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ABSTRACT

Growth arrest and DNA-damage-inducible protein 45

(Gadd45) family members have been implicated in

DNA demethylation in vertebrates. However, it re-

mained unclear how they contribute to the demethy-

lation process. Here, we demonstrate that Gadd45a

promotes active DNA demethylation through thymine

DNA glycosylase (TDG) which has recently been

shown to excise 5-formylcytosine (5fC) and 5-

carboxylcytosine (5caC) generated in Ten-eleven-

translocation (Tet)––initiated oxidative demethyla-

tion. The connection of Gadd45a with oxidative

demethylation is evidenced by the enhanced acti-

vation of a methylated reporter gene in HEK293T

cells expressing Gadd45a in combination with cat-

alytically active TDG and Tet. Gadd45a interacts with

TDG physically and increases the removal of 5fC and

5caC from genomic and transfected plasmid DNA by

TDG. Knockout of both Gadd45a and Gadd45b from

mouse ES cells leads to hypermethylation of spe-

cific genomic loci most of which are also targets of

TDG and show 5fC enrichment in TDG-deficient cells.

These observations indicate that the demethylation

effect of Gadd45a is mediated by TDG activity. This

finding thus unites Gadd45a with the recently defined

Tet-initiated demethylation pathway.

INTRODUCTION

Methylation at position 5 of cytosine (5-methylcytosine,
5mC) in DNA is a major epigenetic modi�cation that regu-
lates gene transcription and other functions of the genome
(1,2). Cytosine methylation in CpG-rich regulatory gene

promoters and enhancers inversely correlates with tran-
scriptional activity of associated genes as it causes chro-
matin condensation and thus gene silencing. Since pat-
terns of 5mC are subject to mitotic inheritance through
maintenance methylation during DNA replication, active
demethylation is required for a rapid and ef�cient erasure of
5mC (3). Both locus-speci�c and genome-wide demethyla-
tion have been documented (4). For instance, the promoter
of the estrogen receptor target gene pS2 undergoes active
demethylation in the cyclic activation of transcription (5).
Genome-wide demethylation in primordial germ cells is be-
lieved to be important for erasing the parental methylation
patterns (6). Demethylation of the zygotic genome is associ-
ated with remodeling of the parental epigenomes, presum-
ably to establish developmental competence for the early
embryo (7–10). Multiple mechanisms have been proposed
to achieve active demethylation, which include direct re-
moval of the exocyclic methyl group from the cytosine via
C–C bond cleavage, replacement of the methylated cytosine
base and nucleotide respectively through DNA base exci-
sion repair (BER) and nucleotide excision repair pathways
(11). However, most of the proposed mechanisms have not
been validated biochemically and genetically (12,13).
Compelling biochemical and genetic evidence has sug-

gested that members of the Ten-eleven-translocation (Tet)
family of DNA dioxygenases function to reverse DNA
methylation (4,14). Tet enzymes catalyze the oxida-
tion of 5mC to 5-hydroxymethylcytosine (5hmC), 5-
formylcytosine (5fC) and 5-carboxylcytosine (5caC) (15–
17). ThymineDNAglycosylase (TDG), originally identi�ed
as a DNA glycosylase for the excision of thymine and uracil
mispaired with guanine, is able to recognize and excise the
Tet-generated oxidation products 5fC and 5caC, leading to
the incorporation of unmethylated cytosine via the BER
pathway (15,18–20). The functional relevance of TDG in
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the regulation of DNA methylation is well-established by
gene inactivation experiments at both animal (21,22) and
ES cell levels (15,23,24). Given the importance of DNA
methylation in stem cell biology and cancer, the study of
Tet/TDG-mediated demethylation has become a major fo-
cus over the recent years. However, it is still unclear how the
oxidative demethylation process is regulated.
Gadd45 (growth arrest and DNA-damage-inducible pro-

tein 45) family proteins aremulti-faceted nuclear factors im-
plicated in active DNA demethylation, apart from mainte-
nance of genomic stability, DNA repair and suppression of
cell growth (25,26). Overexpression of Gadd45a activates
methylation-silenced reporter genes and promotes global
DNA demethylation (27). However, despite the connec-
tion of Gadd45 proteins with DNA demethylation in sev-
eral contexts, including neuronal activity-induced demethy-
lation in the mouse brain (28) and deaminase-related
demethylation in Xenopus laevis embryos (29), if and how
they exactly promoteDNAdemethylation has remained un-
resolved and controversial (26,30).
In this study, we investigate the role of Gadd45a in active

demethylation and activation of silenced genes.We �nd that
Gadd45a interacts physically and functionally with TDG
and contributes to DNA demethylation and gene activation
in a TDG-dependent manner. In mouse ES cells, inactiva-
tion ofGadd45a/b leads to hypermethylation at loci most of
which overlap with those depending on TDG for demethy-
lation. These �ndings connect Gadd45 proteins with the
Tet-TDG axis, functionally integrating the seemingly di-
verse demethylation pathways.

MATERIALS AND METHODS

Materials

Primary antibodies used for western blotting assays were
as follows: anti-Flag (Sigma, F7425), anti-HA (Sigma,
H6908), anti-GAPDH (Sigma, 9545). Anti-Tet2 and anti-
TDG antibodies were as described previously (31). The Tdg
knockout ES cell line was described (32).

