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Mouse embryonic stem cell (ESC) cultures contain a rare cell population of “2C-like” cells resembling two-cell
embryos, the key stage of zygotic genome activation (ZGA). Little is known about positive regulators of the 2C-like
state and two-cell stage embryos. Here we show that GADD45 (growth arrest and DNA damage 45) proteins, reg-
ulators of TET (TETmethylcytosine dioxygenase)-mediated DNA demethylation, promote both states. Methylome
analysis of Gadd45a,b,g triple-knockout (TKO) ESCs reveal locus-specific DNA hypermethylation of ∼7000 sites,
which are enriched for enhancers and loci undergoing TET–TDG (thymine DNA glycosylase)-mediated demethy-
lation. Gene expression is misregulated in TKOs, notably upon differentiation, and displays signatures of DNMT
(DNA methyltransferase) and TET targets. TKOs manifest impaired transition into the 2C-like state and exhibit
DNA hypermethylation and down-regulation of 2C-like state-specific genes. Gadd45a,b double-mutant mouse
embryos display embryonic sublethality, deregulated ZGA gene expression, and developmental arrest. Our study
reveals an unexpected role of GADD45 proteins in embryonic two-cell stage regulation.
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Mouse embryonic stem cells (ESCs) are amodel for the in-
ner cell mass around implantation stage. ESCs are hetero-
geneous and contain subpopulations with different
properties (Hayashi et al. 2008; Toyooka et al. 2008; Zalz-
man et al. 2010; Macfarlan et al. 2012). One of these
subpopulations (1%–5%) is transcriptionally and epige-
netically similar to the two-cell stage embryo and hence
is referred to as “2C-like” (Zalzman et al. 2010; Macfarlan
et al. 2012). The embryonic two-cell stage is a key phase of
mouse development during which the major wave of zy-
gotic genome activation (ZGA) occurs (for review, see
Jukam et al. 2017; Eckersley-Maslin et al. 2018; Svoboda
2018). During this period, the bulk of the genome becomes
transcriptionally active, which is accompanied by exten-
sive chromatinmodification. 2C-like ESCs exhibit unique
molecular features of totipotent cleavage stage cells and,
in chimeras, can contribute to both embryonic and extra-
embryonic derivatives, including trophoblast (Macfarlan
et al. 2012; Ishiuchi et al. 2015; Choi et al. 2017; De Iaco
et al. 2017; Whiddon et al. 2017; Rodriguez-Terrones
et al. 2018). ESCs cycle in and out of this transient
2C-like state at least once within nine passages (Zalzman
et al. 2010). Characteristic markers for the 2C-like state

are murine endogenous retrovirus with leucine tRNA
primer (MERVL) retrotransposon and zinc finger and
SCAN domain-containing protein 4 (Zscan4) (Zalzman
et al. 2010; Macfarlan et al. 2012). Thus, 2C-like ESCs
model essential aspects of the two-cell stage embryo and
ZGA (for review, see Ishiuchi and Torres-Padilla 2013;
Eckersley-Maslin et al. 2018). Few positive regulators of
the 2C-like state or ZGA are known, including the tran-
scriptional regulators ZSCAN4 (Falco et al. 2007; Zalz-
man et al. 2010; Hirata et al. 2012; Amano et al. 2013),
DUX (De Iaco et al. 2017; Hendrickson et al. 2017), STEL-
LA (Huang et al. 2017), and TBX3 (Dan et al. 2013) as well
as DPPA2 and DPPA4 (Eckersley-Maslin et al. 2019).

Herewe report a role for the small gene familyGadd45a
(growth arrest and DNA damage protein 45a), Gadd45b,
andGadd45g in regulation of the 2C-like state. GADD45α
is a stress response protein, which interacts with the key
enzymes of the DNA demethylation machinery: TET1
(TET methylcytosine dioxygenase 1) and TDG (thymine
DNA glycosylase) (Barreto et al. 2007; Cortellino et al.
2011; Kienhöfer et al. 2015; Li et al. 2015). TET enzymes
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convert 5-methylcytosine (5mC) sequentially to 5-hydrox-
ymethylcytosine (5hmC), 5-formylcytosine (5fC), and
5-carboxylcytosine (5caC) (Kriaucionis and Heintz 2009;
Tahiliani et al. 2009; Guo et al. 2011; He et al. 2011; Ito
et al. 2011). DNA repair via TDG removes 5fC and 5caC
to restore unmethylated cytosine (Cortázar et al. 2011;
Cortellino et al. 2011; Shen et al. 2013). GADD45α is an
adapter protein that tethers TET/TDG to sites of DNA
demethylation, which functions in locus-specific DNA
demethylation (Barreto et al. 2007; Li et al. 2010; Cortel-
lino et al. 2011; Zhang et al. 2011a; Arab et al. 2014; Sabag
et al. 2014). GADD45α recruits TET/TDG to specific sites
in the genome via additional cofactors (Schäfer et al. 2013;
Arab et al. 2014, 2019; Schäfer et al. 2018).
Since not only Gadd45a but also Gadd45b and

Gadd45g promote DNA demethylation (Rai et al. 2008;
Ma et al. 2009; Sen et al. 2010; Gavin et al. 2015; Jarome
et al. 2015) and since single mouse mutants are viable
(Hollander et al. 1999; Lu et al. 2001, 2004), this raises
the question of whether the genes have overlapping roles
in development and differentiation. To address this ques-
tion, we generated and characterized Gadd45a,b,g triple-
knockout (TKO) mouse ESCs. We found that GADD45
proteins are dispensable for maintaining pluripotency
and self-renewal. However, methylome analysis indicates
that GADD45 proteins are required for DNA demethyla-
tion of specific loci and normal gene expression. More-
over, GADD45 proteins promote the 2C-like state, and
Gadd45a,b double-mutant mouse embryos show partial
deregulation of ZGA genes at the two-cell stage and devel-
opmental arrest. Collectively, the results indicate that
GADD45 proteins act redundantly to promote locus-spe-
cific demethylation as well as embryonic two-cell stage.

Results

Gadd45 TKO ESCs are pluripotent and self-renew

We generated homozygous deletions in Gadd45a,
Gadd45b, and Gadd45g in ESCs using the CRISPR/Cas9
system (Jinek et al. 2012; Cong et al. 2013; Mali et al.
2013). Six gRNAs were cotransfected, two for each
Gadd45 gene, to create 300- to 700-bp deletions between
the 5′ untranslated region and the second intron, covering
the start codon (Fig. 1A). Out of 276 colonies obtained af-
ter selection, three independentGadd45 TKO ESC clones
were obtained (Supplemental Fig. S1A). Sequencing con-
firmed deletion of the respective genomic regions in the
TKO ESCs (Supplemental Fig. S1B), and Western blot
and mass-spectrometry analysis showed that both
GADD45α and GADD45β were undetectable in TKO
ESCs (Supplemental Fig. S1C,D). GADD45γ was unde-
tectable in both wild-type and mutant ESCs (Supplemen-
tal Fig. S1E), and even if truncated GADD45γ protein was
expressed, it would be nonfunctional, since deletion of ex-
ons 1 and 2 includes the dimerization domains (amino
acids 43–86) required for GADD45γ function (Zhang
et al. 2011b). To generate three independent wild-type
ESC control clones, ESCs were transfected with Cas9
and the selection marker but without specific gRNAs.

