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Changes in DNA methylation are among the best-documented epigenetic alterations accompanying organismal
aging. However, whether and how altered DNA methylation is causally involved in aging have remained elusive.
GADD45α (growth arrest andDNAdamage protein 45A) and ING1 (inhibitor of growth familymember 1) are adapter
proteins for site-specific demethylation by TET (ten-eleven translocation) methylcytosine dioxygenases. Here we
show that Gadd45a/Ing1 double-knockout mice display segmental progeria and phenocopy impaired energy ho-
meostasis and lipodystrophy characteristic ofCebp (CCAAT/enhancer-binding protein) mutants. Correspondingly,
GADD45α occupies C/EBPβ/δ-dependent superenhancers and, cooperatively with ING1, promotes local DNA
demethylation via long-range chromatin loops to permit C/EBPβ recruitment. The results indicate that enhancer
methylation can affect aging and imply that C/EBP proteins play an unexpected role in this process. Our study
suggests a causal nexus between DNA demethylation, metabolism, and organismal aging.
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Mammalian DNA methylation is a common epigenetic
mark implicated in development and disease (Jones
2012). Alterations of DNA methylation patterns accom-
panying aging are exceptionally well documented (for re-
views, see Issa 2014; Klutstein et al. 2016; Pal and Tyler
2016) to the extent that they are predictive of chronologi-
cal and biological age (Hannum et al. 2013; Horvath 2013).
However, despite this extensive literature, it remains elu-
sive whether DNA methylation changes are causative or
bystanders of an underlying aging process. Likewise, it is
unknown whether regulators of DNA methylation play
a role in aging.

DNA methylation is reversible by enzymatic “active”
DNA demethylation, with examples in plants, animal de-
velopment, adult tissue homeostasis, and disease (Pastor
et al. 2013;WuandZhang2017).The currently best-under-
stood mechanism of enzymatic DNA demethylation
involves oxidation ofmethyl groups via the TET (ten-elev-
en translocation) family of methylcytosine dioxygenases
(Kriaucionis and Heintz 2009; Tahiliani et al. 2009;

Guo et al. 2011; He et al. 2011). TET enzymes convert
5-methylcytosine (5mC) sequentially to 5-hydroxyme-
thylcytosine (5hmC), 5-formylcytosine (5fC), and 5-car-
boxylcytosine (5caC) (He et al. 2011; Ito et al. 2011).
DNA repair via thymineDNAglycosylase (TDG) removes
5fC and 5caC to restore unmethylated cytosine (Cortazar
et al. 2011; Cortellino et al. 2011; Shen et al. 2013).

An effector ofTET/TDG-mediated demethylation is the
stress response proteinGADD45α (growth arrest andDNA
damage protein 45A; a member of a small protein family
that also includes GADD45β and GADD45γ), which pro-
motes site-specific demethylation (Barreto et al. 2007;
Rai et al. 2008; Ma et al. 2009; Schmitz et al. 2009; Le
May et al. 2010; Li et al. 2010; Sen et al. 2010; Matrisciano
et al. 2011; Zhang et al. 2011; Gavin et al. 2012; Arab et al.
2014; Sabag et al. 2014). GADD45α directly interacts with
TET1 and TDG to enhance turnover of oxidized cytosines
(Cortellino et al. 2011; Arab et al. 2014; Kienhöfer et al.
2015; Li et al. 2015). Therefore, GADD45α acts as an
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adapter that recruits DNA-modifying enzymes to specific
sites in the genome and promotes local demethylation.
GADD45α relies on bridging factors to be directed to spe-
cific loci (Schmitz et al. 2009; Schäfer 2013; Arab et al.
2014; Rajput et al. 2016), including the histone reader
ING1 (inhibitor of growth familymember 1), whose C ter-
minus mediates direct binding to GADD45α (Schäfer et
al. 2013). ING1 contains a plant homedomain (PHD) finger
motif, which recognizes trimethylated histone H3 at Lys4
(H3K4me3) (Shi et al. 2006; Pena et al. 2008; Schäfer et al.
2013; Cheng et al. 2014), a promoter-specific mark anti-
correlated with DNA methylation (Okitsu and Hsieh
2007;Weber et al. 2007). ING1 is involved in chromatin re-
modeling and transcriptional regulation, regulating cell
growth, apoptosis, senescence, and tumorigenesis (Tallen
and Riabowol 2014), and cooperates with GADD45α dur-
ing in vitro differentiation of C3H10T1/2 cells (Wang
et al. 2017). Gadd45a and Ing1 are both stress response
genes, and mice deficient for either gene are viable al-
though radiation-sensitive and tumor-prone (Hollander
et al. 1999; Kichina et al. 2006; Coles et al. 2007).
Herewe characterizedGadd45a/Ing1homozygous dou-

ble-knockout mice to reveal synthetic phenotypes, since
the function of proteins acting in a complex is often pheno-
typically buffered (Baryshnikova et al. 2013). Strikingly,
Gadd45a/Ing1 double-knockout mice exhibit symptoms
of premature aging, including reduced life span, kyphosis,
weight reduction, ovarian atrophy, female infertility, bone
marrow fattening, and skin senescence. Molecular analy-

sis of mutant cells reveals that GADD45α/ING1 target
DNA demethylation of C/EBP (CCAAT/enhancer-bind-
ing protein)-dependent superenhancers. Correspondingly,
Gadd45a/Ing1-null mice phenocopy C/EBP malfunc-
tion, with symptoms that recapitulate lipodystrophy and
metabolic defects characteristic of progeroid mice and
humans. Our study indicates that GADD45α/ING1medi-
ate site-specific demethylation to regulate aC/EBP-depen-
dent program, controlling metabolism and aging.

Results

Premature aging inGadd45a/Ing1 double-knockout mice

We noted that, unlike single mutants (Hollander et al.
1999; Kichina et al. 2006), Gadd45a/Ing1 double-knock-
out mice showed symptoms of premature aging. Mice
had a reduced life span with a median of only 2.5 mo
(Fig. 1A), showed prominent spinal kyphosis indicative
of osteoporosis or degenerative disc disease (Fig. 1B), had
a lower proliferation rate of embryonic fibroblasts (MEFs
[mouse embryonic fibroblasts]) (Fig. 1C; Lopez-Otin et
al. 2013), and had a thinner dermis containing senes-
cence-associated β-galactosidase (SA-β-Gal)-positive cells
(Fig. 1D,E; Supplemental Fig. S1A,B; Dimri et al. 1995;
McCullough and Kelly 2006). SA-β-Gal was alsomildly el-
evated in double-knockout MEFs, although the senes-
cence marker p16Ink4a was unaffected (Supplemental
Fig. S1C,D). Double-knockout mice also had increased
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Figure 1. Premature aging of Gadd45a/Ing1
double-knockout mice. (A) Kaplan-Meier survival
curves of mice of the indicated genotypes. n = 47–
65 mice per genotype. (DKO) Gadd45a/Ing1 dou-
ble knockout. P-values were based on log-rank
test. (∗∗∗) P < 0.001. (B) Lateral view of mice of
the indicated genotypes. Kyphosis is apparent in
eight of 42 analyzed double-knockout mice.
(C ) Growth curves of MEF cells. Total cell num-
bers were counted at the indicated time points.
Data are presented as mean values of three inde-
pendent MEF lines per genotype ±SD. (∗) P < 0.05.
(D) Histological image (hematoxylin and eosin
[H&E] stain) of hindlimb skin. (E) Epidermis;
(D) dermis. n = 1–4 animals per genotype. (E) Rep-
resentative histological images of SA-β-Gal stain-
ing of dorsal skin. n = 5 animals per genotype. (F )
Representative histological images (H&E stain)
of bone marrow within bones from the iindicated
regions. n = 3–5 animals per genotype. Lipid vacu-
ole accumulation of varying degrees was observed
in four of five Ing1−/− and double-knockout mice,
respectively.
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bone marrow fat (Fig. 1F), a hallmark of aging (Moore and
Dawson 1990). Phenotypic analyses were carried out in
young (4 mo of age), superficially healthy-looking mice
to avoid secondary effects.