Luciferase reporter assay

The reporter plasmid pCpGL-CMV-�re�y luciferase was
generated by subcloning the Cytomegalovirus (CMV) pro-
moter from pcDNA3.1 (Invitrogen) into the CpG-free
pCpGL-basic vector (33). By replacing the �re�y luciferase
gene with the renilla luciferase gene, an analogous control
reporter plasmid pCpGL-CMV-renilla luciferase was con-
structed. The �re�y plasmid was in vitro methylated with
CpG methylase M.SssI (NEB) and the complete methyla-
tion was veri�ed by digestion with methylation sensitive en-
zymes TaiI (Fermentas). HEK293T cells were transiently
transfected in 12-well plate with 500 ng expression con-
structs (Tet2/TDG/Gadd45a) each, 20 ng methylated �re-
�y luciferase reporter and 0.2 ng unmethylated renilla lu-
ciferase reporter as an internal control for normalization.
Forty-six hours after transfection, luciferase activities were
measured using the dual-luciferase reporter assay system
(Promega) according to the manufacturer’s instructions.
Each experiment was repeated at least three times.

HPLC analysis of nucleosides

The nucleosides were analyzed by HPLC according to He
et al. (15). Brie�y, 200 �g of genomic DNA extracted from
HEK293T cells were heat-denatured and hydrolyzed into
mononucleotides with 0.5 U of nuclease P1 (Sigma) at 37◦C
overnight (the reaction buffer containing 20 mMNaAc, pH
5.3, 0.2 mM ZnSO4). The nucleotides were then dephos-
phorized by incubation with calf intestinal alkaline phos-
phatase (CIAP, TaKaRa) for at least 2 h at 37◦C. The re-
actions were then concentrated into 35 �l and analyzed on
an Agilent 1260 HPLC machine with an AQ-C18 column
of 5-�m particle size, 25 cm × 4.6 mm. The mobile phase
was 10 mM KH2PO4, pH 3.7, running at 0.6 ml per min
and the detector was set at 280 nm. 5hmC and 5caC nu-
cleoside standards were prepared by dephosphorylation of
5-Hydroxymethyl-dCTP and 5-Carboxy-dCTP (TriLink),
and 2′-deoxycytidine (C) and 5-methyl 2′-deoxycytidine
(5mC) were bought from Sigma.

UHPLC- MS/MS analysis of mononucleosides

UHPLC-MS/MS analysis of modi�ed mononucleosides
was carried out according to Yin et al. (34). It was per-
formed on an Agilent 1290 UHPLC system coupled with
a G6410B triple quadrupole mass spectrometer (Agilent
Technologies, Palo Alto, CA, USA). An isocratic elution
with 5.0% methanol, 95% water and 0.1% formic acid run-
ning at 0.25 ml/min was used for UHPLC separation of
mononucleosides. The eluate from the column was injected
into electrospray ionization-triple quadrupole mass spec-
trometry. Positive multiple reaction monitoring modes were
used: m/z 242→126 for 5mC (collision energy, 5eV); m/z
258→142 for 5hmC (5eV); m/z 256→140 for 5fC (5eV);
m/z 272→156 for 5caC (5eV). 2′-deoxyguanosine (dG) in
all samples was also measured to normalize the amount of
DNA on column. Each sample was analyzed at least three
times. The frequency of modi�ed mononucleosides was cal-
culated by corresponding standard curves.

Establishment of TDG KO HEK293T cell lines

Targeting of TDG in HEK293T cells was carried out
by using TALEN mediated homologous recombination.
TALENs against TDG were designed by online soft-
ware TAL Effector Nucleotide Targeter 2.0 (35) to tar-
get the exon 2 of TDG. The TALENs were com-
posed of domains targeting to the left arm sequence:
5′-TCAGCTATTCCCTTCAGCA-3′ and the right arm
sequence: 5′-TCAGTTGTTGAAATGGAAA-3′. TALEN
constructs were assembled using FastTALE TALEN As-
sembly Kit (SiDanSai). The TALENs plasmids and target-
ing vectors (PGK-hygromycin and PGK-puromycin) were
transfected into HEK293T cells using Lipofectamine 2000.
Selective medium with 200 �g/ml hygromycin and 1.5
�g/ml puromycin was applied 48 h after transfection and
replaced every two days. Individual positive colonies were
picked and expanded, which were further characterized by
genotyping polymerase chain reaction (PCR) and western
blotting using antibody against TDG.
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Generation of Gadd45a/Gadd45b double-knockout mouse
ES cell lines

Gene targeting of Gadd45a/b was accomplished by using
CRISPR/Cas9 system according to Ran et al. (36). The tar-
get sequences were designed on the website (http://crispr.
genome-engineering.org/) to disrupt the �rst exon contain-
ing the start codon of the Gadd45a or Gadd45b genes. Ex-
pression vector px330 containing the Cas9 and mCherry
genes was digested with BbsI and the linearized plasmid
puri�ed using QIAquick PCR Puri�cation Kit (Qiagen).
Paired oligonucleotides for sgRNA at each targeted site
(Supplementary Table S1) were annealed and ligated to the
linearized vector. The plasmids were con�rmed by sequenc-
ing.
V6.5 ES cells were cultured on feeder cells with stan-

dard ES cell culture conditions. Cells were transfected with
px330-sgRNA plasmids using Lipofectamine 2000. After
48 h, mCherry-positive cells were sorted by �ow cytometry
using BD FACS Aria II (BD) and cultured on feeder lay-
ers. After recovering for 4–6 days, individual colonies were
picked and genotyped by PCR genotyping and sequencing.

