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Oxidation of 5-methylcytosine by TET family proteins can induce DNA replication-dependent (passive) DNA
demethylation and base excision repair (BER)-based (active) DNA demethylation. The balance of active vs. passive TET-
induced demethylation remains incompletely determined. In the context of large scale DNA demethylation, active
demethylation may require massive induction of the DNA repair machinery and thus compromise genome stability. To
study this issue, we constructed a tetracycline-controlled TET-induced global DNA demethylation system in HEK293T
cells. Upon TET overexpression, we observed induction of DNA damage and activation of a DNA damage response;
however, BER genes are not upregulated to promote DNA repair. Depletion of TDG (thymine DNA glycosylase) or APEX1
(apurinic/apyrimidinic endonuclease 1), two key BER enzymes, enhances rather than impairs global DNA demethylation,
which can be explained by stimulated proliferation. By contrast, growth arrest dramatically blocks TET-induced global
DNA demethylation. Thus, in the context of TET-induction in HEK293T cells, the DNA replication-dependent passive
mechanism functions as the predominant pathway for global DNA demethylation. In the same context, BER-based
active demethylation is markedly restricted by limited BER upregulation, thus potentially preventing a disastrous DNA
damage response to extensive active DNA demethylation.

Introduction

Although DNA methylation is a relatively stable epigenetic
modification, both genome-wide and locus-specific demethyla-
tion events have been observed and play important roles in
embryonic development and gene transcription regulation.1,2

The ten-eleven translocation (TET) family proteins are DNA
demethylases through consecutively converting 5-methylcytosine
(5mC) into 5-hydroxymethylcytosine (5hmC), 5-formylcytosine
(5fC), and 5-carboxylcytosine (5caC).3-6 Because of the poor rec-
ognition of 5hmC, 5fC, and 5caC by maintenance DNA methyl-
transferase 1, TET proteins can induce DNA replication-
dependent passive DNA demethylation.7-9 TET proteins are also
able to induce active DNA demethylation through the substitu-
tion of 5fC and 5caC for unmodified cytosine by thymine DNA
glycosylase (TDG) initiated-base excision DNA repair
(BER).6,10-12 The physiological contexts of the passive and active
demethylation pathways and their relative importance in TET-
mediated DNA demethylation remain unclear.

TET proteins can induce not only locus-specific but also
genome-wide DNA demethylation in physiological condi-
tions.10,13-16 During global demethylation in the paternal pronu-
clei of mouse zygotes, 5mC is oxidized by Tet3 into 5hmC, 5fC

and 5caC, and all 3 products are relatively stable and undergo
cell division-dependent dilution, pointing to the DNA replica-
tion-dependent passive demethylation pathway as the primary
mechanism.8,9,13,17 Similarly, a dramatic conversion of 5mC to
5hmC by Tet1 or Tet2 and a cell division-coupled dilution of
5hmC also occur in mouse primordial germ cells (PGCs), which
is also evidence in favor of the passive demethylation pathway.14

Considering that global DNA repair activation may stress the
DNA repair machinery, the selection of the passive pathway
rather than the BER-based active pathway for TET-induced
global DNA demethylation may be essential to avoid deleterious
genomic instability.1,11 However, once a large amount of 5mC is
converted to 5fC and 5caC, the intrinsic TDG and BER path-
ways are also believed to quickly trigger active demethylation.
Therefore, a competition between passive and active demethyla-
tion may exist in TET-induced global demethylation, and the
relative contribution of each pathway in global demethylation
events is worth further investigation.

In this study, we used a tetracycline-controlled TET1 catalytic
domain (TET1-CD) overexpression-induced global DNA
demethylation system in HEK293T cells to evaluate the relative
contributions of BER-based (active) vs. replication dependent
(passive) demethylation. Our results unequivocally demonstrate
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that, for TET-induced global DNA demethylation in our model,
the DNA replication-dependent passive pathway functions as the
primary mechanism.