Additional premature aging-related symptoms in dou-
ble knockouts were identified and characterized following
the molecular analysis described in detail in the sections
below but, in brief, included reduced adipogenic differen-
tiation, elevated cytokine and inflammation-associated
gene expression, reduced body weight and lipodystrophy,
and female infertility—all symptoms characteristic of
aging (Kirkland et al. 2002; Lepperdinger 2011; Tilly and
Sinclair 2013). Indeed, Gadd45a/Ing1 double-knockout
mice bear a striking resemblance to nucleotide excision
repair (NER)-defective progeroid mice (van de Ven et al.
2006), and, like them, double-knockout mice also exhibit
hypoglycemia and reduced IGF1 (insulin-like growth
factor 1) levels (see below). However, while Gadd45a sin-
gle-mutant MEFs showed a moderate delay of NER-medi-
ated UV repair as reported (Smith et al. 2000), this delay
was not significantly exacerbated in double-knockout
MEFs (Supplemental Fig. S1E). Similarly, base excision re-
pair in double-knockoutMEFs was normal (Supplemental
Fig. S1F).

A number of aging hallmarks (Lopez-Otin et al. 2013)
were unaffected in double-knockout MEFs and mice, re-
spectively, including apoptosis (active caspase) (Supple-
mental Fig. S1G), DNA double-strand breaks (γH2.AX
foci) (Supplemental Fig. S1H), telomere length (Supple-
mental Fig. S1I), reactive oxygen species (ROS) production
(Supplemental Fig. S1J,K), WNT signaling (Supplemental
Fig. S1L), and the levels of circulating senescence-associ-
ated factors (Supplemental Fig. S1M).

We conclude that double-knockout mice manifest pre-
mature appearance of some, but not all, of the characteris-
tics (“segments”) observed in natural aging, a condition
known as segmental progeria (Kubben and Misteli 2017).

Gadd45a/Ing1 double-knockout MEFs
show hypermethylation of C/EBP-dependent
superenhancers

To unravel whether DNA methylation changes may
underlie the premature aging of double-knockout mice,
we analyzed the methylome of MEFs because their
embryonic origin avoids accumulation of secondary
methylation changes and because they are more homoge-
neous than adult tissues. For unbiased identification of
GADD45α DNA demethylation targets, we performed
whole-genome bisulfite sequencing (WGBS-seq) of wild-
type and double-knockout MEFs to obtain base-pair-reso-
lution methylomes.

Consistent with other methylomes (Tanaka et al. 1997;
Stadler et al. 2011), CpGs in both wild-type and double-
knockout MEFs showed an approximately bimodal meth-
ylation pattern, with 81.3% highly methylated and 7.3%
lowly methylated sites, while 11.4% of CpGs showed
intermediate methylation levels (Supplemental Fig.
S2A). The overwhelming majority of CpGs had similar
methylation levels in wild-type and double-knockout

MEFs (R2 = 0.87) (Supplemental Fig. S2B), indicating no
global methylation changes. To call differentially methyl-
ated CpG regions (DMRs) between wild-type and double-
knockoutMEFs with high confidence, we used a stringent
cutoff of at least 25% methylation difference on both
strands of three consecutive CpGs. WGBS-seq does not
discriminate 5hmC from 5mC (Booth et al. 2012), but,
for simplicity, we refer to these regions as DMRs here, as
5hmC is 10-fold to 100-fold less abundant than 5mC (Glo-
bisch et al. 2010). DMRswere broadly distributed on all 19
autosomes except for an enrichment near the Gadd45a
and Ing1 knockout loci, situated on chromosomes 6 and
8, respectively (data not shown). These DMRs are likely
due to linkage disequilibrium at the knockout loci and
therefore were removed from further analysis. The DMR
analysis identified 885 hypermethylated and 46 hypo-
methylated regions in double-knockoutMEFs (Supplemen-
tal Table S1). The 20-fold bias toward hypermethylation
is consistent with impaired site-specific DNA demethyla-
tion occurring in double-knockout MEFs.

Twenty-four out of 25 randomly chosen hypermeth-
ylated DMRs were confirmed by methylation-specific
PCR in double-knockout MEFs. Furthermore, in either
Gadd45a or Ing1 single-mutant MEFs, the methylation
levels of most of these DMRs were largely unaffected
(Supplemental Fig. S2C). The results indicate that
GADD45α and ING1 synergize to maintain the hypo-
methylated state of these DMRs.

Subsequently, we focused on hypermethylated DMRs:
Their median size was 78 base pairs (bp) (Supplemental
Fig. S2D), themajority overlappedwith intronic and inter-
genic regions (Supplemental Fig. S2E), and they were
greatly enriched for lowly methylated regions (LMRs) in
wild-type MEFs (Fig. 2A). LMRs are known hot spots for
active DNA demethylation, marked by high density of
5hmC (Yu et al. 2012). Indeed, overlay with 5hmC, 5fC,
and 5caC data from mouse embryonic stem cells (Shen
et al. 2013) revealed that the double-knockout DMRs are
enriched for 5hmC and gain 5fC and 5caC upon Tdg
knockdown (Fig. 2B), corroborating that these are sites un-
dergoing active TET/TDG-mediated demethylation.

LMRs are also strongly associated with and predic-
tive for enhancers marked by H3K4 monomethylation
(H3K4me1) and occupied by p300 histone acetyltransfer-
ase (Stadler et al. 2011). In agreement, comparing DMRs
with ENCODE data (Yue et al. 2014) revealed that hyper-
methylated DMRs were 13-fold enriched at enhancers,
while hypomethylated DMRs showed no enrichment
(Fig. 2C–E; Supplemental Fig. S2F).

Focusing on the genes in proximity to enhancer-associ-
ated hypermethylated DMRs indicated enrichment for
functions related to fat cell differentiation, the cell cycle,
and cell matrix interaction (Fig. 2F). We searched for
transcription factor (TF)-bindingmotifs thatwere overrep-
resented in hypermethylated DMRs using the two inde-
pendent DNA motif analysis algorithms HOMER (de
novo and known motif analysis) (Heinz et al. 2010) and
RSAT (data not shown) (Thomas-Chollier et al. 2012). In-
terestingly, both tools revealed the highest enrichment
for C/EBPβ-binding sites, along with other bZip (basic
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leucine zipper) TFs such as the ATF and AP1 families,
which share similar recognition motifs (Fig. 2G). Data
mining supported that the above TFs are physiologically
bound at theseDMRs:Using publishedChIP-seq (chroma-
tin immunoprecipitation [ChIP] combined with high-
throughput sequencing) profiles frommouse 3T3-L1 fibro-
blasts undergoing adipogenic differentiation (Siersbaek
et al. 2011, 2014), we found that a subset of the enhanc-
er-associated DMRs (22%; n = 156) colocalizes with re-
gions identified previously as adipogenic hot spots (Fig.