Reduced representation bisul�te sequencing (RRBS)

Reduced representation bisul�te sequencing (RRBS) was
performed as described in Guo et al. (32) with slight modi-
�cation. Brie�y, genomic DNA was digested by MspI (Fer-
mentas) and the 200–500 bp DNA fragments were se-
lected to undergo bisul�te conversion. Analysis of RRBS
data was performed according to Guo et al. (32), the
adaptor-trimmed reads were mapped to the mouse genome
(mm9) using Bismark (v. 0.76, http://www.bioinformatics.
babraham.ac.uk/projects/bismark/). The methylation level
of each single CpG site was calculated using the number of
RRBS-measuredC (methylated) divided by the sumofmea-
sured C (methylated) and T (unmethylated). CpG sites with
at least �ve uniquely mapped reads were chosen for further
analysis.
The differentially methylated CpG sites were identi�ed

if the absolute methylation level difference was >25% be-
tween wild-type (WT) and Gadd45 DKO ES cells (one-
tailed Fisher’s exact test with P < 0.05, with Benjamini–
Hochberg false discovery rate <0.05). The neighboring hy-
permethylated (or hypomethylated) CpG sites were merged
to form a differentially methylated region if there was at
most one CpG site between these two hypermethylated (or
hypomethylated) CpG sites and the distance between them
was <100 bp.

Preparation of the 5fC/5caC-containing plasmid (oxi-5mC
plasmid)

For the preparation of oxi-5mC plasmid DNA, 100 ng of
M.SssI-methylated pCpGL-CMV-�re�y plasmids were ox-
idized by using 2 �g of the TET2 protein (37) in the reaction
buffer (50 mMHEPES, pH 8.0, 50 mMNaCl, 2 mM ascor-
bic acid, 1mM 2-oxoglutarate, 100 �M Fe(NH4)2(SO4)2, 1
mM adenosine triphosphate (ATP) and 1 mM Dithiothre-
itol (DTT)) for 1 h at 37◦C. The reaction was then added
with 1 �g of the TET2 protein for further incubation of 1
h. The plasmid DNA was recovered by phenol–chloroform

Figure 1. Gadd45a synergizes with Tet and TDG in activation of a methy-
lated reporter gene in a dual luciferase reporter assay. A methylated
(A) or unmethylated (B) pCpGL-CMV-�re�y luciferase reporter was co-
transfected into HEK293T cells with Gadd45a, Tet2CD and TDG in var-
ious combinations indicated. Shown is the �re�y luciferase activity nor-
malized to the level of control pCpGL-CMV-renilla luciferase relative to
that of cells without Tet, TDG and Gadd45 expression, which is set to 1.
‘m’ denotes catalytically inactive mutants of Tet2CD and TDG. Data are
represented as the mean ± SEM of three independent experiments.

extraction and the oxidative level of the DNAwas tested by
M.SssI-assisted bisul�te sequencing (MAB-seq) (32).

Isolation of transfected plasmid

Forty-eight hours after transfection, nuclei were extracted
from the transfected HEK293T cells using the Wizard Ge-
nomic DNA Puri�cation Kit (Promega) according to the
manufacturer’s instructions. The plasmid DNA was then
isolated using phenol–chloroform extraction.

Bisul�te sequencing

A total of 200 ng of genomic DNA were treated with the
EZ DNA Methylation-Direct Kit (Zymo Research). Spe-
ci�c genomic regions were PCR-ampli�ed using TaqHS en-
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Figure 2. Ectopic expression of Gadd45a reduces genomic 5fC and 5caC
generated by Tet2 in transfected HEK293T cells. (A) HPLC analysis of
5caC in the genomicDNAof cells overexpressing full-length Tet2 with and
without Gadd45a. The y-axis indicates OD280nm of nucleoside prepara-
tions from genomic DNA. De�ned nucleosides were used as standards (C,
5mC, 5hmC and 5caC). Dashed lines indicate the elution position of 5caC.
(B) Mass spectrometric quanti�cation of modi�ed cytosines (5mC, 5hmC,
5fC and 5caC) in the genomic DNA of cells ectopically expressing Tet2
alone or with Gadd45a. Data are represented as the mean ± SEM from
two independent experiments, and are analyzed by two-tailed t-test, P <

0.05 (*).

zyme (Takara). The PCR products were gel-puri�ed by us-
ing Gel Extraction Kit (Qiagen) and cloned into pMD 19-
T (Takara) for sequencing. Data were analyzed by an on-
line called BISMA (38) (http://services.ibc.uni-stuttgart.de/
BDPC/BISMA/) and duplicated clones were deleted by this
software.