TheGadd45TKO ESCs showed no apparent loss of plu-
ripotency; Oct4, Nanog, and Sox2 expression was not re-
duced (Fig. 1B); and their morphology as well as growth
rate were normal (Supplemental Fig. S2A–C). In teratoma
assays, TKOESCs gave rise to derivatives of all three germ
layers (Fig. 1C).
Given the previously described functions of GADD45

proteins in active DNA demethylation, we analyzed glob-
al 5mC, 5hmC, 5fC, and 5caC levels by quantitative mass
spectrometry (MS). Global levels of 5mC and its oxidative
derivatives were only mildly affected in Gadd45 TKO
ESCs (Fig. 1D–G). There was a slight increase of 5mC
with a concomitant slight decrease of oxidized cytosine
derivatives in TKO ESCs compared with control ESCs.
This result is consistent with GADD45 proteins acting
not in global but in locus-specific demethylation.
Mouse ESCs are a model for the inner cell mass (ICM)

around implantation stage with relatively high methyla-
tion at promoters, enhancers, and bivalent loci (Habibi
et al. 2013). However, ESCs can be reverted to a hypome-
thylated ground state more similar to preimplantation
embryos using smallmoleculeMEK andGSK3β inhibitors
(“2i”) (Ficz et al. 2013; Leitch et al. 2013) as well by vita-
min C (Blaschke et al. 2013). Hence, we induced global
DNA demethylation via vitamin C or 2i treatment; how-
ever, global levels of cytosine modifications in Gadd45
TKO ESCs were changing similarly to control ESCs (Sup-
plemental Fig. S2D,E).
We conclude that Gadd45 genes are dispensable for

ESC maintenance, as is the case for Tet and Dnmt (DNA
methyltransferase) genes (Lei et al. 1996; Okano et al.
1999; Tsumura et al. 2006; Dawlaty et al. 2011, 2014).

Loci undergoing TET-dependent oxidation are
hypermethylated in TKO ESCs

To unravel DNA methylation changes, we performed
whole-genome bisulfite sequencing (WGBS) of control
and TKO ESCs to obtain base-pair-resolution methyl-
omes. Control ESCs showed the characteristic bimodal
distribution of CpG methylation, but the distribution in
TKO ESCs was skewed toward higher methylation (Fig.
2A). To call differentially methylated CpG regions
(DMRs) in TKO ESCs, we used a stringent cutoff of 5%
false discovery rate (FDR) and >30% methylation differ-
ence on at least two CpGs. WGBS does not discriminate
5hmC from 5mC (Booth et al. 2012); hence, we may have
underestimated the number of GADD45-dependent TET
target sites. DMRs were broadly distributed on all 19
autosomes (data not shown). TheDMR analysis identified
6904 hypermethylated, but only 34 hypomethylated,
regions in TKO ESCs (Supplemental Fig. S3A). Thus, al-
though global 5mC levels were only slightly increased as
measured by liquid chromatography-tandem MS (LC-
MS/MS), the skewed bimodalmethylation pattern and the
∼200-fold bias toward hypermethylated DMRs indicate a
locus-specific DNA hypermethylation in TKO ESCs.
We therefore focused on the hypermethylated DMRs

(hyper-DMRs). The majority overlapped with intronic
and intergenic regions (Supplemental Fig. S3B). There
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was ∼2.5-fold enrichment for enhancers and coding exons
(Fig. 2B). Moreover, hyper-DMRs were enriched at sites
marked by 5fC or 5caC after Tdg knockdown (Shen et al.
2013) and, to a lesser extent, at sites marked by 5hmC
(Shen et al. 2013; Kong et al. 2016). Hyper-DMRs were
also enriched for TET-dependent hyper-DMRs (Lu et al.
2014). Positional correlation analysis centered on hyper-
DMRs revealed prominent overlap with sites marked by
5hmC (Fig. 2C). Hyper-DMRs also overlapped with 5fC/
5caC peaks accumulating in Tdg knockdown ESCs
(Shen et al. 2013), indicating that hyper-DMRs are targets
of TET/TDG-mediated cytosine oxidation and excision in
ESCs. In contrast, there was little overlap with 5mC sites,
indicating that the association of hyper-DMRs occurred
specifically with oxidized cytosines.

In another positional correlation analysis, we plotted
the average levels of methylation change between TKO
and control ESCs against the center of genomic features
derived from a wide panel of published genome-wide
mapping data sets in ESCs, including 5mC oxidative de-
rivatives, DNA-binding factors, andmajor histonemodifi-

cations. Moreover, we divided the analysis between
proximal and distal elements with regard to gene tran-
scription start sites. This analysis corroborated that the
main co-occurrence of hypermethylation in TKO ESCs
was with sites marked by 5fC and 5caC in both proximal
and distal sites (Fig. 2D, top three rows). Hypermethyla-
tion accumulated also at the center of 5hmC peaks but
to a lower level and restricted to distal loci.

Conversely, CpG islands (CGIs), which typically occur
at proximal sites, showed the lowest levels ofmethylation
difference, consistent with the fact that they are constitu-
tively unmethylated (Deaton and Bird 2011). Other geno-
mic features correlated with promoter CGIs, such as
Pol2, TBP, and transcription elongation factors (Nelfa
and Spt5), followed this trend. In general, thismethylation
signature parallels the signature inTet1,2,3TKOESCs (Lu
et al. 2014), whereby TET-mediated DNA demethylation
(1) occurs mainly at distal regulatory elements and (2) af-
fects sites marked in control cells by 5fC and 5caC more
pronounced than those marked by 5hmC. We conclude
that the hypermethylation signature in TKO ESCs closely

D
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Figure 1. Gadd45 TKO ESCs are pluripotent and
show normal global levels of DNA modifications.
(A) Scheme of the CRISPR/Cas9-mediated Gadd45
knockout strategy. Numbers indicate exons, and red
bars indicate the location of deletion. (B) Relative ex-
pression of representative pluripotency markers in
control (Co) and Gadd45 TKO ESCs measured by
quantitative PCR (qPCR). Expression values are rela-
tive to the average expression in control ESCs. (C ) He-
matoxylin/eosin staining of paraffin control and
Gadd45 TKO teratoma sections. Representative ex-
amples for ectoderm, endoderm, and mesoderm de-
rivatives are shown. (D–G) 5mC, 5hmC, 5fC, and
5caC levels in individual control ESC and Gadd45
TKO ESC clones determined by liquid chromatogra-
phy-tandem mass spectrometry (LC-MS/MS). Values
are given as the percentage of total cytosine (C).
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correlates with loci processed by TET/TDG, consistent
with GADD45 proteins acting in locus-specific DNA
demethylation.
We segmented hyper-DMRs and carried out transcrip-

tion factor (TF)-binding motif analysis using HOMER
(Fig. 3A). The most prominent hit in all DMRs was Klf5,
a possible reader of methylated DNA (Spruijt et al. 2013;
Liu et al. 2014), which promotes the pluripotent ESC state
and is required for trophectoderm development (Ema et al.
2008; Parisi et al. 2008). Other prominent hits were Ets-
like TF-binding elements (Ehf, Etv1, Fli1, and Elk4/1).
Interestingly, hyper-DMRs overlapping with enhancers
harboring 5hmC were enriched for motifs of Zscan4, a
key regulator of the 2C-like state.

Methylation-regulated genes are down-regulated
in Gadd45 TKO ESCs

To identify genes differentially expressed upon Gadd45
deficiency, RNA sequencing (RNA-seq) analysis was car-
ried out under three culture conditions: normal serum

culture and two conditions inducing global demethyla-
tion: vitamin C and 2i treatment (Blaschke et al. 2013;
Ficz et al. 2013; Leitch et al. 2013). A total of 135 genes
was differentially expressed in Gadd45 TKO ESCs versus
control ESCs during normal serum culture (FDR 10%).
This number decreased sharply upon vitamin C or 2i
treatment (Fig. 3B), supporting that gene deregulation in
TKO ESCs is due directly or indirectly to DNA hyperme-
thylation. Around 25% of deregulated genes overlapped
with hyper-DMR-associated genes (Supplemental Fig.
S3C), further indicating that only a moderate fraction of
GADD45-dependent genes are methylation-regulated.
This is in line with generally modest correlation between
gene expression and DNA methylation in ESCs (Karimi
et al. 2011; Lu et al. 2014). Genes down-regulated in
Gadd45 TKO ESCs overlapped significantly with genes
up-regulated in Dnmt1−/−/Dnmt3a−/−/Dnmt3b−/− TKO
ESCs (Fig. 3C; Karimi et al. 2011). Consequently, localiza-
tion of genes down-regulated inGadd45 TKO ESCs is en-
riched on the X chromosome (Benjamini P = 2.2 × 10−6), as
has been observed for up-regulated genes in Dnmt TKO