2H), which are central constituents in superenhancers
(Siersbaek et al. 2014).
Superenhancers are characteristically hypomethylated

(Hnisz et al. 2013; Heyn et al. 2016) genomic regions of
several kilobases that are enriched for binding of the coac-
tivator Mediator 1 (MED1) and occupied by multiple co-
operating TFs (Hnisz et al. 2013; Loven et al. 2013;
Whyte et al. 2013). Adipogenic hot spots driving adipo-
genic reprogramming of gene expression are locatedmost-
ly within superenhancer regions. They control early
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C Figure 2. Gadd45a/Ing1 double-knock-
out MEFs show hypermethylation of C/
EBP-dependent adipogenic superenhancers.
(A) Overlap of hypermethylated DMRs
in Gadd45a/Ing1 double-knockout MEFs
with regions inwild-typeMEFs that are low-
ly methylated, fully methylated (FMR), or
unmethylated (UMRs). Definitions of
FMRs, LMRs, and UMRs are according to
Stadler et al. (2011). DMRs in partially
methylated regions are not displayed.
(B) Heat maps of depicted oxidative DNA
modifications centered on the double-
knockout hypermethylated DMRs (black
triangles). DNA modifications are from
DIP-seq (DNA immunoprecipitation com-
bined with sequencing) in embryonic stem
cells that were treated with unspecific
(shCo) or Tdg-specific shRNA (Shen et al.
2013). Data were sorted based on cumula-
tive normalized signal intensity of individu-
al DNA modifications around DMRs. The
red–yellow–blue key indicates high to low
DIP-seq signal. (C ) Enrichment of hyper-
methylated DMRs (identified in double-
knockoutMEFs) of the depicted genomic el-
ements. Enhancers are defined by combined
H4K3 monomethylation (H4K3me1) and
H3K27 aetylation (H3K27ac) occupancy in
MEFs. Promoters are defined as ±2 kb
surrounding the transcription start sites
(TSSs). The red line indicates no en-
richment. (D,E) Localization of hyper-
methylated and hypomethylated DMRs
around enhancer marks H3K4me1 (D) and
H3K27ac (E) in MEFs. (F ) Gene ontology
(GO) enrichments of genes in proximity
to enhancer-associated hypermethylated
DMRs with corresponding P-values. The
full list of GO enrichments is shown in Sup-
plementalTable S1. (G) Transcription factor
(TF)-binding motif analysis of hypermethy-
latedDMRs and associatedP-values relative
to genomic background. (H) Heat maps of
the depicted histone marks and TFs cen-

tered on the double-knockout hypermethylated DMRs (black triangles). Histone marks are from ChIP-seq (chromatin immunoprecipita-
tion [ChIP] combinedwithhigh-throughput sequencing) inMEFs (Yue et al. 2014).TFChIP-seq data are from3T3-L1 cells differentiated for
4 h along the adipogenic lineage (Siersbaek et al. 2011, 2014). Data were sorted based on the cumulative normalized signal intensity of an-
alyzedTFsaroundDMRs.The red–yellow–bluekey indicateshigh to lowChIP-seqsignal. (I )ChIP-qPCR (ChIPcombinedwithquantitative
PCR [qPCR]) of endogenous C/EBPβ in wild-type,Gadd45a, or Ing1 single-knockout or double-knockout MEFs. qPCR was conducted on
nine hypermethylated DMRs, an unrelated C/EBPβ target region (Siersbaek et al. 2014), and two independent negative control regions
(Ctrl1–2). Data are presented as mean values of three independent MEF lines per genotype ±SD. Note that these DMRs were also bound
by GADD45α in ChIP-seq analysis of Figure 3. (∗) P < 0.05; (∗∗) P < 0.01; (∗∗∗) P < 0.001.
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induced adipogenic differentiation genes, which are en-
riched for the gene ontology (GO) terms extracellular ma-
trix–receptor interactions, cell proliferation, and growth
factor signaling (Siersbaek et al. 2014). Related GO terms
are also enriched for genes associated with hypermethy-
lated enhancer DMRs (Fig. 2F). Besides by MED1, adipo-
genic superenhancers are occupied by the TFs C/EBPβ,
C/EBPδ, cJun, JunB, FOSL2, ATF2, ATF7, KLF4, KLF5,
RXRα, VDR, PBX1, and STAT1 (Fig. 2H). A number of
these TFs are involved in differentiation along the adipo-
genic lineage (Sarjeant and Stephens 2012; Siersbaek
et al. 2012); notably, C/EBPβ, which acts as a pioneer fac-
tor (Tanaka et al. 1997; Tang et al. 2003; Steger et al. 2010;
Siersbaek et al. 2011) The C/EBP family of TFs plays im-
portant regulatory roles; e.g., in glucose metabolism, cell
cycle, hematopoiesis, skeletal development, immune re-
sponse, and adipocyte differentiation (Tsukada et al.
2011). These bZip proteins bind to common core motifs
and display partially overlapping and redundant func-
tions, notably in energy homeostasis and adipocyte differ-
entiation (Tsukada et al. 2011).

DNA methylation can inhibit C/EBPβ binding to cog-
nate sites in vivo (Venza et al. 2012; Wang et al. 2014).
Consistently, ChIP-qPCR (ChIP combined with quantita-
tive PCR [qPCR]) of C/EBPβ showed significantly reduced
binding to superenhancer DMRs in double-knockout
MEFs (Fig. 2I). Once again, in single-mutant MEFs, C/
EBPβ binding to DMRs was mostly unaffected, as was
binding to an unrelated non-DMR C/EBPβ target site.
This indicates a requirement for GADD45α/ING1-depen-
dent DNA demethylation in maintaining adipogenic en-
hancers accessible to C/EBPβ.

We conclude that inMEFs, (1) GADD45α/ING1 cooper-
ate to demethylate sites near C/EBPβ/δ-binding motifs,
which are enriched in adipogenic hot spots and superen-
hancers, and (2) demethylation is required for efficient
C/EBPβ recruitment.

GADD45α binds to C/EBP-dependent enhancers

To analyze whether hypermethylated DMRs in MEFs are
direct GADD45α targets, we performed GADD45α ChIP-
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Figure 3. GADD45α binds to C/EBP-depen-
dent adipogenic superenhancers. (A) Heat
map of mean differential methylation in
1-kb bins around GADD45α ChIP-seq
peaks (P; n = 405) identified inHA-Gadd45a
transfected MEFs. Data are represented as
the DNA methylation difference between
Gadd45a/Ing1 double-knockout and wild-
type MEFs as determined by WGBS-seq.
(B) Enrichment of GADD45α-binding sites
in the depicted genomic elements. Enhanc-
ers are defined by combined H4K3me1 and
H3K27ac occupancy. Promoters are defined
as ±2 kb surroundingTSSs. The red line indi-
cates no enrichment. (C ) GO enrichment of
genes neighboring GADD45α-binding sites,
with corresponding P-values. The full list
of GO enrichments is shown in Supplemen-
tal Table S2. (D) TF-binding motif analysis
of GADD45α-binding sites and associated
P-values relative to genomic background.
(E) ChIP-seq profiles of GADD45α and adi-
pogenic TFs at 4 h of 3T3-L1 adipocyte dif-
ferentiation (Siersbaek et al. 2011, 2014)
andMEFhistonemarks at an exemplary adi-
pogenic superenhancer. (F ) Heatmaps of the
depicted histonemarks and TFs centered on
GADD45α-binding sites (black triangles).
ChIP-seq data of histone marks are from
MEFs (Yue et al. 2014) and for TF binding
from 3T3-L1 cells differentiated for 4 h
along the adipogenic lineage (Siersbaek
et al. 2011, 2014). Shown are three classes
of hypermethylated DMRs: cluster I
(H3K27ac, H3K4me3, and C/EBP), cluster
II (H3K27ac, H3K4me1, and all superen-
hancer TFs), and cluster III (the same as clus-
ter II except missing enrichment of FOSL2,
ATF2, ATF7, and STAT1). The red–yel-
low–blue key indicates high to low ChIP-
seq signal.
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seq analysis (Supplemental Table S2). The majority of
GADD45α occupied sites was hypermethylated in dou-
ble-knockout MEFs (Fig. 3A), corroborating a direct
role for GADD45α in promoting DNA demethylation of
these loci.
Similar to hypermethylated DMRs identified in dou-

ble-knockout MEFs, GADD45α-binding sites showed a
34-fold enrichment for enhancers and a sevenfold en-
richment for promoters (Fig. 3B). Genes neighboring
GADD45α peaks showed enrichment for the GO term
“fat cell differentiation,” among others (Fig. 3C). Striking-
ly, as for DMRs, motif analysis of GADD45α peaks
revealed by far the highest enrichment for C/EBPβ TF-
binding sites (Fig. 3D).Moreover, most enhancer-associat-
ed GADD45α peaks lay within adipogenic hot spots/
superenhancers (Fig. 3E,F; Siersbaek et al. 2011, 2014).
To corroborate that GADD45α/ING1 act upstream of

C/EBPβ recruitment (Fig. 2I), we carried out GADD45α
ChIP analysis upon single or double siRNA knockdown
ofCebpb orCebpd.Neither treatment affectedGADD45α
binding to DMRs (Supplemental Fig. S2G). Collectively,
the results show that GADD45α occupies C/EBPβ-depen-
dent adipogenic hot spots and superenhancers and medi-
ates their local demethylation to promote C/EBPβ
recruitment.