M.SssI-assisted bisul�te sequencing (MAB-seq)

MAB-seq was performed to map sequence-speci�c 5fC and
5caC distribution as described (31,32). A total of 100 ng of
genomic DNAwere methylated byM.SssI (NEB) following
the vendor’s instructions. The methylated DNA sample was
then puri�ed by phenol–chloroform extraction. Bisul�te
conversion, sequencing and data analysis were performed
as described above.

Recombinant protein expression and puri�cation

For puri�cation of Flag-tagged proteins, coding sequences
were cloned into a modi�ed pcDNA4 (Invitrogen) vector.
The expression plasmids were transfected into HEK293T
cells using polyethylenimine (PEI, Sigma). After culturing
for 48 h, the cells were harvested and lysed in lysis buffer (50
mMTris, pH 7.5, 500mMNaCl, 1%NP-40, 1× protease in-
hibitors without ethylenediaminetetraacetic acid (EDTA)).
The recombinant proteins were puri�ed by using the FLAG
M2 af�nity gel (Sigma) according to the manufacturer’s in-
structions. The eluted proteins were dialyzed against stor-
age buffer (20 mMHEPES, pH 7.4, 50 mMNaCl and 50%
glycerol) for 4 h at 4◦C and then stored at −80◦C.

For puri�cation of Glutathione S-transferase (GST) fu-
sion proteins, GST-tagged proteins were overexpressed
in Escherichia coli strain BL21 (DE3) Codon-Plus-RIL
(Stratagene). Cells were grown at 37◦C in LB medium to an
optical density of 0.6–0.8 at 600 nm and then induced with
0.2 mM Isopropyl �-D-1-thiogalactopyranoside (IPTG) at
20◦C overnight. Puri�cation was performed using Glu-
tathione Sepharose 4B (GE Healthcare) according to the
manufacturer’s instructions.
Puri�cation of TDG used in the in vitro glycosylase assay

was described before (39).

GST-pull down assay

To con�rm the interaction of TDG and Gadd45a, GST
pull-down assay was performed essentially as described
(40). A total of 4 �g of the GST–TDG fusion protein pu-
ri�ed from E. coli were incubated with 20 �l Glutathione
Sepharose 4B beads in the binding buffer [20 mM Tris–
HCl (pH 7.9), 0.1 M NaCl, 1 mM EDTA, 5 mM MgCl2,
0.1% NP-40, 1 mM DTT, 0.2 mM phenylmethanesulfonyl
�uoride (PMSF) ] in a total volume of 200 �l at 4◦C for
2 h. Then 1 �g of Flag-Gadd45a was added to the slurry
and incubated at 4◦C for another 2 h. The Sepharose beads
were washed three times with the washing buffer [20 mM
Tris–HCl (pH 7.9), 0.15 M NaCl, 1 mM EDTA, 5 mM
MgCl2, 0.1% NP-40, 1 mM DTT, 0.2 mM PMSF] and
bound proteins were analyzed by sodium dodecyl sulphate-
polyacrylamide gel electrophoresis and visualized by west-
ern blotting.
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The interaction of Flag-TDG andGST-Gadd45a was de-
termined using the same protocol.

Yeast two-hybrid assay

To con�rm the interaction between Gadd45a and TDG,
Gadd45a was cloned in-frame with GAL4 DNA binding
domain (GAL4DBD) in the bait vector pGBKT7 (Clon-
tech) and TDG fragments were fused with the GAL4 ac-
tivation domain (GAL4AD) in the prey vector pGADT7.
Yeast was co-transformed with pGBKT7-Gadd45a and
pGADT7-TDG. Colonies were selected on the SD medium
lacking His, Leu, Trp and adenine according to the recom-
mended protocol (Clontech).

Base release assay

The 60-mer double-stranded oligonucleotide substrates
containing different modi�cations were prepared by
annealing of an unlabeled upper strand oligonucleotide
5′-TAGACATTGCCCTCGAGGTACCATGGATCC
GATGTCGACCTCAAACCTAGACGAATTCCG-3′

to a 5′-�uorescein-labeled lower oligonucleotide strand
5′-F-CGGAATTCGTCTAGGTTTGAGGTXGACATC
GGATCCATGGTACCTCGAGGGCAATGTCTA-3′,
where X = T or 5caC.
Multiple turnover base release assays were carried out

in a total volume of 200 �l containing 25 nM of the la-
beled DNA substrate (G•T), 100 nM of unlabeled DNA
substrate, 25 nM of recombinant TDG and 1 �MGadd45a
(or BSA) in 1× reaction buffer [50 mM Tris–HCl (pH 8.0),
1 mM EDTA, 1 mMDTT] at 37◦C and 20 �l samples were
taken at indicated time points. Generated AP-sites were
cleaved by the addition of NaOH to a �nal concentration
of 100 mM and heating to 99◦C for 10 min. Subsequently,
DNAwas ethanol precipitated overnight at−20◦C in 0.3M
Na-acetate (pH 5.2) and in the presence of 0.4 mg/ml car-
rier tRNA. The DNA was collected by centrifugation (20
min, 20 000 g, 4◦C) and washed in 70% ethanol. Air-dried
pellets were resuspended in loading buffer (1× Tris-Borate-
EDTA (TBE) buffer, 90% formamide), heated at 99◦C for 5
min and then immediately chilled on ice. Reaction products
were separated on 15% denaturing polyacrylamide gels in
1× TBE. The �uorescein-labeled DNA was visualized with
a Typhoon 9400 (GE Healthcare) and quanti�ed using the
ImageQuant TL software (GE Healthcare).
Single turnover base release assays were carried out as de-

scribed above in a total volume of 200 �l containing 25 nM
of the labeled DNA substrate (G•5caC), 250 nM recombi-
nant TDG and 1 �M Gadd45a in 1× reaction buffer [50
mMTris–HCl (pH 8.0), 1 mMEDTA, 1 mMDTT] at 30◦C
and 20 �l samples were taken at indicated time points.