Results

Inducible TET-mediated global DNA demethylation in
HEK293T

Our previous study showed that TET1-CD overexpression
induces dramatic conversion of 5mC to 5hmC and concomitant
massive DNA demethylation in HEK293T cells.18 To develop
an efficient model for studying the details of TET-induced global
DNA demethylation, we constructed a tetracycline-controlled
TET1-CD overexpression system in HEK293T cells. Lentiviral
tetracycline-inducible expression vectors containing either wild
type or catalytically mutant TET1-CD (referred to as mTET1-
CD) were transduced into HEK293T cells (Fig. 1A), and the
overexpression of TET1-CD and mTET1-CD was documented
after doxycycline treatment (Dox)(Figure S1A). As expected,
Dox treatment also induced a significant increase of genomic
5hmC content in TET1-CD- but not mTET1-CD-transduced

cells (Figure S1B). To ensure cellular homogeneity, we next
derived single cell clones of transduced cells by limiting dilution,
and D1 and mC3 cell clones were finally chosen based on their
high and comparable induction of TET1-CD and mTET1-CD
expression, respectively (Figure S1C). We verified Dox dose-
dependent TET1-CD overexpression and 5hmC production in
D1 cells (Fig. 1B and C). Importantly, Dox treatment dose-
dependently induced significant DNA demethylation in long
interspersed nucleotide element-1 (LINE-1) in D1 clone cells
but not mC3 clone (carrying mTET1-CD) or HEK293T paren-
tal cells (Fig. 1D), confirming the successful induction of global
DNA demethylation in D1 clone cells. Additionally, Dox treat-
ment in D1 clone cells also induced DNA demethylation in 4
randomly selected genomic loci to a higher extent than in LINE-
1 (Fig. 1E). Thus, the D1 and mC3 cloned cells represent a use-
ful platform to study TET-induced global DNA demethylation.

DNA damage occurs during TET-induced global DNA
demethylation

While passive demethylation does not induce a DNA damage
response, 5fC and 5caC are excised by TDG followed by BER during
active demethylation, and the intermediate apurinic/apyrimidinic

Figure 1. Construction of a tetracycline-inducible TET-mediated global DNA demethylation system in HEK293T cells. (A) Schematic description of con-
structing a tetracycline-inducible TET-mediated global DNA demethylation system. The entire system was established through 2 main steps: Cloning
TET1-CD into the lentiviral pTRIPZ vector which is equipped with a Tet-On system for transgene overexpression in the presence of Dox, and transfecting
pTRIPZ-TET1-CD into HEK293T cells and developing single cell clones. (B) Dox treatment dose-dependent induced expression of TET1-CD and mTET1-CD
in D1 and mC3 clone cells, respectively. The cells were harvested 24 h after Dox treatment. (C) DNA dot blot assay showed that Dox treatment dose-
dependently induced genomic 5hmC production only in D1 cells. The cells were harvested 24 h after Dox treatment. (D and E) Dox treatment dose-
dependently induced DNA demethylation in LINE-1 (D) and 4 selected genomic loci (E) in D1 clone cells but not mC3 clone and HEK293T parental cells.
The cells were treated with Dox for 3 days. Bisulfite-pyrosequencing was used for DNA methylation analysis. Error bars represent SD from 3 independent
experiments.
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(AP) sites and DNA single-strand breaks (SSBs) could theoretically
quickly accumulate and induce a severe DNA damage response.6,12

To distinguish these possibilities, we examined whether aDNA dam-
age response is activated by global demethylation in HEK293T cells.
Both CHK2 and TP53 are critical messengers of genome integrity
and are involved in the DNA damage response signaling pathway.19-
21 As shown in Fig. 2A, Dox-treated D1 but not mC3 clone cells
showed increased phosphorylation of CHK2 (Thr68) and TP53
(Ser20), demonstrating activation of the DNA damage response sig-
naling pathway. A significant production of gH2AX, which is a pre-
cise marker for DNA double-strand breaks (DSBs),22 was also
detected in Dox-treated D1 clone cells (Fig. 2A), consistent with the
fact that unrepaired SSBs can be converted into DSBs during DNA
replication.23 By examining the dynamic changes in phos-CHK2,
phos-TP53, and gH2AX over 3 days of Dox treatment, we found
progressive increases in all 3 proteins,
suggesting the accumulation of
DNA damage during such global
demethylation (Fig. 2B). We also
found significant cell growth inhibi-
tion in Dox-treated D1 but not mC3
cells (Fig. 2C), which may be
explained by the abilities of phos-
phorylated CHK2 and TP53 to
induce cell cycle arrest.24 Taken
together, the above studies show an
accumulation of DNA damage dur-
ing TET-induced global deme-
thylation.