ING1 binds to promoters occupied by E2F

The results indicate that ING1 and GADD45α mediate
DNA demethylation synergistically. To analyze where
ING1 binds genome-wide in relation to GADD45α, we
performed ChIP-seq analysis of ING1 in MEFs (Sup-
plemental Table S3). Unlike GADD45α, essentially all
ING1-binding sites were associated with promoters that
were enriched for H3K27 acetylation (H3K27ac) and
H3K4me3, depleted for H3K4me1, and in proximity to
transcription start sites (TSSs) (Fig. 4A,B). Correlation
with the MEF methylome showed no methylation differ-
ence between wild-type and double-knockout MEFs
around ING1 peaks (Supplemental Fig. S3A) because
these sites were located almost exclusively in constitu-
tively unmethylated promoters (data not shown). ING1
sites rarely overlapped with GADD45α peaks (Supple-
mental Fig. S3B,C). A restriction of ING1 binding to pro-
moters was observed previously (Cheng et al. 2014) and
is in line with the protein being a H3K4me3 reader.
ING1 bound to only a fraction of all H3K4me3 sites in
the genome. ING1 likely has additional binding determi-
nants, as concluded previously (Cheng et al. 2014), which
possibly are related to its partial bromodomain or PIP
(PCNA-interacting protein) signal. Motif analysis of
ING1 peaks showed a very strong enrichment for binding
motifs of the E2F TF family (Fig. 4C). Consistently, ING1-
binding sites almost completely overlapped with an E2F4
ChIP-seq data set from 3T3-L1 cells (Fig. 4D; MacIsaac
et al. 2010). E2F proteins are promoter-binding TFs, which
are prominent regulators of cell cycle, apoptosis, and
DNA repair (Johnson and Degregori 2006; Putzer and En-
gelmann 2013) and also adipogenesis (Fajas et al. 2002;
Landsberg et al. 2003; Fajas 2013). Accordingly, GO anal-

ysis of ING1-bound genes showed enrichment for re-
sponse to insulin and dexamethasone (Fig. 4E)—two
inducers of adipogenesis (Garten et al. 2012)—besides
cell cycle terms. We conclude that in MEFs, ING1 binds
to promoters occupied by E2F andmostly does not overlap
with GADD45α-binding sites.
In RNA sequencing (RNA-seq) analysis of wild-type and

mutant MEFs, more genes were misregulated in Ing1−/−

than Gadd45 single-mutant MEFs, suggesting that ING1
is the driver of transcriptional regulation, with GADD45α
amplifying the response (Fig. 4F; Supplemental Table S4).
There was an overlap of 20% of genes deregulated in
Tet1,2 double-knockout MEFs (Wiehle et al. 2015) with
genes down-regulated in Ing1−/− double-knockout MEFs
(Supplemental Fig. S3D), supporting a common mecha-
nism of regulation. Indeed, not onlyGADD45α (Kienhöfer
et al. 2015) but also ING1 bound to TET1 in coimmuno-
precipitation (co-IP) experiments (Fig. 4G). Finally, we in-
tersected DMR-associated genes with genes misregulated
in double-knockout MEFs. Gene enrichment analysis
showed that the down-regulated but not up-regulated
genes were highly enriched for C/EBPδ-binding sites
(adjusted P-value 4.1 × 10−11), the top hit of the list (Sup-
plemental Fig. S3E). These results support that hyper-
methylation of C/EBP-regulated genes in double-
knockout MEFs impairs their expression.

Chromatin looping betweenGADD45α-bound enhancers
and ING1-bound promoters

An intriguing finding is that ING1 was bound at promot-
ers yet promoted GADD45α-mediated demethylation at
enhancers. This long-distance effect of ING1 mirrors an
unsolved conundrum in the demethylation field: TET1
is predominantly bound at promoters, while most 5hmC
and 5fC are located at distal elements (for review, see
Wu and Zhang 2017). Thus, we hypothesized that ING1
occupies promoters that are engaged in long-range chro-
matin looping with GADD45α-bound enhancers (Fig.
4H, top).
To explore the possibility of enhancer–promoter

looping, we performed NG-Capture-C (next-generation
Capture-C) (Davies et al. 2016), a 3C (chromosome confor-
mation capture)-derived method to investigate chromatin
conformation between GADD45α and ING1 peaks. As
viewpoints, we selected GADD45α-occupied sites in adi-
pogenic superenhancers (Supplemental Table S5). NG
Capture-C was carried out with three independent wild-
type, single-mutant, and double-mutant MEF lines. An
example is a GADD45α/DMR viewpoint in a C/EBPβ/δ
superenhancer showing a prominent cis interaction with
the ∼300-kb downstream-located Tgfbr3 promoter, which
is occupied by ING1 (Fig. 4H, bottom). This cis interaction
also occurred in double-knockout MEFs; i.e., independent
of the methylation status of the GADD45α-bound site.
The peak profiles were highly reproducible among
replicates (Supplemental Fig. S3F). For 10 out of 17 tested
GADD45α viewpoints in superenhancers, we found
long-distance interactions with regions occupied by
ING1 located, on average, 107 kb apart and generally
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independent of the MEF genotype (Supplemental Table
S5). We conclude that adipogenic superenhancers occu-
pied by GADD45α can interact over long range with pro-
moters bound by ING1.

GADD45α and ING1 are required for adipocyte
differentiation

ATF cascade of C/EBPα, C/EBPβ, and C/EBPδ plays a ma-
jor role in differentiation of fibroblasts into adipocytes
(Fig. 5A; Sarjeant and Stephens 2012; Siersbaek et al.
2012). This raised the possibility that GADD45α/ING1
regulate an adipogenic differentiation program driven by
C/EBPβ. We therefore induced adipogenic differentiation
in several independent wild-type and Gadd45a/Ing1 mu-

tant MEF lines, scoring adipocytes with Oil Red O stain-
ing, and found that differentiation of double-knockout
MEFs was greatly impaired (Fig. 5B; Supplemental Fig.
S4A). While Gadd45a single-mutant MEFs differentiated
normally to adipocytes, a subset of independent Ing1−/−

MEF lines already showed some reduced differentiation.
RNA-seq analysis at day 6 of adipocyte differentiation
confirmed that genes down-regulated in double-knockout
cells (n = 411) were strongly enriched for processes such as
lipid homeostasis, fatty acid biosynthesis, and fat cell dif-
ferentiation (Fig. 5C; Supplemental Fig. S4B; Supplemen-
tal Table S6). More genes were misregulated in Ing1−/−

than in Gadd45 single-mutant MEFs, suggesting that
ING1 is the driver of differentiation, with GADD45α am-
plifying the response (Supplemental Fig. S4B,C). Genes
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Figure 4. ING1 binds to promoters that
can loop to GADD45a-bound hypomethy-
lated superenhancers. (A) Heat maps of
H3K27ac, H3K4me1, andH3K4me3 histone
marks of MEFs (Yue et al. 2014) centered on
ING1-binding sites (black triangles). n =
703. Data are fromChIP ofHA-Ing1 in trans-
fected MEFs and are sorted based on the cu-
mulative signal intensity of histone marks
around ING1-binding sites. The red–yel-
low–blue key indicates high to low ChIP-
seq signal. (B) Distance of ING1-binding
sites to adjacent TSSs in percent. (C ) TF-
binding motif analysis of ING1-binding
sites and associated P-values relative to ge-
nomic background. (Diamond) Predicted
binding of dimers/multimers of the indicat-
ed proteins. (D) Overlap between E2F4-bind-
ing sites in 3T3-L1 cells (MacIsaac et al.
2010) and ING1-binding sites. (E) GO en-
richment of genes neighboring ING1-bind-
ing sites, with corresponding P-values. The
full list of GO enrichments is shown in Sup-
plemental Table S3. (F ) Heat map of ≥1.5-
fold down-regulated (green) and up-regulat-
ed (red) genes in Gadd45a−/−, Ing1−/−, and
double-knockout MEFs at a false discovery
rate (FDR) of 10%. The full list of deregulat-
ed genes is displayed in Supplemental Table
S4. (G) Immunoblot analysis of coimmuno-
precipitation (co-IP) experiments using pro-
tein lysates of HEK293T cells transiently
transfected with GFP, myc-GADD45α, or
myc-ING1b with or without Flag-HA-
TET1. αTubulin and GFP served as specific-
ity controls. Input shows 2% of lysate was
used for immunoprecipitation. (H, top)
Model depicting chromatin looping be-
tween distant GADD45α - and ING1- bound
genomic regions. (Middle) GADD45α and
ING1 ChIP-seq peaks, hypermethylated
DMRs (identified in Gadd45a/Ing1 double-
knockout MEFs), and adipogenic hot spots
(based on Siersbaek et al. 2014). (Bottom)

