control cells. While promoter meth-
ylation levels and gene expression intensities are generally nega-
tively correlated, this approach revealed a discrepancy between
the preferred range of endogenous promoter methylation and the
distribution among gene expression quartiles: Although TET1
overexpression preferentially caused demethylation of promoters
with medium methylation levels, we identified an enrichment of
lowly expressed genes. In contrast, TET triple knockdown prefer-
entially led to increased methylation levels at promoters with
higher degrees of methylation, but to an enrichment of moder-
ately expressed genes.

In line with the DNA dot blot experiments, single-nucleo-
tide 5hmC profiling determined a strong increase of genomic
5hmC levels upon TET1 overexpression. However, the relative
distribution among promoters, gene bodies, intergenic regions,
and CGIs did not remarkably change between TET1-overex-
pressing and control cells indicating that TET1 overexpression
induced genome-wide 5mC oxidation without a distribution
bias. Comparison of 5hmC levels before and after TET1 over-
expression revealed a trend of different susceptibility to TET-
induced 5mC oxidation that was linked to endogenous 5hmC
content and found in promoters, gene bodies, intergenic
regions, and CGIs. CpG sites that were already hydroxymethy-
lated in a certain amount of cells before overexpression showed
a higher fold change increase of 5hmC than those CpG sites
that were hydroxymethylated in lower or higher amounts of
cells. On the one hand, this could be explained by a state of sat-
uration: CpG sites that were hydroxymethylated in many cells
before overexpression could be hydroxymethylated in further
cells, but the higher the initial numbers of hydroxymethylated
cells, the more problematic it is to achieve a higher fold change
when the substrate 5mC might be limiting at some point. On
the other hand, CpG sites that were hydroxymethylated in
lower cell numbers probably possessed a disfavored sequence
context or were otherwise not easily accessible to TET1, a situa-
tion still valid during TET1 overexpression and restricting
higher fold change increases.

The majority of 5hmC sites occurred de novo upon TET1
overexpression (i.e., <5 5hmC reads in control cells compared to
�5 reads and robust 5hmC detection in TET1-overexpressing
cells), and these sites were found in all genomic regions analyzed.
Therefore, we generated 2 separate lists of the top 500 5hmC-
gaining gene promoters, one based on the highest de novo and
one based on the highest fold change increase of 5hmC. Com-
pared to the respective gene expression levels, both lists consis-
tently showed that while genes of all expression levels were
affected, there was an enrichment of genes with medium expres-
sion levels. Further analyses revealed a discrepancy between the
distribution among gene expression quartiles and endogenous
promoter methylation levels as highly methylated promoters
were overrepresented. This is in marked contrast to those pro-
moters that were mostly unaffected by TET1 overexpression and
characterized by the lowest fold change increases or even a reduc-
tion of 5hmC levels after TET1 overexpression. These promoters

showed a completely different distribution among the quartiles
of gene expression with very few unexpressed and lowly expressed
genes but continuously increasing numbers of genes toward high
expression levels. The finding that highly expressed genes tend to
be less prone to TET1-induced oxidation can be explained by the
low substrate abundance at such promoter regions as they are
characterized by very low 5mC levels.

Although 5hmC is well accepted as an intermediate in
DNA demethylation,4 we could find only marginal reciprocal
effects among the top-ranked 5hmC-gaining gene promoters
and the top-ranked, mostly demethylated promoters identified
after TET1 overexpression. One explanation for this marginal
reciprocity could be that larger amounts of 5hmC might have
already been diluted out or actively been removed from most
of the top-ranked demethylated promoters. Moreover, the
RRHP and BeadChip analyses evaluated mostly a few CpG
sites per promoter region (RRHP average of 3.45 CpG sites/
promoter; BeadChip average of 7.66 CpG sites/promoter),
and not necessarily the same ones. Although it is common
practice to deduce the methylation level of a promoter region
from a few CpG sites analyzed, this complicates the interpreta-
tion of an overlap from both assays. It is also important to
note that while the measured CpG sites in the BeadChip anal-
yses were limited by array design and always gave back a meth-
ylation b value, the analyzed CpG sites in the RRHP analysis
had to (a) lie within MspI restriction sites and (b) be hydroxy-
methylated to some extent as otherwise there would not have
been any read counts and consequently the CpG sites would
not have shown up at all (even though they might have been
part of an MspI motif). Nevertheless, of the 22,394 promoter
regions measured in the BeadChip experiments, a total of
12,667 promoters were also evaluated by RRHP.