C

B

A D Figure 2. Loci undergoing TET-dependent oxida-
tion are hypermethylated in Gadd45 TKO ESCs.
(A) The bimodal methylation pattern of individual
CpG sites in ESCs is skewed to a higher methylation
level in Gadd45 TKO ESCs. Methylation levels are
shown as the average of two biological replicates.
(UMR) Unmethylated regions; (LMR) lowly methyl-
ated regions; (FMR) fully methylated regions as
defined by Stadler et al. (2011). (B) Relative enrich-
ment of Gadd45 TKO hypermethylated DMRs (hy-
per-DMRs) at various genomic elements (red),
oxidative 5mC derivatives, and Tet-TKO hyper-
DMRs (blue). (C ) Heat maps of depicted DNA modi-
fications (Shen et al. 2013) centered (±5 kb) on
Gadd45 TKO hyper-DMRs (black triangles) in un-
treated and shTdg-treated ESCs. (D) Average methyl-
ation differences between Gadd45 TKO and control
ESCs around centers (±5 kb) of annotated genomic
features. Methylation differences are shown for prox-
imal (within 1 kb of a gene transcription start site)
and distal features. Red areas highlight oxidized
5mC derivatives.
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ESCs (Fouse et al. 2008). These genes tend to be involved
in germ cell regulation (Wang et al. 2001).Moreover, genes
deregulated in Gadd45 TKO ESCs correlated with genes
deregulated upon Tet1 knockdown in ESCs (Fig. 3D;
Huang et al. 2014).

Previous studies showed that DNA methylation and
demethylation play a more important role during dif-
ferentiation than during pluripotency (Lei et al. 1996;
Okano et al. 1999; Jackson et al. 2004; Sakaue et al.
2010; Dawlaty et al. 2014). We therefore subjected TKO
ESCs to three differentiation protocols and analyzed tran-
scriptome changes by RNA-seq. First, ESCs were differ-
entiated for 8 d as embryoid bodies (EBs). Second, we
differentiated ESCs for 6 d in serum-free monolayer cul-
ture. Third, ESCs were differentiated for 4 d as EBs and
then treated for four more days with retinoic acid (RA).
While the latter two protocols favor neuronal differentia-
tion, the unguided EB culture allows differentiation into
all three germ layers (Ying et al. 2003; Bibel et al. 2007).
Gadd45a, Gadd45b, and Gadd45g were all expressed at
varying levels under these differentiation regimes (Sup-
plemental Fig. S3D).

The number of differentially expressed genes in TKO
cells versus control cellswas907uponmonolayer differen-
tiation and 659 in EBs (FDR 10%) (Fig. 3E), and thus gene
deregulation in Gadd45 TKO cells is indeed increased
upon differentiation (Fig. 3, cf. B and E). Only 22 genes
weredifferentiallyexpressed inRA-treatedEBs, suggesting
that the particular neural lineages induced by RA are less
sensitive to Gadd45 deficiency. Only 48 genes were com-
monly deregulated inTKOcells between EB andmonolay-
er differentiation (data not shown), indicating that the
functionof theGadd45 genes is highly context-dependent.
Interestingly, genes differentially expressed in Gadd45
TKO EBs were more than twice as likely to be marked by
5fC in their promoter regions compared with unaffected
genes (Supplemental Fig. S3E), supporting that GADD45-
dependent genes are prone to undergo active DNA deme-
thylation during EB differentiation.

Gene ontology (GO) term analysis in TKO EBs showed
that down-regulated genes were highly enriched for devel-
opmental terms such as system development, cell fate
determination, cell migration, and axon guidance (Supple-
mental Fig. S4A). Less pronounced GO term enrichment

BA

C

ED

HGF

Figure 3. Methylation-regulated genes are down-
regulated in Gadd45 TKO ESCs. (A) Motif analysis
of hyper-DMRs inGadd45TKOESCs using HOMER
(Heinz et al. 2010). (B) Differentially expressed (DE)
genes (FDR 10%) identified by RNA sequencing
(RNA-seq) in Gadd45 TKO ESCs versus control
(Co) ESCs, which were untreated, 72-h vitamin
C-treated (VitC), or 72-h 2i-treated. (C ) Overlap of
genes down-regulated and up-regulated in untreated
Gadd45 TKO ESCs and genes up-regulated in
Dnmt1,2,3TKOESCs (Karimi et al. 2011). (D) Scatter
plot of the common deregulated genes (gray) in
Gadd45 TKO and Tet1 knockdown ESCs (log2FC
[log2 of fold change] vs. control ESCs) (Huang et al.
2014). (E) Differentially expressed (DE) genes (FDR
10%) identified by RNA-seq in Gadd45 TKO cells
versus control cells upon monolayer differentiation
(monolayer), embryoid body (EB) differentiation, or
retinoic acid (RA) stimulation during EB differentia-
tion. (F ) Expression of selected GADD45-dependent
genes in control and Gadd45 TKO ESCs measured
by qPCR. Expression is relative to control ESCs.
Data are presented as mean±SD from n =3 indepen-
dent clones and n =3 independent experiments.
(G) GADD45-regulated genes are DNA methyla-
tion-sensitive. Relative expression levels of selected
GADD45-dependent genes in Gadd45 TKO ESCs
upon 48 h of DMSO (mock) or 5′-azadeoxycytidine
(5′-Aza) treatment measured by qPCR. Expression is
relative to DMSO-treated control ESCs. (H) Hyper-
methylation of GADD45-dependent genes. DNA
methylation of the indicated CpGs in the Rhox2a
promoter in control and Gadd45 TKO ESCs moni-
tored by site-specific bisulfite sequencing.
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was found for genes up-regulated in TKOs (Supplemental
Fig. S4B). For genes down-regulated inmonolayer differen-
tiated TKO cells, GO term enrichment was also found for
cell motility related terms (Supplemental Fig. S4C),
whereas genes up-regulated were enriched for develop-
mental and neuronal functions (Supplemental Fig. S4D).
Despite sharing similar gene ontologies, the genes affected
in Gadd45 TKO EBs were largely distinct from those af-
fected in Gadd45 TKO monolayer cells (data not shown).
We conclude that in differentiating ESCs, GADD45 pro-
teins regulate genes related to developmental, neuronal,
and cell motility function, consistent with the involve-
ment of GADD45 proteins in the regulation of neural de-
velopment (Ma et al. 2009; Huang et al. 2010; Kaufmann
and Niehrs 2011).
We validated selected genes commonly deregulated in

Gadd45 TKO, Dnmt TKO, and Tet1 knockdown ESCs
by quantitative PCR (qPCR). Commonly deregulated
genes did not significantly cluster in terms of GO enrich-
ment (data not shown) but included various germline-spe-
cific (e.g., Rhox2a and Asz1) and pluripotency-related
(e.g., Pramel6 and Pramel7) genes (Fig. 3F; Supplemental
Fig. S5A).
To analyze theGadd45 gene redundancy in differential

gene expression, we conducted rescue experiments. Tran-
sient combined overexpression of Gadd45a, Gadd45b,
andGadd45g rescued down-regulation of a panel ofmisre-
gulated genes inGadd45 TKO ESCs and further increased
their expression levels in control ESCs (Supplemental Fig.
S5A). Not only combined but also individual Gadd45a,
Gadd45b, or Gadd45g overexpression was effective in
these rescue experiments, indicating that Gadd45 genes
in ESCs function redundantly (Supplemental Fig. S5B,C).
Genes down-regulated inGadd45TKOESCswere also in-
duced by 5′-deoxyazacytidine treatment (Fig. 3G), further
supporting that gene down-regulation in TKO ESCs in-
volved DNA hypermethylation.
To test directly for DNA hypermethylation in TKO

ESCs,we analyzed themethylation status of regulatory el-
ements in the vicinity of selected GADD45-dependent
genes, which are shared with DNMT- and TET1-depen-
dent genes. The majority of CpG dinucleotides in the
Rhox2a promoter (Fig. 3H), the Pramel6 promoter (Sup-
plemental Fig. S6A), and the Gm364 promoter (Supple-
mental Fig. S6B) were hypermethylated in Gadd45 TKO
ESCs. In contrast, in two control gene promoters display-
ing high and lowmethylation levels, respectively (Sry and
Rerg), no methylation changes were observed in TKO
ESCs (Supplemental Fig. S6C,D).
We conclude that GADD45 proteins act redundantly to

maintain normal expression and methylation levels of se-
lected genes in ESCs and that this list of genes overlaps
with TET1 and DNMT target genes.