RESULTS

Gadd45a activates the expression of a methylated reporter
gene in cooperation with Tet and TDG

Active DNA demethylation can be achieved by a concerted
action of Tet and TDG (41). We reasoned that other factors
previously proposed to contribute to demethylation might
exert their effects by modulating the Tet-TDG axis. To test

this possibility, we used a cell-based �re�y luciferase re-
porter assay to test anti-gene silencing effects of factors of
interest (Supplementary Table S2). The luciferase-reporter
plasmids were free of CpGs except for the 0.6-kb CMV pro-
moter (33) regions, which contained 37 CpGs that we fully
methylated in vitro by reaction with the CpG-speci�c bacte-
rial methyltransferase M.SssI prior to transfection. Methy-
lation of the CMV promoter conferred 100-fold repres-
sion of the �re�y luciferase activity but co-transfection of
the methylated reporter plasmid with Tet2 catalytic domain
(Tet2CD) together with TDG, increased the activity by 13-
fold, thus partially alleviating the repression (Figure 1A).
Gadd45a, which we tested as a candidate for a modulatory
factor, was able to stimulate the silenced reporter expression
by 35-fold, but only when co-transfected with Tet2CD and
TDG (Figure 1A). Expression of Gadd45a did not affect
the protein levels of Tet2CD and TDG in transfected cells
(Supplementary Figure S1). Moreover, its effect was depen-
dent on the enzymatic activities of Tet and TDG because
no stimulation effect was observed in co-transfection with
the catalytically inactive mutants. By contrast, Gadd45a in
combination with Tet and TDG had only a two-fold stimu-
latory effect on expression of the reporter gene on an un-
methylated plasmid (Figure 1B). These observations sug-
gest that Gadd45a cooperates with Tet and TDG in the ac-
tivation of a methylation-silenced reporter gene.

Reduction of 5fC and 5caC by Gadd45a in HEK293T cells
overexpressing Tet2

Since the effect of Gadd45a on methylated reporter activa-
tion depends on catalytically active Tet and TDG, we next
investigated whether Gadd45a might impact on the func-
tions of Tet and TDG in transfected cells. The occurrence
of 5caC in the genomic DNA of HEK293T cells trans-
fected with a Tet enzyme could be detected by HPLC anal-
ysis (15). We took advantage of this system to examine
whether Gadd45a can regulate the level of 5caC generated
in transfected cells. As reported previously (15), 5caC could
be detected in Tet2-transfected cells (Figure 2A). However,
the 5caC level was reduced to 30% by co-transfection of
Gadd45a with Tet2, while the 5mC and 5hmC levels were
unchanged. Gadd45a expression did not in�uence the pro-
tein expression of transfected Tet2 and endogenous TDG
(Supplementary Figure S2A and B). Drastic reduction in
5fC and 5caC levels was con�rmed by triple quadruplemass
spectrometry quanti�cation (Figure 2B). The selective re-
moval of 5fC and 5caC but not 5mC and 5hmC could sug-
gest that Gadd45a might not affect the oxidation function
of Tet2 but promote the function of the endogenous TDG
which is likely rate-limiting in removing genomic 5fC and
5caC from HEK293T cells.

Gadd45a interacts with TDG

Having demonstrated the functional relationship between
Gadd45a and TDG in reporter gene reactivation and the
regulatory effect of Gadd45a on the 5caC and 5fC lev-
els in transfected cells, we wondered whether there is a di-
rect protein–protein interaction between them. As shown in
Figure 3A, puri�ed Flag-TDG from HEK293T cells could
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Figure 3. Gadd45a interacts with TDG in vitro. (A) GST and Flag pull-down assay. Western blot analysis of Flag-TDG in fractions obtained from a GST
pull-down assay using GST-Gadd45a (lane 1) or GST (lane 2) (upper panel) and viceversa (lower panel). Mock is the control without GST or its fusion.
Ten percent of the input was loaded. (B) Co-immunoprecipitation (Co-IP) assay. Immunoprecipitates of lysates of HEK293T cells transfected with HA-
Gadd45a and Flag-TDG alone or in combination were resolved by SDS-PAGE and detected by western blotting with the indicated antibodies. (C) Yeast
two-hybrid assay. Appearance of colonies in the SD-L-T-A-H selective medium indicates that the reporter genes have been activated due to the interaction
between the bait (GAL4DBD-Gadd45a) and prey (TDG-GAL4AD) hybrid proteins. Yeast strains harboring the Gadd45a bait construct and an empty
prey vector were used as negative controls. (D) Mapping of Gadd45a-TDG interaction domains. The protein regions tested in yeast two-hybrid assays are
indicated above.