Lack of BER activation during
TET-induced global DNA
demethylation

DNA repair genes can be upre-
gulated by genotoxic stress to

enhance DNA damage repair in mammalian cells.25-27 We there-
fore asked whether BER genes are adaptively upregulated to
enhance DNA damage repair and facilitate active demethylation
after TET induction. As shown in Figure 3A, in D1 and mC3
clone cells and also in HEK293T parental cells, Dox treatment at
all dosages did not induce significant changes in TDG and
APEX1 (apurinic/apyrimidinic endonuclease 1), both of which
are key players of BER.28 Another BER pathway protein XRCC1
showed stable expression levels in D1 clone cells after treatment
with Dox, and decreased expression in Dox-treated mC3 clone
cells (where no DNA demethylation was induced). Considering
the possibility that upregulation of these proteins may be tran-
sient, we further tested their dynamic expression over a period of
3 days and still did not detect any significant expression changes
(Fig. 3B). Thus, despite the accumulated DNA damage and the

Figure 2. DNA damage and activation of a DNA damage response during TET-induced global DNA demethylation. (A) Western blot assay showed the
activation of a DNA damage response in D1 but not mC3 cells. The cells were treated with 2 mg/ml Dox for 3 days. The marks for DNA damage response
activation include phosphorylated CHK2 (Thr68) and TP53 (Ser20) and gH2AX. (B) Dynamic change of phosphorylated CHK2 (Thr68) and TP53 (Ser20)
and gH2AX during 3 days of Dox treatment (2 mg/ml) in D1 clone cells. The cell lysates were prepared every day after Dox treatment. (C) Dox treatment
(2 mg/ml, 3 days) induced cell growth inhibition in D1 but not mC3 clone cells. Error bars represent SD from 3 independent experiments. ***P < 0.001
compared with non-treatment control by Student’s t test.

Figure 3. Lack of BER genes upregulation during TET-induced global DNA demethylation. (A) Western blot
analysis showed no significant change of TDG, APEX1 and XRCC1 expression in D1 and mC3 clone cells and
HEK293T parental cells after Dox treatment. All cells were harvested 3 days after Dox treatment at different
dosages. (B) Constant expression levels of TDG, APEX1 and XRCC1 in D1 clone cells during 3 days of Dox
treatment (2 mg/ml). The cell lysates were prepared every day after Dox treatment.
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activation of DNA damage response signaling in TET-induced
global demethylation, the critical BER genes are not adaptively
upregulated, which may therefore restrict active demethylation
after TET induction.

BER inhibition does not prevent TET-induced global DNA
demethylation

We next directly investigated the extent to which BER con-
tributes to TET-induced global DNA demethylation. As TDG
initiates the active demethylation pathway by recognizing and
cleaving 5fC and 5caC,6,11,12 we inhibited TDG expression and
examined its effect on DNA demethylation after TET induction
(Fig. 4A). siRNA-mediated knockdown of TDG did not affect
genomic 5hmC content but significantly increased 5caC content
in Dox-treated D1 clone cells (Fig. 4B), confirming the cleavage
of 5caC by TDG in TET-induced global demethylation. The
induction of gH2AX by Dox treatment in D1 clone cells was
also dramatically inhibited by TDG knockdown, which suggests
that the DSBs are caused by the BER-based active demethylation
pathway (Fig. 4C). However, despite the changed relative distri-
bution of 5mC oxidized derivatives (e.g., 5caC), we found by
using bisulfite-pyrosequencing that TDG knockdown failed to
decrease the demethylation extent in all studied genomic sites in

Dox-treated D1 cells, even showing a small increase when com-
pared with control knockdown (Fig. 4D). Given that 5mC oxi-
dized derivatives cannot be distinguished from 5mC by bisulfite
assays, the appearance of unmodified cytosines truly reflect
demethylation here. This finding strongly suggests that BER has
a minimal contribution to the global DNA demethylation
induced by TET1-CD overexpression. TDG knockdown also
reversed the Dox-induced cell growth inhibition in D1 cells
(Fig. 4E), which suggests that the cell growth inhibition observed
upon TET induction results from the DNA damage response
rather than global demethylation (Fig. 2D). Moreover, by pro-
moting DNA-replication dependent passive demethylation, the
rescued cell growth seems to also provide a reasonable explana-
tion for the paradoxical finding of increased demethylation upon
TDG knockdown.(Fig. 4D)