Gadd45 TKO ESCs show impaired 2C-like state

Weused the ESCAPE (Embryonic StemCell Atlas of Pluri-
potency Evidence) database (Xu et al. 2014), which
integrates high-content data from ESCs, to conduct en-
richment analysis of genes down-regulated inundifferenti-

ated Gadd45 TKO ESCs (Fig. 4A). The top hit returned
was a set of genes reported up-regulated upon Gadd45a
overexpression (Nishiyama et al. 2009), corroborating
the validity of the ESCAPE analysis. Among the other
hits with similar significance were genes up-regulated
upon misexpression of Zscan4 (Nishiyama et al. 2009), a
TF whose recognition motif was enriched in hyper-
DMRs (Fig. 3A). Zscan4 is a marker and regulator of
the two-cell embryo (Falco et al. 2007). Consistent with
the overlap between GADD45- and ZSCAN4-regulated
genes, we found that genes up-regulated in 2C-like cells
tend to be down-regulated inGadd45TKO ESCs, suggest-
ing a requirement of Gadd45 genes in regulating the
2C-like state (Fig. 4B). Indeed, although only 97 genes in
Gadd45 TKO ESCs were down-regulated (10% FDR),
these were enriched in genes specifically expressed in
2C-like cells (Supplemental Fig. S7A; Macfarlan et al.
2012). In contrast, not a single gene up-regulated in
Gadd45 TKO ESCs overlapped with the 2C gene set. 2C-
specific genes were onlymodestly enriched in the vicinity
of hyper-DMRs (Fig. 4C), which is expectable, since the
2C-like cells represent only a small fraction of the ESC
population. Of these 178 hyper-DMR- and 2C-like-associ-
ated genes, six were also down-regulated in the Gadd45
TKO ESCs (Igfbp2, Inpp4b, Pramel6, Pramel7, Snhg11,
and Tmem92). Other hypermethylated 2C genes may be
down-regulated only upon 2C cycling and hence escape
detection.
To confirm these results, we monitored the expression

of prominent 2C-associated genes in control ESCs and
TKO ESCs after combined overexpression of Gadd45a,
Gadd45b, and Gadd45g or GFP (Fig. 4D). Overexpression
of Gadd45 genes not only rescued down-regulation of the
majority of tested 2C-associated genes in TKO ESCs but
also increased expression levels even in control ESCs. In
contrast, expression of retroviral elements unrelated to
the 2C status (intracisternal A particle) was unchanged.
To investigate the role ofGADD45 in regulating the 2C-

like state, we stably introduced a 2C reporter, Zscan4c::
eGFP (Zalzman et al. 2010), in control and TKO ESCs
(Fig. 4E). Flow cytometry revealed a significant reduction
of Zscan4+ cells in TKO ESCs (Fig. 4F). Combined overex-
pression of the Gadd45 genes rescued the reduction of
Zscan4+ cells inTKOESCs to control levels (Fig. 4G). Like-
wise, individual overexpression ofGadd45a,Gadd45b, or
Gadd45g increased the percentage of Zscan4+ cells as well
as the percentage of cells harboring themERVL 2C report-
er (Macfarlan et al. 2012), suggesting redundant functionof
the GADD45 proteins in 2C regulation (Fig. 4H; Supple-
mental Fig. S7B). Interestingly, long-term 2i treatment
(seven passages), which induces hypomethylation (Ficz
et al. 2013; Leitch et al. 2013), abolished the observed
difference in the 2C-like population (Supplemental Fig.
S7C). In contrast, overexpression of Tet1, Tet2, or Tdg
did not affect the frequency of Zscan4+ cells in TKO or
control ESCs (Supplemental Fig. S7D–F).
Zscan4+ sorted cells show a global demethylation rela-

tive to unsorted ESCs (Eckersley-Maslin et al. 2016). We
confirmed byMS that control Zscan4+ cells show reduced
5mC levels (Fig. 4I, cf. control “unsorted” and “Zscan4+”),
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while Zscan4+ TKO cells showed hypermethylation. No
difference was found for 5hmC (Fig. 4J).

Gene expression analysis of TKO ESCs (Fig. 5A) re-
vealed reduced RNA levels of 2C-specific genes in not
only unsorted but also Zscan4+ TKO ESCs (e.g., Zscan4,
Sp110, and Tcstv1). This reduction was not due to
deficient maintenance of the 2C-like state but reflected
deficient entry, since cycling out of the Zscan4+ state oc-
curred with the same kinetics in control and TKO ESCs
(Fig. 5B).

Among the down-regulated 2C genes was Dux, a key
regulator of ESCs cycling into the 2C-like state (De Iaco
et al. 2017; Hendrickson et al. 2017). This suggested that
GADD45 may act upstream of DUX to promote the 2C-
like state. Concordantly, overexpression of Dux using a
doxycycline-inducible plasmid restored the reduced num-
ber of 2C-like cells in TKO ESCs (Fig. 5C). The expression
level of repressors of the 2C-like state (Trim28, Lsd1,G9a,
and Chaf1a) was not altered in unsorted or Zscan4+ or
Zscan4− TKO ESCs (Supplemental Fig. S7G).

Finally, we explored the consequences of 2Cmisregula-
tion in ESC transdifferentiation. While ESCs normally do
not give rise to trophoblasts, they do sporadically transdif-
ferentiate into this lineage,which can be further enhanced
by BMP4 treatment (Beddington and Robertson 1989;
Hayashi et al. 2010). Trophoblast transdifferentiation in-
volves 2C cycling, since 2C-like cells are not lineage-
restricted (Macfarlan et al. 2012), and cycling through
the 2C-state is critical to restore the full developmental
capacity in ESCs (Amano et al. 2013). We treated ESCs
with BMP4, which induced 2C-associated genes (Fig.
5D) as well as the trophoblast stem cell markers Cdx2
and Elf5 (Fig. 5E), supporting that ESCs use the 2C-like
state during transdifferentiation. Induction of both 2C
and trophoblast markers was greatly reduced in TKO
ESCs. Moreover, expression of placental markers induced
by BMP4 (e.g., Serpin, Psg, and Prl gene families) was al-
most abolished in TKOs (Fig. 5F). The reduced transdiffer-
entiation potential of Gadd45 TKO ESCs is consistent
with impaired 2C-like cycling. Interestingly, Dnmt1

BA

C
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Figure 4. Gadd45 TKO ESCs show impairment of
the 2C-like state. (A) Enrichment analysis of genes
down-regulated in Gadd45 TKO ESCs using the ES-
CAPE database (Xu et al. 2014). Enrichment analysis
shows a significant overlap with genes deregulated
(up or down) upon overexpression of, for example,
Gadd45a or Zscan4c. (B) Scatter plot of the common
deregulated genes (gray) in Gadd45 TKO ESCs and
up-regulated in the 2C-like state (log2FC [log2 of fold
change versus control ESCs]) (Macfarlan et al. 2012).
(C ) Overlap between 2C-associated (Macfarlan et al.
2012) and hyper-DMR-associated genes. (D) qPCR ex-
pression analysis of selected 2C-associated genes and
retroviral elements in control (Co) and Gadd45 TKO
ESCs 48 h after transfection with the indicated genes.
Expression is relative to GFP transfected control
ESCs. Data are presented as mean±SD from n= 3 in-
dependent clones and n =2 independent experiments.
Statistical significance was tested with two-tailed
paired Student’s t-test. (E) Scatter plot showing
Zscan4c::eGFP-positive cells in bulk control ESCs
measured by flow cytometry analysis. Representative
gates used for bulk analysis are boxed. (F ) Flow cy-
tometry analysis of Zscan4c::eGFP-positive cells in
control and Gadd45 TKO ESCs. (G) Flow cytometry
analysis of Zscan4c::eGFP-positive cells in control
or Gadd45-TKO ESCs 48 h after transfection with
the indicated genes. Data are presented as means ±
SD from n =3 independent clones and n=2 indepen-
dent experiments. Statistical significance was tested
with two-tailed unpaired (TKO vs. control [Co])
or paired (BFP vs. Gadd45 overexpression) Student’s
t-test. (H) Flow cytometry analysis of Zscan4::eGFP-
positive cells in control ESCs 48 h after transfection
with the indicated genes. Statistical significance
was tested with two-tailed paired Student’s t-test.
(I,J) 5mC and 5hmC levels in unsorted or Zscan4−

or Zscan4+ sorted control ESCs and Gadd45 TKO
ESC clones determined by LC-MS/MS. Values are
the percentage of total cytosine (C).
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deficiency yields the opposite phenotype to Gadd45 defi-
ciency; i.e., activation of trophoblast lineage markers
(Cambuli et al. 2014). Our data are therefore in line with
the notion that DNA methylation is a barrier to ESC-to-
trophoblast transdifferentiation (Ng et al. 2008).