NG Capture-C-seq (next-generation Capture-C combined with sequencing) interaction profile of a representative wild-type and dou-
ble-knockoutMEF line in a 450-kb genomic region on chromosome 5. The interaction between the GADD45α-bound viewpoint (orange)
and theTgfbr3 promoter bound by ING1 is highlighted (gray shading). ForNGCapture-C interaction profiles of all wild-type,Gadd45a−/−,
Ing1−/−, and double-knockout MEFs in triplicates for this region, see Supplemental Figure S3F.
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up-regulated in double knockout (n = 183) clustered for cy-
tokine response and inflammation (Fig. 5D; Supplemental
Fig. S4C), mirroring the proinflammatory gene signature
observed in Cebpg−/− MEFs (Huggins et al. 2013).
Upon adipocyte differentiation, the adipogenic TFs C/

EBPβ and C/EBPδ induce the direct targets Pparg and
Cebpa, which mediate terminal adipocyte differentiation
(Fig. 5A; Sarjeant and Stephens 2012; Siersbaek et al.
2012). Both Gadd45a and Ing1 are transiently induced
during early adipocyte differentiation, coinciding with
early adipogenic TFs (Cebpb and Cebpd) (Fig. 5E,F). The
following results indicate that a block of the differentia-
tion cascade in double-knockout MEFs occurs at the level
of C/EBPβ and C/EBPδ target gene induction. While ex-
pression of the early adipogenic TFs Cebpb and Cebpd

was unaffected, expression of Pparg and Cebpa and
their downstream targets (e.g., Leptin, Adiponectin, and
Fabp4) was reduced throughout adipocyte differentia-
tion in double-knockout MEFs as well as in a subset of
Ing1−/− MEFs (Fig. 5F; Supplemental Fig. S4D–F). Protein
levels of PPARγ were also reduced in differentiating dou-
ble-knockout cells, confirming an arrest of the adipogenic
cascade at this level (Fig. 5G). On the other hand, C/EBPβ,
which acts as an adipogenic pioneer factor (Sarjeant and
Stephens 2012; Siersbaek et al. 2012), was unaffected
in double-knockout MEFs: Cebpb expression (Fig. 5F),
protein levels (Fig. 5G), and the characteristic nuclear
translocation of C/EBPβ (Supplemental Fig. S4G), which
accompanies differentiation (Tang and Lane 1999), oc-
curred normally. Moreover, a transfected C/EBP-
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Figure 5. GADD45α and ING1 are
required for adipocyte differentiation.
(A) Scheme of key TFs induced during adi-
pocyte differentiation and their causal con-
nections. (B) Adipocyte differentiation
assays using MEFs. Wild-type, Gadd45a−/−,
Ing1−/−, and Gadd45a/Ing1 double-knock-
outMEFs (n = 4 individualMEF lines per ge-
notype) were differentiated to adipocytes.
At the indicated time points of differentia-
tion, cells were stained with Oil Red O
(red) to visualize lipid droplets and with he-
matoxylin (blue) as a counterstain. Repre-
sentative images are shown. (C,D) GO
enrichment of transcriptome changes dur-
ing adipocyte differentiation. RNA-seq
was conducted in wild-type, Gadd45a−/−,
Ing1−/−, and double-knockout MEFs differ-
entiated for6dalong theadipogenic lineage.
GOannotations of genesmore than twofold
down-regulated (C) or more than twofold
up-regulated (D) at 10% FDR in double-
knockout compared with wild-type cells
are shown. The full list of GO enrichments
is shown in Supplemental Table S6.
(E) qPCR analysis of Gadd45a and Ing1 ex-
pression during the time course of MEF-to-
adipocyte differentiation. Data are present-
ed as mean values of three independent
wild-type MEF lines ±SD. (F ) qPCR expres-
sion analysis of the key TFs Cebpb, Cebpd,
Cebpa, and Pparg during the time course of
MEF-to-adipocyte differentiation. Data are
presented as mean values of three indepen-
dent MEF lines per genotype ±SD. (G) Im-
munoblot analysis of PPARγ and C/EBPβ
at day 6 of MEF-to-adipocyte differentia-
tion. Representative blot of n = 3 indepen-
dent cell lines per genotype. (H) RT-qPCR
expression analysis of the indicated adi-
pocyte marker genes at day 6 of MEF-to-
adipocyte differentiation in the indicated
genotypes and vitamin C treatment (VitC).
Data represent mean values of three inde-
pendent MEF lines per genotype ±SD.
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luciferase reporter was equally inducible by adipogenic
stimuli in wild-type and double-knockout MEFs (Supple-
mental Fig. S4H). Taken together, these results indicate
that C/EBPβ activation occurred normally in double-
knockout MEFs, but its ability to bind to hypermethy-
lated adipogenic enhancers was compromised (Fig. 2I).

Reduced expression of adipogenic master regulators
in double-knockout cells was rescued by ectopic overex-
pression of Ing1 but not Gadd45a (Supplemental Fig.
S4I), corroborating that ING1 is the main driver of dif-
ferentiation. In line with the requirement for GADD45α/
ING1, adipogenic differentiation is also impaired by TET
deficiency, while it is stimulated by vitamin C (Wiehle
et al. 2015; Yoo et al. 2017), which activates Fe(II)-depen-
dent and α-ketoglutarate (KG)-dependent dioxygenases,
including TETs, by maintaining the ferrous state of iron
(Blaschke et al. 2013). Concordantly, vitamin C treatment
fully rescued the adipogenic differentiation defects in dou-
ble-knockout MEFs (Fig. 5H). Since double-knockout
MEFs showed normal levels of ROS, superoxide, and oxi-
dative DNA damage intermediates (Supplemental Fig.
S1F,J,K,), the differentiation rescue is unlikely to be due
to the antioxidative effect of vitamin C.

Taken together, these results demonstrate that (1)
Gadd45a and Ing1 are transiently induced by adipogenic
stimuli and cooperate in promoting adipocyte differentia-
tion at the level of C/EBPβ, and (2) ING1 acts as a driver for
differentiation, and GADD45α amplifies the gene expres-
sion program controlled by ING1.