To further confirm these findings, we next performed knock-
down of APEX1 which functions downstream of TDG and
cleaves AP-sites in the BER pathway. Just like the TDG knock-
down, APEX1 knockdown also paradoxically promoted TET-
induced demethylation in all studied genomic sites (Fig. 4F and
G). Consistent with this, CRT0044876, a potent and selective
APEX1 inhibitor,29 also failed to inhibit DNA demethylation by
TET induction (Fig. S2). Taken together, these data clearly

Figure 4. Inhibition of the BER pathway enhances TET-induced global DNA demethylation. (A) Western blot analysis showed siRNA-mediated TDG knock-
down in D1 clone cells with or without Dox treatment (2 mg/ml, 3 days). (B) DNA dot blot assay showed that TDG knockdown increased genomic 5caC
content but not 5hmC in D1 clone cells treated with Dox (2 mg/ml, 3 days). (C) Western blot analysis of gH2AX showed that TDG knockdown decreased
DNA DSBs in D1 clone cells treated with Dox (2 mg/ml, 3 days). (D) TDG knockdown enhanced TET-induced DNA demethylation in D1 clone cells treated
with Dox (2 mg/ml, 3 days). (E) TDG knockdown reversed cell growth inhibition in D1 clone cells treated with Dox (2 mg/ml, 3 days). The cell numbers
were counted 3 days after Dox treatment and those of non-treated cells were set as 1. (F) Western blot analysis showed siRNA-mediated APEX1 knock-
down in D1 clone cells with or without Dox treatment (2 mg/ml, 3 days). (G) APEX1 knockdown promoted TET-induced DNA demethylation in D1 clone
cells treated with Dox (2 mg/ml, 3 days). Bisulfite-pyrosequencing was used for DNA methylation analysis. Error bars represent SD from 3 independent
experiments. * P < 0.05, * *P < 0.01 by Student’s t test.
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indicate that in HEK293T cells, the BER-based active pathway is
not the primary mechanism of TET overexpression-induced
global DNA demethylation.

Cell growth arrest restrains TET-induced global DNA
demethylation

To directly determine the contribution of DNA replication to
TET-induced global DNA demethylation, we investigated the
effects of cell growth arrest. We initially used serum starvation and
mimosine treatment, which, respectively, arrest cell cycle progres-
sion at the G0/G1 and G1/S phases,30,31 but both markedly inhib-
ited Dox-induced TET1-CD overexpression (data not shown). By
contrast, contact inhibition-induced cell cycle arrest did not affect
Dox-induced TET1-CD overexpression in D1 clone cells
(Fig. 5A). DNA demethylation in all studied genomic sites was
largely inhibited in growth-arrested compared to non-growth-
arrested cells (Fig. 5B), clearly showing that TET induces global
DNA demethylation in HEK293T cells predominately through
the DNA replication-dependent passive pathway.

Discussion

In this paper, we successfully developed a tetracycline-con-
trolled TET-induced global DNA demethylation system in
HEK293T cells. We found that BER results in the accumulation
of DNA damage during TET-induced global DNA demethyla-
tion but contributes minimally to DNA demethylation. The
DNA damage response upon TET induction was minimized by
the lack of BER gene upregulation, which results in a reduced cel-
lular DNA repair capacity and may explain the low efficiency of
the active demethylation pathway. By contrast, global demethyla-
tion was reversed by cell cycle arrest and enhanced by TDG
knockdown, which reverses the effects of DNA damage on cellu-
lar growth. Thus, in our model, TET-induced global demethyla-
tion is primarily dependent on DNA replication and passive
demethylation. It should be noted that bisulfite pyrosequencing
cannot distinguish 5mC from its oxidized forms. Because of this
inability, a change in the relative distribution of 5mC oxidized
derivatives after TDG knockdown would not be detected by
bisulfite pyrosequencing, which may therefore underestimate the

degree of 5mC loss. Thus, technically, one might expect a low
degree of pyrosequencing-measured demethylation after TDG
knockdown, but we observed the opposite effect—knockdown of
TDG slightly increased the net pyrosequencing-measured
demethylation extent (likely through the rescue of cell prolifera-
tion inhibition and the resulting enhanced DNA replication-
based passive pathway). Since only the conversion of 5mC (and
its oxidized forms) to fully unmodified C is counted as demethyl-
ation by bisulfite pyrosequencing, any measured demethylation
must be real. Therefore, our conclusion that TDG knockdown/
BER inhibition does not prevent demethylation would not be
affected by this technical issue.