(Gadd45a/Gadd45b)−/− mice are sublethal and show
partially impaired ZGA gene expression

Interrogating a database of early mouse transcriptome
(Park et al. 2015) revealed that Gadd45a and Gadd45b
belong to a “two-cell transient” cluster, showing a peak
of expression specifically in two-cell embryos (Fig. 6A).
Gadd45g belongs to the “major ZGA cluster” but shows
lowexpression during cleavage stages. This raised the pos-
sibility that the impairment of 2C cycling in ESCs in fact
reflects a role for GADD45 in the embryonic two-cell
stage, coinciding with the major phase of ZGA (Eckers-
ley-Maslin et al. 2018). Single Gadd45a, Gadd45b, or
Gadd45g mutants are viable and fertile (Hollander et al.
1999; Lu et al. 2001, 2004), but our results in ESCs indicate
that they may compensate for each other in 2C state reg-
ulation. As generation of triplemutants is challenging, we
generatedGadd45a,b double-knockout (DKO)mice by in-
tercrossing double-heterozygous animals. All nine possi-
ble genotypes were obtained at expected Mendelian
ratios, except for the homozygousGadd45a,b double mu-
tants, whose frequency was 50% reduced (Fig. 6B, arrow).
Surviving DKO mice showed normal body size but dis-
played phenotypic abnormalities characteristic of neural
tube closure defects (NTDs) such as curly tail and spina bi-
fida. Litter size of DKO intercrossing was 50% reduced
compared with double-heterozygous crosses (Fig. 6C).
At embryonic stage 13.5 (E13.5), 50% (n = 24) of DKO em-
bryos resulting from double-heterozygous breeding and
80% (n = 37) of embryos from homozygous DKO breeding
also showed, beyond curly tail and spina bifida, defects
such as exencephaly and cranial hemorrhage (Fig. 6D,E;
Supplemental Fig. S7H). Sublethality, exencephaly, and
cranial hemorrhaging are also observed in Tet1,2 DKO
mice (Dawlaty et al. 2013). The increased phenotypical ab-
normalities of DKO embryos resulting from breeding ho-
mozygous DKOs compared with double-heterozygous
mice hints at a requirement of GADD45 in the germline,
as is the case for TET1 (Yamaguchi et al. 2013).
To investigate the impact of Gadd45a,b deficiency on

gene expression, we performed transcriptome analysis of
two-cell stage embryos from Gadd45a,b DKO crosses.
Transposable elements (TEs) were hardly affected in
DKO embryos. There were no down-regulated and few
up-regulated TE transcripts, including LINE1 elements
(L1MCc and Lx2B) (Fig. 6F). Also, the number of deregulat-
ed nonrepetitive genes in DKOswas limited (n= 104, 10%
FDR) (Fig. 6G), in accord with the subviability of DKO
mice. However, misregulated genes showed a clear signa-
ture of impaired two-cell stage entry: First, genes down-
regulated in DKOs correlated with genes up-regulated in
two-cell stage embryos comparedwith oocytes (Macfarlan
et al. 2012), while genes up-regulated in DKOs correlated
with genes up-regulated in oocytes (Fig. 6H,I). Second,
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Figure 5. Gadd45TKOESCs show reduced 2C-like gene expres-
sion and transdifferentiation potential. (A) qPCR expression anal-
ysis of selected 2C-associated genes in control (Co) and Gadd45
TKO ESCs in unsorted or Zscan4− or Zscan4+ fluorescence-acti-
vated cell sorting (FACS)-sorted cells. Expression is relative to
the average expression in unsorted control ESCs. (IAP) Intracister-
nal A particle. (B) Reanalysis of Zcan4+ sorted control and TKO
ESCs at the indicated time points using flow cytometry.
(C ) Dux overexpression restores the reduced number of 2C-like
cells in Gadd45 TKO ESCs. Flow cytometry analysis of
Zscan4c::eGFP-positive cells in control and Gadd45 TKO ESCs
48 h after transfectionwith the indicated genes and 24 h after dox-
ycycline addition. Statistical significance was tested with two-
tailed unpaired (TKO vs. control) or paired (luciferase vs. Dux
overexpression) Student’s t-test. (D) qPCR expression analysis of
selected 2C-associated genes in untreated or BMP4-treated (8 d)
control andGadd45 TKO ESCs. Expression is relative to untreat-
ed control ESCs. Data are presented as mean±SD from n=3
independent clones and n =3 independent experiments.
(E,F ) Impairment of trophectoderm transdifferentiation in
Gadd45 TKO ESCs.Gadd45 TKO and control ESCs were treated
for 8 d with BMP4. Induction of early (E) and late (F ) trophecto-
derm (TE) marker genes is relative to BMP4-treated control
ESCs. (UT) Untreated.
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ZGA genes associated specifically with the 2C-like state
(Macfarlan et al. 2012) overlappedwith none of the up-reg-
ulated but seven down-regulated genes in DKOs (Fig. 6J).
The enrichment ofmaternal and depletion of zygotic tran-
scripts in DKO embryos indicates that GADD45α,β pro-
mote the embryonic two-cell stage. Hence, we
monitored the development of wild-type and DKO preim-
plantation embryos in vitro. No differences were observed
for development until the two-cell stage between wild-
type and DKO embryos (data not shown). However, only
∼40% of theDKO embryos reached eight-cell stage versus
∼80% of the wild-type embryos (Fig. 6K). The affected
DKO embryos remained at two- or four-cell stage or
died. Incomplete penetrance of preimplantation defects
are also observed in other mutant mice (Narducci et al.
2002). However, the impaired in vitro preimplantation de-
velopment supports our findings in mouse ESCs showing

that GADD45 proteins are involved in two-cell stage
regulation.

Discussion

GADD45α,β,γ are adaptors for TET/TDG-mediated DNA
demethylation, but in which physiological processes
and at which genomic loci they mediate demethylation
remain poorly understood. In addition, they show overlap-
ping expression and hence may act functionally redun-
dant, complicating their analysis. Here we present
analyses of TKOESCs andGadd45a,bDKOmice showing
that (1) GADD45α,β,γ are not required to maintain pluri-
potency and self-renewal in ESCs; however, (2) GADD45
proteins are required for locus-specific demethylation of
∼7000 sites, notably on enhancers and at sites harboring

E F
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Figure 6. (Gadd45a/Gadd45b)−/− mice show embryonic sublethality. (A) Expression analysis of Gadd45a, Gadd45b, and Gadd45g in
preimplantation embryos and ESCs from the Database of Transcriptome in Mouse Early Embryos (DBTMEE) (Park et al. 2015). (FPKM)
Fragments per kilobase of exon model per million reads mapped. (B) Genotypic analysis of progenies from Gadd45a,b double-heterozy-
gous (DHet) mice showing expected and observed Mendelian ratios. (C ) (Gadd45a/Gadd45b)−/− (DKO) intercrossing show reduced litter
size compared with intercrossed double-heterozygous animals. Data points indicate the number of pups per litter. Red lines indicate av-
erage litter size. Statistical significance was tested with two-tailed paired Student’s t-test. (D) Images of E13.5 heterozygous and homozy-
gous Gadd45a/Gadd45b mouse embryos. Scale bar, 2 mm. (E) Developmental abnormalities in DKO embryos showing curly tail (ct),
exencephaly (ex), cranial hemorrhage (he), and spina bifida (sb). (F,G) RNA-seq differential expression analysis of repeats (F ) and genes
(G) in two-cell stage DKO embryos. Significantly deregulated (FDR 10%) repeats and genes are highlighted in blue and red, respectively.
(H–J) Overlap of genes up-regulated and down-regulated in Gadd45a,b DKO two-cell stage embryos and genes normally up-regulated in
two-cell stage embryos (H) or oocytes (I ) or during ZGA (J) (Macfarlan et al. 2012). (K ) In vitro development of wild-type (WT) and
Gadd45a,bDKO preimplantation embryos isolated from three independent breedings. Development was scored 24 h after isolation. Rep-
resentative microscopic images of the scored embryonic stages are shown.
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oxidized 5mC; (3)Gadd45mutant ESCs display methyla-
tion-related gene misexpression; and (4) GADD45 pro-
teins promote the 2C-like ESC state and two-cell
embryo stage, regulating a subset of ZGA-specific genes.