TET1 has recently been reported to act as a maintenance
demethylase preventing aberrant DNA methylation spreading
from methylated edges into hypomethylated CGIs.30 Due to
the above-mentioned reduced resolution of the assays used
for 5mC and 5hmC quantification, we could not specifically
examine these narrow boundary areas of 5mC oxidation and
DNA demethylation in the present study. However, the pre-
ferred TET1-induced demethylation of sparsely methylated
CGIs is in agreement with the proposed maintenance role of
TET1. The fact that the triple knockdown of the TET
enzymes did not preferably lead to hypermethylation of
sparsely methylated CGIs could be related to the knockdown
of TET2 and TET3 which are also expressed in HEK293
cells and that might have different target regions and catalytic
efficiencies. Overexpression of TET1 not only influenced
5mC and 5hmC levels of CGIs with low basal methylation
levels, but also affected other regions with a wide range of
endogenous methylation levels suggesting that TET1 might
have other functions in addition to its maintenance demethy-
lase activity. Although we cannot derive functions of a spe-
cific TET enzyme from the triple knockdown experiments,
the observed hypermethylation of promoters, gene bodies and
CGIs points to a widespread role of the TET family in regu-
lating DNA methylation levels.
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Materials and Methods

Cell culture
All cells were cultured in DMEM supplemented with 10%

FCS and 1% Penicillin-Streptomycin in a humidified incubator
at 37�C supplied with 5% CO2. Blasticidin, zeocin and hygrom-
ycin B were used as selective antibiotics (all Invivogen) at differ-
ent stages for Flp-InTM T-RExTM-293 cell lines and its derivates.
Using PCR-based assays, all cell lines were tested negative for
mycoplasma contamination.

Generation of inducible TET1 and GFP cell lines
Doxycycline-inducible expression cell lines were generated

essentially as described in the Flp-InTM T-RExTM Core Kit Man-
ual using the Flp-InTM T-RExTM-293 cell line (both Invitrogen)
which is derived from HEK293 cells. FLAG-HA-tagged TET1
cDNA was a kind gift from A. Rao and colleagues17 and cloned
into the KpnI and NotI sites of pcDNA5/FRT/TO to generate
pcDNA5/FRT/TO_TET1. The GFP control plasmid pcDNA5/
FRT/TO_GFP and the Flp recombinase expression vector
pCSFLPe were kind gifts from G. Ryffel and colleagues.45 The
plasmids pCSFLPe and pcDNA5/FRT/TO_TET1 (or
pcDNA5/FRT/TO_GFP) were co-transfected at a 9:1 ratio
using Fugene HD (Roche) and positive clones were selected for
with 100 mg/ml hygromycin B. When all cells had died on a neg-
ative control, independent single-cell-derived clones (TET1 #1 -
3; GFP #1 - 3) were cultured under constant selection and tested
for the absence of b-galactosidase activity as suggested by the
manufacturer. T-REx-293-TET1 cells were induced for TET1
overexpression with 1 mg/ml doxycycline (Sigma-Aldrich) for
48 h. Induced T-REx-293-GFP cell lines showed strong GFP
expression as determined by fluorescence microscopy (data not
shown).

siRNA transfections
T-REx-293-GFP cell lines (GFP #1–3) cultured in the

absence of doxycycline were transfected with combined ON-
TARGETplus SMARTpool siRNAs directed against human
TET1, TET2 and TET3 at a final total concentration of 50 nM
(Thermo Scientific; L-014635–02, L-013776–03, L-022722–
02). As each pool consisted of 4 individual siRNAs targeting a
single gene, each siRNA species was present at 4.17 nM. In paral-
lel, the same cell lines were transfected with ON-TARGETplus
Non-Targeting Pool (Thermo Scientific, D-001810–10) as
scrambled controls. Transfections were performed using Lipo-
fectamine RNAiMAX (Invitrogen) according to the man-
ufacturer’s instructions. Cells were re-transfected after 48 h and
harvested after 96 h.