bind with bacterial recombinant protein GST-Gadd45a.
The protein association could also be shown with co-
immunoprecipitation (Co-IP) assay using extracts from
HEK293T cells transfected with epitope-tagged TDG and
Gadd45a (Figure 3B). To further con�rm and characterize
the interaction, we performed yeast two-hybrid assay. As ex-
pected, yeasts harboring both a Gadd45a bait and a TDG
prey construct could grow on the selective medium lacking
His, Leu, Trp and adenine because of the activation of re-
porter genes due to the interaction between Gadd45a and
TDG (Figure 3C). To map the interacting domains, dele-
tion analysis was performed with the bait and prey con-
structs. We found that the N-terminal domain of Gadd45a
(amino acids1–137) mediates the interaction with TDG via
a N (amino acids 1–132) and a C-terminal (amino acids
178–397) domain of TDG (Figure 3D). These data provide

a con�rmation of the physical interaction betweenGadd45a
and TDG.

The effect of Gadd45a on 5caC removal is exclusively medi-
ated by TDG

TDG is the only known enzyme capable of speci�cally ex-
cise 5fC and 5caC from DNA (15). To determine whether
Gadd45a affects the reduction of 5caC in genomic DNA
through the endogenous TDG, we generatedHEK293T cell
lines de�cient in TDG. The TDG gene was disrupted by us-
ing TALEN technology (Supplementary Figure S3). Exon 2
was replaced in the two alleles, by the hygromycin-resistance
gene in one gene copy and by the puromycin-resistance gene
in the other. Deletion of this exon would lead to a frame-
shift behind the �rst seven N-terminal codons. Genomic
PCR con�rmed that the exon 2 sequences had been deleted,
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Figure 4. Reduction of genomic 5caC by Gadd45a depends on TDG in transfected HEK293T cells. (A) Con�rmation of the TDG gene knockout (KO)
in HEK293T cells by PCR genotyping of genomic DNA. The two TDG alleles present in wild-type (WT) cells were replaced by puromycin (Puro) and
hygromycin (Hygro) drug selection markers in KO cells (Supplementary Figure S3). (B) Loss of the endogenous TDG protein in the established knockout
cell line con�rmed by western analysis using anti-TDG antibody. Detection with anti-GAPDH served as a loading control. (C) HPLC analysis of genomic
5caC in TDG-knockout cells expressing ectopic full-length Tet2 alone and together with Gadd45a. Transfection of the TDG control eliminates 5caC
generated by Tet2, as previously reported (15). (D) Mass spectrometry quanti�cation of modi�ed cytosines in the genomic DNA of TDG knockout cells
ectopically expressing Tet2 alone or Tet2 together with and Gadd45a. Data are represented as the mean ± SEM from two independent experiments.

with the acquisition of drug selection markers in the estab-
lished knockout cell line (Figure 4A). Loss of TDG protein
expression was con�rmed by western blot analysis using an
anti-TDG antibody (Figure 4B). As shown in the HPLC
analysis of genomic DNA from transfected cells, expression
of Gadd45a in TDG-de�cient cells did not change the level
of 5caC generated by Tet2 (Figure 4C). Mass spectrome-
try analyses of the genomic DNA samples con�rmed that
levels of 5fC and 5caC were not changed by Gadd45a ex-
pression in TDG-knockout cells (Figure 4D). The possibil-
ity that Gadd45a may increase the expression level of Tet2
thus masking its effect by generating higher level of 5caC
was ruled out (Supplementary Figure S2C). Additionally,

the complete removal of 5caC upon re-expression of ec-
topic TDG in the knockout cells validated the cellular com-
petence for TDG function. These results indicate that the
function of Gadd45a in DNA demethylation is realized ex-
clusively through its effect on TDG.

Gadd45a promotes conversion of 5fC and 5caC to unmodi�ed
cytosine in a TDG-dependent manner

As shown above, Gadd45a reduces the buildup of genomic
5fC and 5caC formed by ectopic Tet2 in transfected cells.
To directly demonstrate the role of Gadd45a, we prepared
in vitro a 5fC/5caC-containing reporter plasmid and trans-
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Figure 5. Gadd45a promotes conversion of 5fC and 5caC into unmodi�ed cytosine in a TDG-dependent manner in transfected cells. (A) Characterization
of oxidized pCpGL-CMV reporter plasmid DNA (oxi-5mC plasmid). Plasmid DNAwas methylated in vitro with CpGmethyltransferase M.SssI and then
oxidized using human TET2 enzyme to obtain oxi-5mC DNA. BS-seq and MAB-seq pro�les show occurrence of expected modi�cations at CpGs in the
CMV promoter region. There was about 10% 5mC or 5hmC remaining in the oxi-5mC DNA due to incomplete oxidization with TET2. The white circles
denote unmodi�ed C or higher oxidized forms of 5mC (5fC and 5caC) and the black circles denote 5mC or 5hmC in BS analysis. The blue circles in the
MAB-seq pro�le represent C, 5mC or 5hmC. The orange circles represent higher oxidized forms (5fC or 5caC). (B) MAB-seq analysis of oxidized reporter
plasmid DNA recovered from transfected HEK293T cells. The oxi-5mC plasmid DNA was transfected into WT or TDG knockout cells with Gadd45a,
TDG or vector control. Percentages of the oxi-5mC bases (5fC and 5caC) are indicated.