GADD45 proteins are not required for pluripotency
but are required for differentiation of ESCs

We found thatGadd45TKO ESCs remain pluripotent and
self-renew, as has been found for other DNA demethyla-
tion-deficient ESCs such as Tet1,2,3, and Tdg knockout
ESCs (Cortázar et al. 2011; Dawlaty et al. 2014). A previ-
ous study (Li et al. 2015) reported that also Gadd45a,b
DKO ESCs remain pluripotent. In agreement with this
study, overall oxidized cytosine levels were mostly un-
changed in Gadd45 TKO ESCs. This is expected because
GADD45α functions in locus-specific rather than global
demethylation (Schmitz et al. 2009; Schäfer et al. 2013;
Arab et al. 2014,2019). Our rescue experiments indicate
that all three GADD45 proteins can compensate for
the loss of all three genes, supporting their functional
redundancy.
While GADD45 proteins were dispensable for overall

ESC maintenance, a subset of genes was down-regulated
and hypermethylated in TKO ESCs. Moreover, DNA
hypomethylating 2i, vitamin C, and 5-azadeoxycytidine
treatment rescued this down-regulation, suggesting that
it was the direct or indirect consequence of DNA hyper-
methylation. Similarly, previous reduced representation
bisulfite sequencing identified 68 hypermethylated but
no hypomethylated loci in Gadd45a,b DKO ESCs (Li
et al. 2015). Most of these sites overlapped with 5hmC-
and 5fC-enriched regions, corroborating a role in DNA
demethylation. Taken together with the overlap between
the genes misregulated in Gadd45 and Tet mutants, this
supports the conclusion that these two protein families
cooperate in enzymatic DNA demethylation (Arab et al.
2014, 2019; Kienhöfer et al. 2015; Li et al. 2015).
Even though GADD45 proteins act locally and DNMTs

act globally, therewas a significant overlap between genes
misregulated inGadd45TKOESCs andDnmtTKOESCs.
However, despite millions of genomic sites that become
unmethylated in Dnmt TKO ESCs, including at least
6100 promoters, only a few hundred genes are actually de-
repressed (Karimi et al. 2011). These “hot spot” genesmis-
regulated in Dnmt TKO ESCs are enriched for a role in
germ cell development and localize on the X chromo-
some. Likewise, genes in the MageA and Rhox clusters
that are prominently reactivated in the DNMT TKO
ESCs are down-regulated in Gadd45 TKO ESCs. Thus,
even though DNMTs act globally, respective gene expres-
sion changes in ESCs occur only on hot spots, which are
prone to react to DNA methylation changes, such as
germ cell-specific genes. Indeed, TET1 is a prominent reg-
ulator of gene expression in germ cells (Yamaguchi et al.
2012; Hill et al. 2018), suggesting that ESCs recapitulate
aspects of germ cell gene regulation via DNMT–TET-
mediated methylation–demethylation.
In contrast to a limited role of GADD45 proteins during

ESC pluripotency, gene deregulation in TKOs was greatly

increased upon EB and monolayer differentiation. Neuro-
nal genes were particularly affected, corroborating a role
for Gadd45 genes during neural differentiation (Ma et al.
2009; Huang et al. 2010; Kaufmann and Niehrs 2011). In-
deed, whileGadd45a,bDKOmice were viable, they were
sublethal, with embryos showing gross abnormalities, in-
cluding defects in neural tube closure and brain hemor-
rhage. This phenocopies Tet1,2 DKOs, which are also
sublethal, with affected embryos showing exencephaly
and cranial hemorrhaging and where the defects were at-
tributed to reduced 5hmC, increased 5mC, and aberrant
imprinting (Dawlaty et al. 2013).

TET/TDG processed sites are main targets of GADD45-
mediated DNA demethylation

Ourmethylome analysis of TKOESCs revealed∼7000 hy-
per-DMRs, the greatest number of locus-specific methyl-
ation changes so far reported to be associated with
GADD45 function. Since only 34 hypo-DMRs were de-
tected (arguing against generalized methylation misregu-
lation) and since the most significant association of the
hyper-DMRs was with oxidized 5mC, we conclude that
the hyper-DMRs arose as the result of impaired enzymatic
DNA demethylation. This is consistent with direct inter-
action of GADD45α with both TET1 and TDG (Barreto
et al. 2007; Cortellino et al. 2011; Kienhöfer et al. 2015;
Li et al. 2015). Moreover, GADD45-dependent hyper-
DMRs are enriched at TET-dependent hyper-DMRs (Lu
et al. 2014) with the caveat that the number of called
DMRs is not directly comparable due to differences in
ESC lines and in DMR-calling algorithms used. Consis-
tently, we reached conclusions for Gadd45 TKO ESCs
similar to those that have been reported for Tet1,2,3
TKO ESCs (Lu et al. 2014). First, the most important con-
cordance of hyper-DMRs was with sites marked by oxi-
dized 5mC derivatives. Enrichment of hyper-DMRs at
TDG 5fC and 5caC target sites concurs with the conclu-
sion of a dual role of GADD45α to stimulate TET1 chem-
ical processivity for iterative 5mC oxidation and enhance
TDG processing of 5fC/5caC (Kienhöfer et al. 2015; Li
et al. 2015). Second, enhancers are the most enriched ge-
nomic target of both GADD45- and TET-mediated DNA
demethylation. Enhancers in ESCs tend to be hypomethy-
lated (Stadler et al. 2011; Kieffer-Kwon et al. 2013; Ziller
et al. 2013), and thus GADD45 plays a significant role in
this phenomenon. Enhancers are also the main target of
GADD45α-mediated DNA demethylation in mouse em-
bryonic fibroblasts (MEFs) (Schäfer et al. 2018).
In both Tet andGadd45TKO ESCs, enhancer hyperme-

thylation affected expression of relatively few genes, con-
sistent with the minor role of 5mC in gene repression of
early embryos and ESCs (Fouse et al. 2008; Bogdanović
et al. 2011). The regulatory role of DNA demethylation
for Gadd45 may manifest more upon later cell differenti-
ation, as, e.g., mutation ofDnmt and Tet leads to differen-
tiation defects in ESCs (Jackson et al. 2004; Dawlaty et al.
2014) and lethality in whole embryos (Okano et al. 1999;
Dai et al. 2016). Hence, the dynamics of DNA methyla-
tion in ESCs may reflect a role as molecular memory for
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subsequent enhancer regulation in differentiating cells
rather than in regulation of acute gene expression (Kim
et al. 2018).

GADD45 proteins promote a 2C-like state and ZGA-
specific gene expression

Amain finding of this study is thatGadd45TKOESCs dis-
played impaired cycling into the 2C-like state, and
Gadd45a,b DKOs showed partial gene misregulation at
the two-cell stage as well as embryonic sublethality with
developmental stage arrest. This suggests that 2C cycling
defects in TKOESCsmirror a role ofGADD45 during two-
cell stage development and ZGA. The 2C-like state of
ESCs recapitulates key aspects of the two-cell stagemouse
embryo both phenotypically and molecularly (for review,
see Ishiuchi and Torres-Padilla 2013; Eckersley-Maslin
et al. 2018). Concordantly, Gadd45 expression peaks in
two-cell stage mouse embryos, and, while Gadd45a,b
DKOs display only moderate gene misregulation, our re-
sultsmay underestimate their role, asGadd45g could par-
tially compensate for Gadd45a,b deficiency in DKOs
(Bogdanović et al. 2011).