One drawback of our study is that the HEK293T cell model
of TET-induced global demethylation does not necessarily
mimic physiologically processes occurring in the paternal pronu-
clei of mouse zygotes and mouse PGCs.13-15 In contrast to the
pluripotent zygotes and PGCs, HEK293T cells are differentiated
and present a dramatically distinct cellular environment. Addi-
tionally, TET1-CD-induced demethylation events have a differ-
ent genomic distribution from those induced by full length
TET1 or other TET family members,18 and the level of TET1-
CD expression in our model may also be not comparable to
physiological levels. Despite these drawbacks, our findings still
provide some insights into the physiological context and relative
importance of active and passive pathways in TET-induced
DNA demethylation. Consistent with those in the paternal pro-
nuclei of mouse zygotes and mouse PGCs, the TET-induced
global demethylation is proved again to be primarily through
DNA replication-based passive pathway in the HEK293T cell
model, suggesting the predominance of the passive pathway in all
TET-induced global demethylation processes. By contrast, the
reported locus-specific DNA demethylation events were always
achieved through active demethylation,10,16,32 Thus, passive and
active demethylation pathways selectively function in TET-
induced global and locus-specific DNA demethylation. To illus-
trate this, we propose the working model shown in Figure 6.
When TET proteins induce massive conversion of 5mC to
5hmC, 5fC and 5caC in genomic DNA, a small number of 5fC
and 5caC sites are rapidly recognized and cleaved by TDG, but
most of them are not successfully substituted with unmodified
cytosines because of the easily saturated DNA repair capacity,

Figure 5. Inhibited TET-induced global DNA demethylation in growth-arrested cells induced by contact inhibition. (A) Western blot analysis showed that
Dox treatment (2 mg/ml, 3 days) induced comparable TET1-CD expression levels in D1 clone cells under conditions of contact inhibition or not. (B) TET-
induced DNA demethylation was blocked in D1 clone cells with contact inhibition. CI, contact inhibition; error bars represent SD from 3 independent
experiments.
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thus leaving unrepaired DNA damage in various forms (includ-
ing AP-sites, SSBs and DSBs). By contrast, the majority of
5hmC, 5fC, and 5caC sites are replaced with unmodified cyto-
sines through DNA replication, which causes no DNA damage.
Thus, selection of the passive pathway and suppression of the
active pathway essentially maintains genomic stability during
TET-induced global DNA demethylation.1,11 On the other
hand, when TET proteins oxidize 5mC only in specific and
sparse loci, the cellular TDG-BER capacity is sufficient to
demethylate the resultant 5fC and 5caC within a very short time.
This preference for the active pathway allows cells (especially
non-dividing cells) to rapidly respond to extracellular stimula-
tion, such as the neuronal activity-induced gene expression in the
adult brain.10 Overall, because of their distinct capacity, effi-
ciency and dependence on DNA replication, it is plausible that
passive or active pathways are selectively utilized by TET proteins
to achieve regulation of DNA methylation in different scales.

The lack of BER upregulation during TET-induced global
DNA demethylation in our HEK293T cell model reflects the
sophisticated regulatory mechanisms of DNA repair genes in
mammalian cells. DNA repair has to be tightly regulated in a
temporal, spatial, and DNA lesion-appropriate fashion to opti-
mize repair and also prevent unnecessary and deleterious altera-
tions in the structure of DNA.21,33 Only a few DNA repair genes
have been found to be upregulated in response to DNA damage
and extensively distributed DNA damage itself can block the
transcription of DNA repair genes.21 Thus, it is not entirely sur-
prising that no BER genes were upregulated in our HEK293T
cell model of global demethylation, even though the DNA dam-
age response had been activated (Fig. 2 and Fig. 3). Since TDG,
APEX1 and XRCC1 were all kept at stable expression levels in
our model, we also do not know which one serves as the limiting
factor for increased active demethylation. Interestingly, Hajkova
et al. reported significant activation of 3 BER genes (including

Parp1, Ape1 and Xrcc1) during global DNA demethylation in
mouse PGCs.34 This upregulation of BER genes may reflect a
unique mechanism in zygotes and PGCs to maintain genomic
stability during epigenetic reprogramming and is obviously wor-
thy of further study. On the other hand, post-translational modi-
fications are also involved in the regulation of DNA repair. In
contrast to other uracil DNA glycosylases, TDG requires a
SUMO modification-induced conformational change for effi-
cient dissociation from AP-sites.35 In the case of extensive DNA
damage, the SUMOylation system quickly becomes saturated
and consequently leads to a low turnover of TDG and failed
BER.35,36 Thus, it is possible that a similarly saturated SUMOy-
lation system and incomplete BER also contribute to the limited
active mechanism in TET-induced global demethylation.