Gadd45a/Ing1 double-knockout mice phenocopy
Cebp mutant lipodystrophy

Since a characteristic of Cebp mutant mice is lipodystro-
phy (Wang et al. 1995; Tanaka et al. 1997), we analyzed ad-
ipose tissue in Gadd45a/Ing1 double-knockout mice.
There are two types of adipose tissue: white adipose tissue
(WAT) and brown adipose tissue (BAT). WAT stores ener-
gy as triglycerides and releases free fatty acids in response
to energy requirements at other sites, while BAT is in-
volved in thermogenesis (Sarjeant and Stephens 2012). In
single-mutant as well as double-knockout mice, WAT
and BAT depots were smaller, while weights of other or-
gans were unaffected (Fig. 6A; Supplemental Fig. S5A).
Histologically, both WAT and BAT of double-knockout
mice contained significantly smaller cells and lipid drop-
lets (Fig. 6B; Supplemental Fig. S5B). Mice lacking Cebpa
as well as Cebpb/d also exhibit greatly reduced WAT and
BAT depots with smaller lipid droplets, indicative of im-
paired adipocyte maturation (Wang et al. 1995; Tanaka
et al. 1997). Moreover, Cebpb-deficient mice display fat
browning (Rahman et al. 2012), and this phenotype was
phenocopied in double-knockout mice: Islands within
double-knockout WAT displayed a BAT-like morphology
(Fig. 6B), and expression microarray analysis of double-
knockout WAT indicated that up-regulated genes clus-
tered strongly for functions associatedwithmitochondria,
fatty acid catabolism, and citrate cycle (Fig. 6C,E; Supple-
mental Fig. S5C; Supplemental Table S7), reflecting the
high mitochondrial content and catabolic activity of

BAT. These BATmarkerswere also highly induced in dou-
ble-knockout BAT (Supplemental Fig. S5D), suggesting a
propensity of double-knockout mice for energy dissipa-
tion rather than energy storage. Down-regulated genes in
double-knockout WATwere enriched for GO terms relat-
ed to inflammatory response (Fig. 6D). As in MEFs, ING1
was the driver of the phenotype, since many of the ∼800
genes deregulated in double-knockout mutants (Supple-
mental Fig. S5E) showed a weak subthreshold tendency
for deregulation already in Ing1−/−, but not Gadd45a−/−,
WAT (Supplemental Fig. S5F), supporting that GADD45α
amplifies a gene expression program controlled by ING1.
Moreover, in ChIP-qPCR, C/EBPβ binding to a number of
the DMRs identified inMEFs was significantly reduced in
WAT from double knockouts, while binding in single mu-
tants was mostly unaffected (Fig. 6F).

We conclude that GADD45α and ING1 cooperate to
promote normal WAT and BAT formation, presumably
by ensuring C/EBPβ recruitment, and, furthermore, their
combined deficiency phenocopies lipodystrophy of Cebp
mutants.

Gadd45a/Ing1 double-knockout mice phenocopy
increased catabolism and female infertility
of Cebp mutants

Collectively, the combination of the aforementioned data
frommolecular analysis, adipocyte differentiation results,
reducedWATand BATdepots, andWATbrowning in dou-
ble-knockout mice recommends the conclusion that
GADD45α/ING1 promote C/EBP-dependent transcrip-
tional responses. Further advancing this notion is the
fact that double-knockoutmice shared a number of abnor-
malities in energy expenditure that are also characteristic
for Cebp mutants. Cebpa−/− mice die 7–8 h post-partum
because of extreme hypoglycemia, defects in glycogen
storage, and failure to activate gluconeogenic pathways
(Wang et al. 1995). Cebpb−/− mice and conditional Cebpa
mutants show reduced expression of phosphoenolpy-
ruvate carboxykinase (Pepck), the rate-limiting enzyme
for gluconeogenesis (Wang et al. 1995; Arizmendi et al.
1999). Additionally,Cebpb−/−mice display hypoglycemia
and impaired hepatic glucose production after fasting, re-
duced expression of Igf1, and overall reduced body weight
(Liu et al. 1999; Staiger et al. 2009).

Consistently, Gadd45a/Ing1 double-knockout mice
had lower body weight (Fig. 7A) and reduced fasting glu-
cose plasma levels (Fig. 7B); in randomly fedmice, glucose
levels were unchanged (data not shown). Moreover, dou-
ble-knockout livers showed reduced expression of Igf1
and Pepck (Fig. 7C), as in Cebpb−/− mice.

Female infertility is another hallmark ofCebpb−/−mice
(Sterneck et al. 1997), and, indeed, double-knockout fe-
maleswere completely infertile and presented severe ovar-
ian atrophy in 68% of double-knockout mice and milder
ovarian atrophy in 11% of Ing1−/− females (Fig. 7D,E).
Double-knockout ovaries contained fewer follicles, had
more apoptotic cells, and lacked signs of successful ovula-
tion, such as corpora lutea or cornified epithelial cells in
vaginal smears (Fig. 7E,F; Supplemental Fig. S6A–C).
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Thus, Gadd45a/Ing1 double-knockout mice pheno-
copy major symptoms of Cebpb and Cebpa mutants: adi-
pogenesis defects, lipodystrophy, increased catabolism,
and female infertility. Strikingly, most of these Cebpmu-
tant symptoms are also characteristic for progeroid mice
(highlighted in the Venn diagram in Supplemental Fig.
S6D; referenced and summarized in Supplemental Table
S8). We therefore conclude that the premature aging of
double knockouts noticed at the outset of this study
(Fig. 1) is, in fact, a manifestation of impaired C/EBP func-
tion. This indicates that a GADD45α–ING1–C/EBP axis
regulates both energy homeostasis and organismal aging.

Discussion

Organismal aging is associated with a plethora of epige-
netic changes, including characteristic signatures of
DNA methylation (Issa 2014; Klutstein et al. 2016;

Pal and Tyler 2016). Evidence also indicates that epigenet-
ic and metabolic regulators interact to affect aging
(Benayoun et al. 2015). However, whether altered DNA
methylation is causally involved in aging and whether
regulators of DNAmethylation play a role in this context
have remained elusive. Here we provide evidence that
GADD45α and ING1 regulate site-specific demethylation
of C/EBP-dependent enhancers and thereby control ener-
gy metabolism and organismal aging (Fig. 7G). These re-
sults provide the first experimental support for the
hypothesis (Vanyushin et al. 1973; Wilson and Jones
1983) that methylation changes cause aging.
Hallmarks of aging are global hypomethylation and lo-

cal hypermethylation, similar to in cancer cells (Issa
2014; Klutstein et al. 2016; Pal and Tyler 2016). Global
hypomethylation occurs at repetitive DNA sequences
and accompanies reduced heterochromatin. Loss of repet-
itive sequence methylation may increase the risk of retro-
transposition and genomic instability. In contrast, our
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Figure 6. Lipodystrophy in Gadd45a/Ing1
double-knockout mice. (A) Weights of control
organs (left) and adipose tissue depots (right) of
8-wk-old male mice. (gWAT) Gonadal WAT;
(aWAT) axillary WAT; (iWAT) inguinal WAT;
(BAT) interscapularBAT; (rWAT) retroperitone-
al WAT. n = 5–8 animals per genotype. (DKO)
Gadd45a/Ing1 double knockout. (B) Histologi-
cal analysis of adipocyte abnormalities. (Left)
H&E staining of gonadalWAT (gWAT) sections.
The panel displaying double-knockout gWAT
morphology is divided to display two areas
with distinct morphological appearances: clas-
sical WAT-like morphology (top left) and
beige/brite adipocyte islands (bottom right).
(Right) Individual adipocyte cell size in gWAT
was quantified by measurement of >200 adipo-
cytes on each section. n = 4–5 mice per geno-
type. (C,D) GO enrichment and corresponding
P-values of genes up-regulated (C ) or down-reg-
ulated (D) ≥1.5-fold in double-knockout gWAT
compared with wild-type gWAT. The full list
of GO enrichments is shown in Supplemental
Table S7. (E) qPCR confirmation of gWAT
gene expression changes in independent
animals of the indicated genotypes. n = 5–9 per
genotype. (F ) ChIP-qPCR of endogenous C/
EBPβ in gWAT of wild-type or Gadd45a or
Ing1 single-knockout or double-knockout
mice. qPCR was conducted on eight DMRs
hypermethylated inMEFs (Fig. 2I), an unrelated
C/EBPβ target region (Siersbaek et al. 2014), and
two independent negative control regions
(Ctrl1–2). Data are presented as mean values of
paralleled ChIPs using gWAT of independent
animals ±SD. n = 5 for wild-type and double-
knockout; n = 4 for Gadd45a or Ing1 single
knockouts. Data of A, B, E, and F are presented
asmean values of the indicated number of sam-
ples ±SD. (∗) P < 0.05; (∗∗) P < 0.01.
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study draws attention to local hypermethylation as a
proximal cause of aging, since hypermethylation of target
superenhancers reduced C/EBPβ binding and function in
double knockouts. It was proposed that local hypermeth-
ylation results from age-related erosion of TF binding to
cognate CpG sites, which allows access to DNA methyl-
transferases and hence de novo methylation (Jung and
Pfeifer 2015). In contrast, our study illustrates that mis-
regulation of DNA demethylation may cause premature
aging. Compound Tet1,2,3 and Tdg mutant mice have
not been informative regarding aging, since they are em-
bryonic-lethal (Dai et al. 2016). Circumstantial evidence
for a role in aging comes from single-Tetmutants showing
increased atherosclerosis and cancer (Agathocleous et al.
2017; Cimmino et al. 2017; Fuster et al. 2017). However,
TET proteins also have catalytic activity-independent
gene repressor functions, which may mask premature ag-
ing phenotypes, since, e.g., gene repression actually dom-
inates over activation in mouse embryonic stem cells
(Williams et al. 2011).