Western blots and DNA dot blots
DNA, RNA and protein extraction was performed in parallel

using the AllPrep DNA/RNA/Protein Mini Kit (Qiagen) accord-
ing to the manufacturer’s instructions including an optional on-
column DNAse digestion during RNA purification. The protein
pellet was resuspended in 5% SDS and the amount of protein
quantified using the Pierce BCA Protein Assay Kit (Life

Technologies). Western blot assays were carried out according
to established protocols, with following primary antibodies:
anti-FLAG (Stratagene, #200472), anti-TET1 (GeneTex,
GTX124207) and anti-GAPDH (Cell Signaling, #2118).

For DNA dot blot assays, serial dilutions of genomic DNA
samples in TE buffer were denatured in 0.4 M NaOH/10 mM
EDTA at 99�C for 5 min. An equal volume of ice-cold 2M
ammonium acetate solution (pH 7.0) was added, and the
samples were spotted on a positively charged nylon membrane
(Amersham Hybond-NC, GE Healthcare) using a Minifold dot
blot system (SRC-96, Schleicher & Schuell). After washing with
2x SSC, UV-crosslinking was performed with 70,000 mJ/cm2

(UVC 500, Hoefer), and the membrane was blocked with 5%
skim milk powder in TBST. Immunoblotting was performed
using primary anti-5hmC (Active Motif, #39769) and HRP-con-
jugated anti-rabbit secondary antibodies (Thermo Scientific,
#32460).

Gene expression analyses by qRT-PCR and microarray
Following RQ1 DNase digestion (Promega), total RNA was

reverse-transcribed into cDNA using the GeneAmp RNA PCR
Kit and random hexamers (Applied Biosystems). Relative quanti-
tative real-time RT-PCR (qRT-PCR) was performed on a Light-
Cycler 480 device using the Universal ProbeLibrary System and
intron-spanning assays designed with the help of the ProbeFinder
software (all Roche). The expression of each target gene was
internally normalized to GAPDH expression and analyzed using
the LightCycler 480 Software (Release 1.5.0, Version 1.5.0.39;
Roche). Target gene expression relative to GAPDH expression
was calculated based on the tutorial “Guide to Performing Rela-
tive Quantitation of Gene Expression Using Real-Time Quanti-
tative PCR” (Part Number 4371095 Rev B, Applied
Biosystems). Primers and probes are given in Table S26.

Whole human genome expression analyses were conducted
using Affymetrix GeneChip� Human Genome U133 Plus 2.0
arrays. Using the Affymetrix GeneChip� 30 IVT Express Kit, tar-
get preparation was performed with 200 ng RNA essentially as
described in the manual. Hybridization, washing and staining of
the arrays was done according to the manufacturer’s recommen-
dation on a GC Scanner 3000 (Affymetrix) with G7 update. Ini-
tially, the array images were processed in Partek GenomicsSuite
using the RMA default algorithm. Statistical analyses using the
ANOVA test with FDR step-up correction for multiple testing
revealed no deregulated genes upon TET1 overexpression and
one deregulated gene upon TET triple knockdown which
prompted us to look for more subtle expression changes. To this
end, the data were analyzed with the GCOS1.4 software and the
MAS 5.0 statistical algorithm using Affymetrix default analysis
settings to determine signals and detection calls (Present, Absent
and Marginal) for each probe set. Global scaling to an average
target intensity of 1000 was applied as normalization method. In
pair-wise analyses, each experimental sample (TET1 overexpres-
sion or TET triple knockdown replicates) was compared to its
respective baseline control (not induced or scramble-treated repli-
cates). Based on Wilcoxon’s signed rank test, the significance of
each change in gene expression (change P-value) was calculated.
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Significantly increased (P-value <0.002) or decreased (P-value
>0.998) probesets were retained. To limit the number of false
positives, we restricted further target identification to those probe
sets that received at least one present detection call in the treated/
control pair. Finally, only probe sets were retained that showed
consistent up- or down-regulation among all 3 cross comparisons
of the respective overexpression or knockdown study. Probe sets
were assigned to genes based on unique gene symbols.