In summary, our study constructed a tetracycline-controlled
TET-induced global demethylation model in HEK293T cells,
where the DNA replication-dependent passive pathway functions
as the primary mechanism as in physiological cell contexts, and fur-
thermore, the BER-based active pathway is triggered but signifi-
cantly restricted by a limited DNA repair capacity. These findings
support a working model for pathway selection in TET-induced
DNA demethylation and also have implications for understanding
the global DNA demethylation in zygotes and PGCs.

Material and Methods

Inducible TET1-CD overexpression system
The open reading frame (ORF) of human TET1-CD was

cloned from SY5Y cells, and inserted into the pIRES-hrGFP II
vector, which contains a 3£FLAG tag (Stratagene) as previous
described.18 Catalytically mutant mTET1-CD (H1672Y,
D1674A) was generated by site-directed mutagenesis.4,18 TET1-
CD-FLAG or mTET1-CD-FLAG was then cloned into the tet-
racycline inducible lentiviral vector pTRIPZ (Open Biosystems),
which was initially designed for inducible shRNA expression. To
make 2 unique restriction enzyme sites flanking the red fluores-
cent protein coding region in pTRIPZ vector, one AgeI site in
the coding region was mutated by site-directed mutagenesis. Sub-
sequently, (m)TET1-CD-FLAG ORF was transferred into the
AgeI and MluI sites of a non-silencing pTRIPZ control vector.
All constructs were verified by bi-directional sequencing.

To produce lentiviral particles, pTRIPZ-(m)TET1-CD-
FLAG and package plasmids psPAX2 and pMD2.G (Addgene)
were transfected into HEK293FT cells (Invitrogen) at a ratio of
1:1:1 using Lipofectamine!2000 Transfection Reagents (Invi-
trogen). The viral supernatant was collected 2 days after transfec-
tion and filtered with 0.45 mm filters (Millipore). HEK293T
cells were then infected with each lentivirus supernatant in the
presence of 8 mg/ml of polybrene (Sigma).

Transduced cells were subjected to one week of puromycin
selection (1.5 mg/ml) and subcloned by limiting dilution.
HEK293T cells were cultured in DMEM supplemented with
10% FBS. Overexpression of (m)TET1-CD was induced by Dox
(Sigma, dissolved in sterile water) at indicated dosages. The Dox-
containing medium was generally replaced every 2 days.

Figure 6. A model of demethylation pathway selection in TET-induced
DNA demethylation. When TET proteins globally oxidize 5mC in genomic
DNA (upper part), the BER-based active pathway is triggered but quickly
becomes saturated mainly due to the lack of BER genes adaptive upre-
gulation in response to DNA damage. Only a few 5fC and 5caC sites are
cleaved and various types of DNA damage (e.g., AP-sites, SSBs) are pro-
duced as the end products. By contrast, through DNA replication, almost
all 5hmC, 5fC, and 5caC sites are efficiently converted into unmodified
cytosine at no risk of DNA damage. Thus, the DNA-replication dependent
passive pathway is selected as the predominant way for TET-induced
global DNA demethylation. However, when TET proteins only oxidize
5mC in specific genomic loci (lower part), the TDG-BER capacity is
enough to quickly complete the whole active demethylation process at
these specific loci before DNA replication starts. Thus, the BER-based
active demethylation pathway efficiently underlies TET-induced locus-
specific DNA demethylation.
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Western blot assay
Protein extraction was performed using RIPA buffer (Fisher)

supplemented with 1£protease inhibitor cocktail solution
(Roche). Lysates were fractionated by 10% or 12% SDS-PAGE
and transferred to PVDF membranes (Millipore). The primary
antibodies used included anti-FLAG (Cat#200471, Stratagene),
anti-phos-CHK2 (Thr68) (Cat#2197, Cell signaling), anti-phos-
TP53 (ser15) (Cat#9286, Cell signaling), anti-TP53 (sc-126,
Santa Cruz), anti-gH2AX (ser139) (Cat#9718, Cell signaling),
anti-TDG (GTX110473, GeneTex), anti-APEX1 (ab82, Abcam),
anti-XRCC1 (Cat#2735, Cell signaling), and anti-ACTB
(GTX109639, GeneTex), while secondary antibodies included
HRP-conjugated labeled anti-rabbit and anti-mouse antibodies
(GE Healthcare). The detection was performed using enhanced
chemiluminescence (Amersham) and X-ray imaging film (Fisher).