fected the plasmid with the Gadd45a expression plasmid
into HEK293T cells. The recovered reporter plasmid DNA
was then analyzed by M.SssI-assisted bisul�te sequenc-
ing (MAB-seq) which allows to distinguish unmodi�ed cy-
tosines from 5fC/5caC in a speci�c sequence at single-base
resolution (31,32). We �rst con�rmed the ef�cient methy-
lation (5mC 99.2%) and oxidation (5fC + 5caC; 89.2%)
of the CpG sites in the CMV promoter region of the pre-
pared plasmid (oxi-5mC) using bisul�te-seq and MAB-seq
(Figure 5A; Supplementary Figure S4). Interestingly, in
the recovered plasmid upon co-transfection with Gadd45a,
the combined level of 5fC and 5caC was reduced to 58%
while the DNA without Gadd45a co-transfection retained
the majority of 5fC/5caC (84.3 versus 89.2%, Figure 5B).
Consistent with the idea of TDG activity mediating the
Gadd45a effect, overexpression of TDG also reduced the
5fC/5caC level to 51%. Moreover, Gadd45a had no effect
on the 5fC/5caC level in TDGKO cells (89.5 versus 89.2%,
Figure 5B), indicating that the endogenous TDG is essen-
tial to mediate the function of Gadd45a in HEK293T cells.
Taken together, Gadd45a promotes demethylation by pos-
itively impacting TDG for the conversion of 5fC and 5caC
into C.

Gadd45a/b knockout causes locus-speci�c hypermethylation
in mouse ES cells

If Gadd45a positively regulates Tet/TDG-mediated DNA
demethylation in ES cells, Gadd45a de�ciency would lead

to hypermethylation in genomic regions known to be the
target loci of active demethylation. To eliminate the effect
of potential functional redundancy with Gadd45b that has
55% protein sequence identity and has a similar mRNA
expression level with Gadd45a in ES cells, we generated
Gadd45a/Gadd45b double-knockout (DKO) mouse ES cell
lines using the CRISPR/Cas9 system. Nucleotide inser-
tions and deletions at the targeted sites were identi�ed
which would lead to frame shift mutation or early termina-
tion, thus gene inactivation (Supplementary Figure S5). To
compare genomic methylation between DKO and the WT
ES cells, we performed genome-scale single-base-resolution
analysis using RRBS. In the DKO cells, no obvious methy-
lation difference was observed at the genome scale (Sup-
plementary Figure S6). Both the mutant and WT ES cells
have a CpG methylation frequency of around 33% in the
RRBS-covered genome part and a similar overall gene dis-
tribution pattern. However, 68 speci�c regions were found
hypermethylated which contained more than 4 CpG sites of
signi�cantly increased methylation (Supplementary Table
S3), as exempli�ed by the genomic loci from the Plagl1 and
Cilp2 genes (Figure 6A). In sharp contrast, no hypomethy-
lated regions could be identi�ed in these DKO ES cells.
Primer-based conventional bisul�te sequencing con�rmed
signi�cantly elevated methylation in the corresponding re-
gions of Plagl1 and Cilp2 (Figure 6B). Interestingly, these
two regions also gained hypermethylation in control ES
cells de�cient in TDG (Figure 6B). Since 5mC and 5hmC
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Figure 6. Locus-speci�c hypermethylation in Gadd45a/b DKO mouse ES cells. (A) Representative loci of hypermethylation in Gadd45a/b DKO ES cells
mapped by RRBS analysis. Vertical bars indicate the methylation level (0–1) at individual CpGs in the genomic regions indicated. (B) Con�rmation of
increased methylation at the selected loci by bisul�te sequencing in WT, Gadd45a/bDKO and TdgKO ES cells. Black and white circles denote methylated
and unmethylated CpG sites respectively. Percentages of the CpGs sites resistant to bisul�te conversion are indicated below. (C) Comparison of the 68
hypermethylated regions identi�ed in Gadd45a/b DKO ES cells (top pie charts) or 68 randomly chosen RRBS covered regions (bottom) with the pool of
5hmC-rich regions (24,42) (left) and the pool of 5fC-rich regions (24) (right) previously identi�ed in Tdg KO ES cells.
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are not distinguishable in conventional bisul�te sequenc-
ing, we performed Tet-assisted bisul�te sequencing (TAB-
seq) to determine 5hmC in the Plagl1 and Cilp2 regions.
We found 5hmC very rare and no increase in both cell lines
de�cient in Gadd45 or TDG (Supplementary Figure S7).
This indicates that the hypermethylation was actually com-
posed of 5mC rather than 5hmC. Further inspection of
the Gadd45 de�ciency–caused hypermethylated regions re-
vealed that most of them were overlapped with 5hmC and
5fC-enriched regions previously mapped in ES cells (24,42).
Among the 68 hypermethylated regions, 50 are overlapped
with 174 655 regions reported to be enriched in 5hmC and
48 are overlappedwith 120 052 regions enriched in 5fC (Fig-
ure 6C). By comparison, much fewer regions randomly cho-
sen from the RRBS-covered sequences are overlapped with
5hmCor 5fC regions. Overall, these results support the con-
clusion that Gadd45 proteins functionally cooperate with
the Tet and TDG enzymes in demethylation of genomic tar-
gets in mouse ES cells.