Infinium HumanMethylation450 BeadChip analyses
DNA extracted from the TET1 overexpression and TET triple

knockdown experiments (12 samples in total) was subjected to
deamination and subsequent analyses on Illumina’s Infinium
HumanMethylation450 BeadChips according to the man-
ufacturer’s protocol (11322371 Rev. A). Data analysis was per-
formed using the web service of the RnBeads software tool46

version 0.99.15 with default settings (listed in Table S27). In
RnBeads, differential methylation of promoters, gene bodies and
CGIs was evaluated based on 3 criteria. Based on each criterion,
each region was assigned a certain rank. From these ranks, a com-
bined rank was inferred for a specific region by taking the maxi-
mum (i.e., worst) value among the ranks.46 Based on these
combined ranks, scatterplots of the 1,000 best ranking regions
were generated. For further analyses, we prepared candidate lists
of the 500 top-ranked CGIs and top-ranked, gene symbol-associ-
ated promoters and gene bodies. A promoter was defined as the
region spanning 1.5 kb upstream and 0.5 kb downstream of
the transcription start site of the corresponding gene. CGIs were
annotated as associated with a certain promoter based on the
overlap of CGIs and 2 kb promoter regions. For other compari-
sons, complete lists of promoter methylation data were generated
based on gene symbol annotations. Methylation levels are repre-
sented by b values ranging from 0 (unmethylated) to 1 (fully
methylated).

Reduced representation 5-hydroxymethylcytosine profiling
(RRHP)

Reduced representation 5-hydroxymethylcytosine profiling
was performed by Zymo Research on DNA from 2 of the 3
TET1 overexpression experiments in induced versus control
state (cell lines TET1 #1 and #3). Genomic DNA was frag-
mented overnight at 37�C with a hydroxymethyl-insensitive
enzyme, MspI, and purified using the DNA Clean and Con-
centrator kit (Zymo Research). Modified Illumina TruSeq P5
and P7 adapters containing 50-CG overhangs were ligated
onto the digested DNA using T4 DNA ligase (2 h at 16�C).
Libraries were then strand-extended at 72�C with Taq DNA
Polymerase. The adapters were designed to regenerate the 50-
CCGG site at the P5 junction while the P7 adapter generates
a 50-TCGG junction, making it insensitive to MspI digestion.
Adapterized libraries were treated with ß-glucosyltransferase
to label 5hmC modifications and purified using the DNA
Clean and Concentrator kit. The glucosylated libraries were
then subjected to an overnight MspI digestion at 37�C, cut-
ting any fragments not containing a glucosyl-5hmC site at
the P5 CCGG junction. After incubation, the libraries were

size-selected from 100 bp to 500 bp and purified using the
ZymoClean Gel DNA Recovery Kit (Zymo Research). The
fragments were amplified using OneTaq 2X Master Mix
(New England Biolabs), and the PCR conditions include an
initial denaturation of 94�C for 30 sec followed by 12 cycles
of 94�C for 30 sec, 58�C for 30 sec, and 68�C for 1 min.
Fragments containing 5hmC were positively selected during
PCR amplification with adapter-specific indexing primers
whereas fragments lacking glucosylated 5hmC at the P5 junc-
tion were cleaved and, therefore, not amplified by PCR.
Amplified libraries were purified using the DNA Clean and
Concentrator kit, and multiplexed using equal volume of the
libraries. All adapters and primers used were synthesized by
Integrated DNA Technologies.