DNA dot blot assay
Different amounts of genomic DNA samples diluted in

0.4 mM NaOH/10 mM EDTA were denatured at 100�C for
10 min, followed by rapid chilling on ice. Each denatured DNA
(2 ml) was then spotted onto the positively charged nylon mem-
brane (Roche), and the diameter of each dot was kept to
< 4 mm. The membrane was air dried and subsequently rinsed
in 2£SSC buffer (0.3 M NaCl, 30 mM Na3C6H5O7) followed
by complete air dry. The membrane was then exposed to UV for
3 min with a UV transilluminator to immobilize the DNA.
Lastly, the membrane was immunoblotted using 5hmC and
5caC antibodies (Active Motif) and HRP-conjugated anti-rabbit
secondary antibody (GE Healthcare).

Reverse transcription-qPCR
RNA was isolated using TRIzol Reagent (Invitrogen) as per

manufacturer’s specifications. cDNA was synthesized using
High-Capacity cDNA reverse transcription kit (Applied Biosys-
tems) and tested by qPCR (Applied Biosystems 7500) using
Power SYBR� Green PCR Master Mix (Applied Biosystems).
PCR reaction comprised a 10 min activation step at 95�C, fol-
lowed by 40 cycles of 95�C for 15 s, and 60�C for 1 min. The
average threshold (Ct) was determined for each gene and normal-
ized to b-actin as an internal normalization control. The primers
used are listed in Table S1.

Cell growth curve
HEK293T cells (3 £ 104 cells) from exponentially growing

cultures were seeded in 6-well culture plate. Twenty-four hours
later the medium was replaced with fresh growth medium with
or without 2 mg/ml Dox. During the following 3 days the cell
numbers were counted daily with the use of Z2 Cell and Particle
Counter (Beckman Coulter).

Bisulfite-pyrosequencing
Bisulfite conversion of genomic DNA was done with EpiTect

bisulfite kits (Qiagen) according to manufacturer’s instructions.

A two-step PCR for amplification was generally used as previ-
ously described.37,38 Briefly, in the first step, 1 ml of each bisul-
fite-converted DNA sample was used in each reaction (25 ml
total volume). In the second step, »0.1 ml of the 1st step PCR
products was used as template, and the 5’ tailed forward or
reverse primers and a biotinylated universal primer (5’-GGGA-
CACCGCTGATCGTTTA-3’) were used to label PCR
product. With the Pyrosequencing Vaccum Prep Tool (Biotage)
the biotin-labeled DNA strands were captured by streptavidin
sepharose beads (GE Healthcare). Then they were annealed to
sequencing primers and sequenced by the PSQ HS 96 Pyrose-
quencing system (Biotage). The results were analyzed with Pyro
Q-CpG Software (Qiagen) software. The primers used are listed
on Table S1.

siRNA knockdown
Non-silencing control siRNA (SIC002), 2 TDG siRNA

(SASI_Hs01_00108995 and SASI_Hs01_00108996), and 2 APEX1
siRNA (SASI_Hs01_00122789 and SASI_Hs01_00122791) were all
purchased from Sigma. The cells were transfected with siRNA using
LipofectamineTM RNAiMAX transfection reagent according to the
manufacturer’s instructions (Invitrogen). For each transfection,
75 pmol siRNA was diluted in 250 ml of OPTI-MEM� Reduced
Serum Medium (Invitrogen), and then mixed with 4 ml Lip-
ofectamineTM RNAiMAX Transfection Reagent (Invitrogen). To
improve knockdown efficiency, a second transfection was performed
3 days after the first transfection.

Contact inhibition-induced growth arrest
HEK293T cells were seeded at a density of 2.5 £ 106 cells per

dish in 60 mm dishes and cultured for 3 days to get cell growth
arrest. The medium was then replaced with fresh growth medium
with or without 2 mg/ml Dox. The cells were further incubated
for 3 days with the change of growth medium every day.
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