DISCUSSION

Mechanisms of DNA demethylation have been intensively
studied but remain elusive. There exist a wide variety of fac-
tors that belong to different pathways but appear to regu-
late DNA methylation negatively (13). As biochemical ev-
idence revealing their participation in the demethylation
process is lacking in most cases, it is plausible that the role
of these factors in DNA methylation control may be indi-
rect. In the presented work, we have examined the role of
Gadd45a in the context of the recently proposed Tet-TDG
mediated demethylation pathway (41). Our data indicate
that Gadd45a is involved in oxidative demethylation by reg-
ulating the activity of TDG in cells.
The Tet family of proteins, or DNA dioxygenases by na-

ture, have emerged as the most plausible enzymes for initi-
ation of active demethylation, owing to their ability to oxi-
dize the methyl group of 5mC (14,43). While the simple ox-
idation of 5mC to 5hmC will demethylate DNA passively
through replicative dilution, further oxidation to 5fC and
5caC generates substrates for TDG,which will remove these
bases, triggering their replacement by unmethylated cyto-
sine, potentially via a conventional BER process (19,41).
As demethylation is a highly regulated process, we reasoned
that auxiliary factors including those previously implicated
in demethylation may function to modulate the activity of
the Tet-TDG system. Among such factors is the multifunc-
tional Gadd45a initially identi�ed to antagonize methyla-
tion by its activation effect on methylated reporter genes
(27). Gadd45a was proposed to promote demethylation
potentially through XPG-dependent DNA repair (27,44)
or BER of AID-based deamination products (22,29). Our
�nding that Gadd45a serves as a regulator in the Tet-TDG
pathway is supported by several lines of evidence. First,
Gadd45a synergizes with Tet and TDG to activate methy-
lated reporter gene in transfected cells (Figure 1), and over-
expression of Gadd45a alone cannot reactive the methy-
lated reporter gene, consistent with the previous report by
Jin et al. (30). Second, Gadd45a interacts with TDG phys-
ically in vitro (Figure 3). Third, Gadd45a potentiates TDG
glycosylase to remove 5fC and 5caC from genomic DNA of

transfected HEK293T cells (Figure 2). Forth, endogenous
TDG is required to mediate the effect of ectopic Gadd45a
in decreasing Tet2-generated 5caC (Figures 4 and 5). Lastly,
deletion of Gadd45a/b in mouse ES cells leads to hyperme-
thylation at speci�c genomic loci which also gain increased
methylation in Tdg-de�cient cells and are enriched in 5fC
(Figure 6). Since the molecular functions of Gadd45a ap-
pear to be diverse (26), it is noteworthy that Gadd45a pro-
motes demethylation speci�cally through TDG in our stud-
ies. However, since the Gadd45 de�ciency-caused hyperme-
thylated regions aremuch fewer than the previouslymapped
5hmC and 5fC enriched regions in ES cells (24,42) (68 ver-
sus 174 655 and 120 052), Gadd45 may only contribute to
the control of a small fraction of Tet-TDG regulated ge-
nomic targets.
It is curious how Gadd45a exactly regulates TDG activ-

ity in cells. In light of the direct interaction between the
two proteins and the stimulation of TDG-dependent DNA
demethylation by Gadd45a in cells, we examined the possi-
bility that Gadd45a might impact on the enzymatic activ-
ity of TDG in vitro using puri�ed proteins. Under multiple-
turnover conditions, addition of an excess ofGadd45a stim-
ulated initial processing by as well as overall ef�ciency
of TDG but it didn’t improve its rate limiting turnover
(Supplementary Figure S8A and B). The stimulation by
Gadd45a, however, was in a similar range as observed when
a molar equivalent of BSA was added to the reaction, indi-
cating a non-speci�c effect of the protein on the structural
integrity of TDG. Likewise, under single-turnover condi-
tions, the addition of Gadd45a had no measurable effect
on TDG activity, suggesting that Gadd45a does not modu-
late TDG substrate recognition potential (Supplementary
Figure S8C and D). Taken together, Gadd45a does not
appear to stimulate TDG in substrate binding, process-
ing or turnover in a speci�c manner. We therefore favor
a model whereby Gadd45a promotes Tet-TDG-mediated
demethylation by coordinating the recruitment of TDG
into demethylation complexes. Gadd45a (and Gadd45b)
could act as a scaffold protein which interacts with other
epigenetic regulators (26) and directs TDG to the target
loci in the context of chromatin to ef�ciently excise 5fC and
5caC. This is consistent with the recently proposed model
in which recruitment of both Gadd45a and TDG is impli-
cated in demethylation of the tumor suppressor geneTCF21
targeted by a long non-codingRNA (45). Further investiga-
tion will be needed to elucidate the exact molecular mecha-
nism by which Gadd45 proteins regulate the function of the
TDG enzyme in speci�c chromatin contexts.
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