Sequence reads from RRHP libraries were first processed to
trim off the low quality bases and the P7CG adapter at the 30

end of the reads. Reads were then aligned to the hg19 reference
genome using the Bowtie default parameters and the parameter
“–best.” Aligned reads with the MspI tag (CCGG) were counted.
Initially, gene and CGI annotations were derived from the
RefSeq and CGI lists obtained from the UCSC website (http://
genome.ucsc.edu/).

For a better comparison to the HumanMethylation450 data
sets analyzed with the RnBeads software, we later changed the
RRHP annotations according to those definitions that were
employed in the RnBeads analyses (Ensembl gene definitions ver-
sion 73, http://www.ensembl.org/; CGI definitions were that
from UCSC; promoters were defined as the regions spanning
1.5 kb upstream and 0.5 kb downstream of transcription start
sites of corresponding genes).

Statistical overrepresentation tests
To statistically determine over- or underrepresented gene

ontology categories among candidate lists, PANTHER Overrep-
resentation Tests were performed using default settings.47 Lists of
gene symbols were used as input and compared to the Homo sapi-
ens whole-genome reference list applying the Bonferroni correc-
tion for multiple testing. Details for each analysis are provided in
corresponding supplementary tables.

De novo motif discovery
First, we created FASTA files containing the top 5,000

CpG sites that showed the highest methylation decrease after
TET1 overexpression or highest methylation increase after
TET knockdown (P-value <0.05) together with their 200 bp
flanking regions. Similarly, FASTA files of the top 5hmC tar-
get regions were prepared using the top 5,000 de novo and
fold change 5hmC-gaining CpG sites identified by RRHP.
Appropriate background FASTA files were generated based
on the sequence context of all CpG sites that were covered
by the respective BeadChip or RRHP analyses. We applied
the tool “findMotifs.pl” of the HOMER software suite36

(v4.7) comparing the target and background files to identify
enriched de novo motifs. Sequence motifs that were annotated
as possible false positive hits were excluded from the result
tables.
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Further bioinformatic analyses
Comparisons of deregulated transcripts identified by microar-

ray expression profiling to the top-ranked differentially methyl-
ated gene promoters were performed on the level of annotated
gene symbols. Initially, we verified that most promoter regions
belonging to these transcripts were actually covered by methyla-
tion analyses. Of the 21 deregulated genes identified upon TET1
overexpression, 16 corresponding promoter regions were evalu-
ated by the methylation BeadChips. In case of the triple knock-
down experiment, 179 of the 191 deregulated genes were
covered and methylation data were available. The fact that not
every deregulated gene had been covered by the methylation
BeadChips could be related to discrepant gene symbol annota-
tions as well as missing methylation probe sets either due to array
design per se or data preprocessing and filtering steps applied in
the methylation analysis pipeline.

Gene expression data of the control cell lines from the overex-
pression and knockdown studies were stratified into quartiles of
expression based on signal intensities. Signal values were com-
puted with statistical algorithms implemented in the Affymetrix
Microarray Suite version 5.0 during the Single Array Analyses
which can be used to generate gene expression profiles and moni-
tor gross expression characteristics (Affymetrix Statistical Algo-
rithms Reference Guide, 701110 Rev 1). For each study, we
averaged the signal values that originated from the 3 replicate cell
lines per probe set. As further comparisons with (hydroxy)meth-
ylation data were based on annotated gene symbols, we retained
expression data only when associated with a unique gene symbol.
When multiple probe sets were associated with one gene symbol,
the highest expression signal was considered. This way, expression
data for more than 20,000 genes were stratified into quartiles.

Data access
GEO accession number GSE67351. Please note that the

inducible T-REx-293-TET1 cell lines (TET1 #1 - #3)

correspond to clonal cell lines TET1-A, -F and -G, respectively.
The T-REx-293-GFP cell lines (GFP #1 - #3) correspond
to 1_GFPsiRNA, 2_GFPsiRNA and 3_GFPsiRNA in TET tri-
ple knockdown and 4_GFPscr, 5_GFPscr and 6_GFPscr in con-
trol state.
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