Entry into the 2C-like state is accompanied by genome-
wide DNA demethylation (Eckersley-Maslin et al. 2016;
Dan et al. 2017). However, ESCs cultured in serum are
in a distinct, potentially artifactual epigenetic state: The
de novo DNA methylation machinery, only transiently
active in embryos during implantation, is instead contin-
uously operating in ESCs (Brandeis et al. 1994; Lienert
et al. 2011). Hence, down-regulation of 2C genes in TKO
ESCs might rather reflect a role of GADD45 proteins dur-
ing early two-cell stage in protecting against de novo
methylation. This is because the genome of two-cell em-
bryos is already hypomethylated due to global demethyla-
tion occurring in zygotes (for review, see Lee et al. 2014;
Messerschmidt et al. 2014; Eckersley-Maslin et al. 2018)
and requires TET3 to protect against de novo DNAmeth-
ylation (Amouroux et al. 2016). It is this protection against
de novo DNA methylation that may require GADD45.

In apparent contradiction to these findings, transition
to the 2C-like state inTetTKOESCs is actually enhanced,
as TET proteins repress type III ERVs and 2C-specific
genes (Lu et al. 2014). Moreover, TetTKOmouse embryos
develop past implantation stage to gastrulae, albeit with
altered expression of a fewhundred genes at the blastocyst
stage (Dai et al. 2016). If GADD45 acts via TETs to affect
2C-like state and two-cell embryo development, how can
this discrepancy be explained? First, Tet TKO mouse em-
bryoswere generated by crossingmicewith TET-deficient
germ cells (Dai et al. 2016) and hence with zygotes that
had adapted to a state completely devoid of TET enzymat-
ic activity. Furthermore, close inspection of Tet1,3 DKO
mice showed unexpected variable expression of ∼150
genes in eight-cell stage embryos, among them the
Zscan4 cluster (Kang et al. 2015). In fact, acute Tet1,2,3
knockdown in oocytes leads to developmental arrest at
two-cell stage with severe ZGA gene misregulation (M
Wossidlo, pers. comm.). Second, TETs have a dual func-
tion involving both their catalytic and noncatalytic

gene-repressive function, the latter being the dominant
gene regulatory mode of TET1 in ESCs (Williams et al.
2011). The repressive role involves recruitment of
KAP1/TRIM28 by TETs, a negative 2C-like state regula-
tor (Lu et al. 2014). Consistent with a dual role, Tet-defi-
cient ESCs and epiblast-derived stem cells can display
either up-regulation or down-regulation of Zscan4 cluster
expression, depending on culture conditions (Yang et al.
2016; Khoueiry et al. 2017). Similarly, for LINE1 regula-
tion, TETs play a dual role in ESCs, activating and silenc-
ing expression via LINE1 promoter demethylation and via
recruiting the SIN3A repressor, respectively (de la Rica
et al. 2016).

In analogy, TETenzymesmay play a dual role in the reg-
ulation of the key developmental transition at the two-
cell stage: First, a repressive one, whereby possibly TET
represses LINE1 elements whose transcripts silence Dux
expression and thereby the two-cell state (Percharde
et al. 2018). Second, a promoting one, as supported by
our study, whereby GADD45 targets TETs to promote
the two-cell stage via demethylation and protection
against de novo methylation.

Materials and methods

Statistics

Unless indicated otherwise, statistical significance was tested
with unpaired two-tailed Student’s t-test with three biological
replicates. Unless indicated otherwise, data are presented as
mean± standard deviation from three independent clones (P <
0.05 [∗], P <0.005 [∗∗], and P<0.0005 [∗∗∗]).
GO enrichment analysis for the ontology “biological process”

was carried out using GOrilla (Eden et al. 2009) using the param-
eter “two unranked lists of genes” and the whole-mouse tran-
scriptome as a background list.
Commonly deregulated genes were identified using publicly

available data sets. Overlaps were identified using ENSEMBL or
RefSeq IDs if available and gene symbols if not. Statistical signifi-
cance of overlaps was determined using hypergeometric test un-
less indicated otherwise (P <0.05 [∗], P<0.005 [∗∗], and P <0.0005
[∗∗∗]). Only genes detectable by both platforms used were con-
sidered. For scatter plots, only genes thatwere significantly dereg-
ulated in both respective studies are shown.

qPCR

Total RNAwas isolated using a Qiagen RNeasy minikit with on-
columnDNase digest (Qiagen). First strand cDNAwas generated
using SuperScript II reverse transcriptase (Invitrogen). Real-time
PCRwas performed in technical duplicates using Roche LightCy-
cler480 probe master and primers in combination with prede-
signed monocolor hydrolysis probes of the Roche universal
probe library (UPL). For quantification, the Roche LC480 quanti-
fication software module was used. Expression levels first were
normalized to Gapdh or Tbp expression, followed by normaliza-
tion to control conditions specific to the individual experiment,
as indicated.

Quantitative MS of DNA modifications

Genomic DNA sample preparation and quantification of 5mC
and its oxidative derivatives was carried out as described before
(Schomacher et al. 2016).
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ESC culture, treatment, and differentiation

ESCs were cultured on gelatinized cell culture vessels in LIF-con-
ditioned DMEM supplemented with 15% ESC-grade FBS, 2 mM
L-glutamine, 50 U/mL penicillin/streptomycin, 1× NEAA, 1
mM sodium pyruvate, and 100 µM β-mercaptoethanol at 37°C,
5% CO2, and 21% O2, with daily medium changes. Cells were
passaged every 2 d once reaching ∼60% confluency with a ratio
of 1:8. For ESC culture on MEF feeder, ESCs were preplated in a
12-well plate with CF-1MEF feeder (American Type Culture Col-
lection). For growth curve analysis, cells were counted in dupli-
cates using a TC10 automated cell counter (Bio-Rad).
For EB differentiation, 3.5 × 106 mouse ESCs were plated on

nonadherent 10-cm bacterial dishes (Greiner) in 15mL of CAme-
dium (Bibel et al. 2007). CA medium was changed every other
day. For RA-induced EB differentiation, CA medium was supple-
mented with RA (final concentration 5 µM) at days 4 and 6 of dif-
ferentiation. EBs were harvested after 8 d of differentiation.
For monolayer differentiation, 5000 ESCs per square centime-

ter were plated on gelatinized cell culture plates in regular ESC
medium on the evening before differentiation. On the next morn-
ing, cells were washed twice with PBS, and mediumwas changed
to N2B27 medium (50% advanced DMEM/F12, 50% neurobasal,
2 mM L-glutamine, 50 U/mL penicillin/streptomycin, 50 µg/mL
BSA, 0.5× N2 supplement [Invitrogen], 0.5× B27-supplement
[Invitrogen]). Medium was changed on days 3 and 5 of differenti-
ation. Cells were harvested after 6 d of differentiation.
For 2i treatment, 230,000 ESCswere plated per six-well plate in

regular ESC medium. On the next day, cells were washed twice
with PBS and cultivated up to 72 h in 2imedium (N2B27medium,
1 µM PD0325901, 3 µM CHIR99021, 4% LIF supernatant).
For vitamin C treatment, 230.000 ESCs per well were plated in

six-well plates in regular ESC medium. The next day, vitamin C
(L-ascorbic acid 2-phosphate sesquimagnesium salt) was added to
a final concentration of 100 µg/mL. Cells were incubated in vita-
min C-containing medium for up to 72 h and passaged once dur-
ing that time.
For 5-azacytidine treatment, ESCs were incubated in 10 µM

5-deoxyazacytidine in ESC medium for 48 h.
For transdifferentiation, ESCswere resuspended inDMEMsup-

plemented with 15% knockout serum replacement (Invitrogen),
2 mM L-glutamine, 50 U/mL penicillin/streptomycin, 1×
NEAA, 1 mM Na-pyruvate, 100 µM β-mercaptethanol medium,
and 10 ng/mL recombinant hBMP-4 (R&D Systems) after passag-
ing and plated at a density of 104 cells per square centimeter on
gelatinized cell culture vessels. Medium was changed on days 2,
4, 6, and 7 of transdifferentiation. Cells were harvested after 8 d.
For transient overexpression, preplated ESCs were transfected

with Lipofectamine 2000 (Thermo Fisher) according to the man-
ufacturer’s recommendations. Medium was renewed on the next
day, and cells were harvested 48 h after transfection.