In MEFs, GADD45α acts on adipogenic C/EBP-depen-
dent superenhancers, which are poised, since binding
and demethylation occurred in uninduced naïve cells.
Similarly, the demethylation intermediate 5fC occurs
preferentially on poised enhancers (Song et al. 2013). Inter-
estingly, age-induced hypermethylation occurs in target
genes of Polycomb group proteins (Maegawa et al. 2010;
Teschendorff et al. 2010; Beerman et al. 2013), which are
known to occupy poised enhancers. Thus, poised/bivalent
cis-regulatory elements may be hot spots for hypermeth-
ylation during aging (Rakyan et al. 2010).

C/EBPs play an important role inmetabolism and nutri-
ent sensing, the deregulation of which is a hallmark of ag-
ing (Roesler 2001; Kenyon 2010; Lopez-Otin et al. 2013). If,
as the results indicate, C/EBP malfunction underlies the
segmental progeria exhibited by Gadd45a/Ing1 double-
knockout mice, should there not be earlier indications
of C/EBPs functioning in aging? Indeed, previous data
mining of genes coexpressed with a seed list of 181 ag-
ing-associated genes yielded Cebpa, Cebpb, and Cebpg

BA C
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F

G

Figure 7. Gadd45a/Ing1 double-knockoutmice pheno-
copy metabolic and ovarian defects of C/EBP mutants.
(A) Body weight of male and female 8-wk-old mice
from the indicated genotypes. Data are presented as
mean values of n = 10–33 animals per sex and genotype
±SD. (∗∗) P < 0.01; (∗∗∗) P < 0.001. (DKO) Gadd45a/Ing1
double knockout. (B) Blood glucose levels of overnight
fastedmice of the indicated genotypes. Each point repre-
sents an individual animal, and lines represent median
values. n = 8–25 mice per genotype. (∗∗) P < 0.01.
(C ) qPCR expression analysis of metabolic genes
down-regulated inCebpmutant livers in mice of the in-
dicated genotypes. Data are presented as mean values of
n = 8–13 samples per genotype ±SD. (∗) P < 0.05; (∗∗) P <
0.01. (D) Representative macroscopic view of mouse
ovaries and uteri. n = 11–19 per genotype. Smaller ova-
ries were observed in 13 of 19 analyzed double-knockout
mice. (E) Histological image (H&E stain) of mouse ova-
ries. n = 5 per genotype. The represented double-knock-
out phenotype was observed in four of five analyzed
samples. (F ) Percentage of cornified epithelial cells in
vaginal smears, indicating estrus. n = 3–4 animals per ge-
notype. Data from representative animals are shown.
(G) A GADD45α–ING1–C/EBP axis regulates energy ho-
meostasis, female fertility, adipogenesis, and organis-
mal aging. GADD45α is an adapter protein for TET
and TDG demethylation enzymes, while ING1 is a
GADD45α-binding cofactor. In MEFs, GADD45α occu-
pies C/EBP-dependent adipogenic superenhancers and
promotes their demethylation via long-range interac-
tionwith ING1 bound to promoters to engage demethyl-
ating enzymes. Enhancer demethylation permits C/EBP
binding and transactivation of target genes.
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as top hits (P = 10−30–10−34), with C/EBP-binding motifs
enriched in the promoters of aging-associated genes (van
Dam et al. 2012). Moreover, levels of C/EBPα and C/
EBPδ decrease with aging, thereby reducing fat differenti-
ation (Karagiannides et al. 2001). Additionally, C/EBPδ
mediates DNA damage response, and, similar to
GADD45α and ING1, C/EBPδ deficiency sensitizes mice
to ionizing radiation (Huang et al. 2004; Wu et al. 2011;
Pawar et al. 2014). Finally, replacement of the Cebpa
gene with Cebpb increases life span by 20% (Chiu et al.
2004). The severity ofCebp single- and compound-mutant
phenotypesmay havemasked premature aging, since, e.g.,
Cebpa−/− single-mutant and Cebpb/d double-mutant
mice die neonatally (Wang et al. 1995; Tanaka et al. 1997).
Gadd45a/Ing1 double knockouts andCebpmutants re-

semble progeroid mice deficient for NER effectors, all of
which display kyphosis and female infertility aswell as re-
duction in life span, bodyweight, fat deposits, blood sugar,
and IGF1 signaling (de Boer et al. 2002; van de Ven et al.
2006; van der Pluijm et al. 2007). Thus, paradoxically,
the starvation phenotype of progeroid mutants resembles
the well-established life span-prolonging response of ani-
mals under caloric restriction (Guarente and Kenyon
2000). Interestingly, Hoeijmakers and colleagues (Vermeij
et al. 2016) demonstrated recently that food restriction in
progeroid mutants retards accelerated aging. The investi-
gators therefore suggested that the starvation phenotype
in progeroid mice is a compensatory response to reduce
steady-state levels of reactive metabolites, thereby pre-
serving genome integrity and delaying aging-related func-
tional decline. On the other hand, C/EBPs directly bind
and regulate gene expression of key effectors of energyme-
tabolism such as Cebpa, Ppparg, and Igf (Zuo et al. 2006;
Staiger et al. 2009; Siersbaek et al. 2012), which are dereg-
ulated inGadd45a/Ing1 double-knockoutmice. Thus, the
starvation-like phenotype in double knockouts likely re-
flects a direct requirement of the GADD45α–ING1–C/
EBP axis in regulatingmetabolic genes rather than an indi-
rect compensatory response to premature aging. It is
tempting to speculate that the same is true in DNA re-
pair-defective progeroid mice, since deficiencies in NER
can impair DNA demethylation (Barreto et al. 2007;
Schmitz et al. 2009; Martinez-Macias et al. 2013; Ho
et al. 2017) and thus could lead to hypermethylation of
C/EBP sites and a starvation phenotype. In support of
this possibility, vitamin C administration rescues median
life span of progeric mice deficient in Werner helicase
(Massip et al. 2010).
A main conclusion of this study is that GADD45α de-

methylates C/EBPβ-dependent enhancers. On the one
hand, finding DMRs at enhancers is consistent with these
elements being preferred sites of active DNA demethyla-
tion (Shen et al. 2013; Song and He 2013) and showing lin-
eage-specific regulation of methylation levels (Meissner
et al. 2008; Ziller et al. 2013). On the other hand, for
GADD45α, this is a wholly surprising finding because pre-
viously characterized loci demethylated viaGADD45 pro-
teins are localized at promoters (Ma et al. 2009; Schmitz
et al. 2009; Zhang et al. 2011; Schäfer et al. 2013; Arab
et al. 2014). GADD45α promotes 5mC/5hmC removal by