CRISPR/Cas9-mediated knockout and introduction of stable-expressing
Zscan4c::eGFP

ESCswere seeded on 10-cm dishes (1.45× 106 each) and transfect-
ed on the next day with either (1) 13.5 µg of empty px330 vector
and 1.5 µg of pPuro or (2) 2.25 µg of each of the six gRNA-contain-
ing plasmids (see the Supplemental Material) and 1.5 µg of pPuro
using 45 µL of Lipofectamine 2000 (Thermo Fisher) in a volume of
1.5mL of OptiMEMbut otherwise as described above. ESCs were
passaged from one 10-cm dish to two 15-cm dishes the following
day. Cells were selected with 2 µg/mL puromycin from 48 h after
transfection and kept under selection until the day of freezing.
Forming ESC colonies were transferred to gelatinized 48-well
plates 6 d after passaging. On the next day, colonies were washed

oncewith 500 µL of PBS, dissociatedwith 100µL of 0.25%trypsin
for 90 sec at 37°C, quenched with 800 µL of ESC medium, and
plated on a new 48-well plate. Three days later, cells were pas-
saged and partially used for genotyping PCR (for primers, see
the Supplemental Material). For transfection of Zscan4c::eGFP,
1 × 106 ESCs were seeded on gelatinized 10-cm dishes and trans-
fected 4 h after seeding using Lipofectamine 2000 (Thermo Fish-
er). Cells were selected with 5 µg/mL blasticidin 48 h after
transfection for 11 d, expanded, and frozen for further analysis.
For transfection of 2C::tdTomato reporter (Addgene, 40281) 1 ×
106 ESCswere seeded on gelatinized 10-cmdishes and transfected
4 h after seeding using Lipofectamine 2000 (Thermo Fisher). Cells
were selectedwith 150 µg/mL hygromycin 48 h after transfection
for 7 d, expanded, and frozen for further analysis.

Plasmids

pZscan4-Emerald was a kind gift from M. Ku (Zalzman et al.
2010). pCW57.1_Luciferase and pCW57.1_mDuxCA-3xHA were
a kind gift from B. Cairns (Hendrickson et al. 2017). The expres-
sion constructs in this study were pCS2+ Flag_hTDG (Scho-
macher et al. 2016), pCS2+GFP (Barreto et al. 2007), pCS2+
myc-MmGadd45a (M Gierl, unpubl.), pCS2+myc-MmGadd45b
(M Gierl, unpubl.), pCS2+myc-MmGadd45g (Gierl et al. 2012),
and pRKW2-mTet2 (Ko et al. 2010). The catalytic domain of
mouse Tet1was inserted into pCS2+ as an N-terminal HA tag ex-
pression construct (A Ernst, unpubl.).

Teratoma assays

ESCs were sent cryoconserved to EPO Berlin GmbH, where they
were thawed and passaged twice before transplantation. Cells
were resuspended in PBS, mixed with Matrigel, and transplanted
into the flanks of three NSG mice per mouse ESC clone. Tumor
weight and size were measured twice per week. Animals injected
with the same ESC clone were sacrificed once the average tumor
size reached ∼1.0 cm3. Tumors were excised, weighed, and cut.
One-third was shock-frozen, and two-thirds were fixed in forma-
lin. Formalin-fixed tumors were paraffin-embedded, sectioned,
and stained with hematoxylin and eosin.

Flow cytometry analysis and fluorescence-activated cell
sorting (FACS)

Cells were detached using 0.25% trypsin and resuspended in PBS
containing 2.5% ESC-grade and 5 mM EDTA (pH 8). Suspended
cells were then analyzed by the BD LSRFortessaSORP flow cy-
tometry system using DiVa software. For downstream analysis
on sorted ESCs, cells were sorted according to the fluorescence
intensity of eGFP into PBS using BD FACSAria III SORP with a
85-µm nozzle. Data analysis was performed with FlowJo software
(version 10.5.3).

WGBS

Genomic DNA from control andGadd45TKOESCswas purified
using a QIAamp DNA minikit (Qiagen) according to the manu-
facturer’s recommendations. An additional RNase A treatment
(10 mg/mL; Qiagen) was done after cell lysis. WGBS library prep-
aration was carried out using the TruSeq PCR-free library pre-
paration kit (LT) and the Epitect kit (Qiagen) for bisulfite
conversion. Sequencing was performed on Illumina HiSeq X in
paired-end mode (PE150).
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RNA-seq

ESC samples Total RNA was isolated using the RNeasy minikit
(Qiagen) with on-column DNase digest. Next-generation se-
quencing (NGS) library preparation was performed using Illumi-
na’s TruSeq stranded mRNA HT sample preparation kit with
dual indexing following the standard protocol (Illumina,
15031047 revision D). Libraries were profiled with a DNA 1000
chip on an Agilent 2100 Bioanalyzer and quantified using the
Qubit dsDNAHS assay kit on a Qubit 2.0 fluorometer (Life Tech-
nologies). All 36 samples were pooled in equimolar ratio and se-
quenced on eight HiSeq 2000 lanes for 35 cycles plus an
additional 16 cycles for the i7 and i5 index reads.

Isolation and culture of preimplantation embryos For RNA-seq, two-
cell stage embryos were collected from 3-wk-old wild-type (n =
4) and (Gadd45a/Gadd45b)−/− (n=4) superovulated females 20
h after the appearance of the vaginal plug. Two-cell stage embry-
os coming from the same litter were pooled and considered as
one biological sample. Embryos were collected in M2 medium
(Sigma) supplemented with 0.3 mg/mL hyaluronidase (Sigma),
washed twice with PBS, and directly transferred into lysis buffer
(Smart Seq version 4 ultralow input RNA kit for sequencing,
Takara). Sample preparation was done according to the manu-
facturer’s recommendations. cDNA was amplified using 11
PCR cycles. NGS library preparation was performed using
NuGEN’s Ovation ultralow system V2 1-96 (2014). Libraries
were prepared with a starting amount of 2.36 ng of fragmented
cDNA and were amplified in 11 PCR cycles. Libraries were pro-
filed in a high-sensitivity DNA on a 2100 Bioanalyzer (Agilent
Technologies) and quantified using the Qubit dsDNA HS assay
kit in a Qubit 2.0 fluorometer (Life Technologies). All eight sam-
ples were pooled in equimolar ratio and sequenced on one Next-
Seq 500 high-output FC SR for 85 cycles plus seven cycles for
the index read.
For the in vitro development assay, mouse preimplantation

embryos were collected as described above and then cultured in
EmbryoMax human tubal fluid medium (Millipore) for 48 h at
37°C and 5% CO2. The experiment was performed in biological
triplicates using three independent breedings for wild-type and
(Gadd45a/Gadd45b)−/− animals.

Animal experiments

Gadd45a and Gadd45b knockout mice were kindly provided by
M.C. Hollander (Hollander et al. 1999; Gupta et al. 2005). Both
strains were backcrossed several generations into the C57BL/6N
background and interbred to obtain Gadd45a+/−/Gadd45b+/−

(DHet) mice, which were further intercrossed to generate wild-
type, Gadd45a+/−/Gadd45b+/−, and Gadd45a−/−/Gadd45b−/−

(DKO) animals from a homogeneous genetic background. Mice
were housed under 12:12 light/dark cycles and provided with ad
libitum food andwater in accordancewith national and European
guidelines. For embryo isolation at stage E13.5, timed matings
were set up betweenDHetmice andDKOanimals.All procedures
were performed with the approval of the ethical committees on
animal care and use of the federal states of Rheinland-Pfalz,
Germany.

Data availability

All NGS data have been deposited in the NCBI’s Gene Expres-
sion Omnibus (GEO) under superseries accession number
GSE127720.
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