directly binding both TDG and TET1 (Cortellino et al.
2011; Arab et al. 2014; Kienhöfer et al. 2015; Li et al.
2015), and our data support this: (1) Double-knockout
DMRs are sites undergoing active TET/TDG-mediated
demethylation (Fig. 2B), and (2) the TET activator vitamin
C rescues adipogenic MEF differentiation.
Unlike GADD45α, ING1 expectedly bound to promot-

ers, and the binding motifs were highly enriched for TFs
of the E2F family, which aligns with the described pro-
moter preference of ING1 (Shi et al. 2006; Pena et al.
2008; Schäfer et al. 2013; Cheng et al. 2014). ING1 acted
as the driver for MEF and WAT differentiation, while
GADD45α amplified the gene expression program con-
trolled by ING1. An intriguing finding is that ING1 bound
at promoterswas required to preventDMRhypermethyla-
tion at enhancer sites. This requirement could reflect
some indirect effect of ING1 on demethylation. However,
the fact that (1) ING1GADD45α-bound elements interact
via promoter–enhancer loops (pre-existing, not dependent
on the two proteins), (2) ING1 via its C terminus directly
binds GADD45α (Schäfer et al. 2013), and (3) both
GADD45α and ING1 directly bind TET1 (Kienhöfer
et al. 2015; this work) supports a more direct mode of
ING1 action. These results suggest that ING1 and
GADD45α acting long and short range, respectively, coop-
erate to promote the assembly of a local TET/TDG com-
plex, demethylating C/EBP-dependent enhancers. Since
both proteins can bind TET1, they may compensate for
each other in single mutants, but, upon combined defi-
ciency, TET/TDG targeting becomes limiting, leading to
demethylation defects. Final proof of the proposed
GADD45α–ING1–TET1 ternary complex awaits detec-
tion of the relevant endogenous interactions.

Materials and methods

Cell culture and electroporation

MEFswere isolated as described (Nagy et al. 2003) from embryon-
ic day 15.5 embryos. MEFs were cultured at 37°C, 95% humidity,
5% CO2, and 5% O2 in Dulbecco’s modified Eagle’s medium
(DMEM), 10% fetal calf serum, 2 mM L-glutamine, 100 U/mL
penicillin, and 100 µg/mL streptomycin for up to four passages
unless indicated otherwise.
Electroporation of MEFs was conducted using a Neon transfec-

tion system (Invitrogen) according to the manufacturer’s instruc-
tions. For each confluent 10-cm dish of MEFs, 20 µg of plasmid
was electroporated with one pulse of 1250 V for 20 msec in a
100-µL Neon tip followed by 36 h of incubation. eGFP was used
as control plasmid for electroporation of the control samples for
ChIP-seq. The expression constructs used in this study were
pCS2-myc-hIng1b (Schäfer et al. 2013), pCS2-myc-hGadd45a
(Kienhöfer et al. 2015), pCS2-HA-hIng1b, pHA-hGadd45a (Bar-
reto et al. 2007), pCS2-eGFP, p95/47T81 C/EBP-Luciferase (Ster-
neck et al. 1997), and pRL (Promega). pCS2-HA-hIng1b was
generated by inserting the hIng1b sequence from pCS2-Myc-
Ing1b (Barreto et al. 2007; Schäfer et al. 2013) into pCS2-Nterm-
HA (M Gierl, unpubl.) via XbaI and BamHI restriction sites.
MEFs were transfected with 40 nM Cebpb- or Cebpd-specific or
control Dharmacon siRNA Smart pools using Lipofectamine
2000 (Invitrogen). For Figure 2I, MEF cells were incubated for 24
h with siRNA prior to plasmid DNA electroporation. Cebpb
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andCebpd knockdownwas controlled by qPCR andwas >80% or
50%, respectively (data not shown).
For growth curve analyses, 1.9 × 104 MEFs were seeded to wells

of 12-well dishes in technical duplicates. At intervals of 1, 3, 5,
and 7 d after cell seeding, MEFs were detached and counted.

Adipocyte differentiation and Oil Red O staining

MEFs were cultured in DMEM containing 10% fetal calf serum,
2 mM L-glutamine, 100 U/mL penicillin, and 100 µg/mL strepto-
mycin until 2 d after confluence. Adipocyte differentiation was
induced in post-confluent MEFs using culture medium supple-
mented with 0.5 mM 3-isobutyl-1-methylxanthine, 1 µM dexa-
methasone, 2 µM rosiglitazone, and 10 µg/mL insulin. After
48 h, differentiation was continued with culture medium supple-
mented with 10 mg/mL insulin. Adipocyte differentiation medi-
um was exchanged every 2 d. For vitamin C treatment, 2-
phospho-L-ascorbic acid was added along with the differentiation
cocktail at 10 µg/mL final concentration.
For Oil Red O staining, cells grown on coverslips were fixed for

30 min in 4% paraformaldehyde, equilibrated for 5 min in 60%
isopropanol, and stained for 8 min in freshly prepared and filtered
3 g/LOil Red O in 60% isopropanol. After removing excess stain-
ing with 60% isopropanol, coverslips were washed in water,
counterstained for 5–8minwithHarris’ hematoxylin, and imaged
with a Leica DM2500 lightmicroscope. Quantification of Oil Red
O staining was performed on nine randomly chosen micrographs
per condition in biological triplicates.

RNA isolation, cDNA synthesis, and qPCR

Adipose tissue was collected and snap-frozen in liquid nitrogen.
For RNA isolation, samples were immersed in 1 mL of Qiazol
and homogenized with an Ultra Turrax homogenizer. After
5 min of incubation at room temperature, 200 µL of chloroform
was added, and sampleswere shaken vigorously for 5min. Follow-
ing centrifugationat 12,000 rpm for 15min at4°C, theupper aque-
ous phase was transferred to a fresh tube. All other tissues were
excised and stored in RNAlater (Sigma) at −80°C. For RNA isola-
tion, tissueswere transferred toRLTbuffer (Qiagen), including1%
β-mercaptoethanol, and homogenized with an Ultra Turrax ho-
mogenizer. Cells grown in tissue culture were washed in PBS
and resuspended in RLT buffer, including 1% β-mercaptoethanol.
Subsequent steps of RNA isolation for all tissues and cells were
performed using a Qiagen RNeasy Mini or Qiagen RNeasy 96-
well kit according to the manufacturer’s instructions, including
on-column DNaseI digest. cDNA synthesis was conducted with
SuperScript II reverse transcriptase (Invitrogen) according to the
manufacturer’s instructions. For each batch of cDNA synthesis,
negative control samples lacking either RNAor reverse transcrip-
tase were included. qPCR reactions were performed in technical
duplicates using the Roche Universal probe library (UPL) system
with a Roche LightCycler 480 in 384-well format. UPL-compati-
ble primers were designed using the Roche assay design cen-
ter (http://lifescience.roche.com/shop/en/mx/overviews/brand/
universal-probe-library). Primer sequences are listed in the Sup-
plemental Material. Roche LightCycler analysis software was
used for quantification. Expression levels were normalized to
two housekeeping genes (Gapdh and Tbp) as well as to respective
wild-type expression levels within the experiment.

RNA expression microarrays

RNA isolation from gonadalWAT from59- to 67-d-oldmalemice
of all four genotypes was performed as described above. RNA in-

tegrity (RIN)was determinedwith a RNA6000Nano kit on a Bio-
analyzer (Agilent) and yielded RIN values ranging from 8.3 to 9.6,
indicating suitable RNA quality without significant RNA degra-
dation. Total RNA was pooled from three individual mice per
genotype, and three pools per genotypewereused forRNAexpres-
sion microarray analysis. Samples were processed and hybridized
to SurePrintG3MouseGE8X60Kmicroarrays (Agilent) according
to the manufacturer’s recommendations and scanned on Agilent
Technologies scanner G2505C with version 10.7.3.1 feature ex-
traction software at 3-µm resolution. The raw array data were
processed using the Bioconductor package limma version 3.26.9
(https://bioconductor.org/packages/release/bioc/html/limma.
html) following the standardworkflow for single-channel Agilent
arrays (chapter 17.4 of the user’s guide). Following normexp back-
ground correction and quantile intersample normalization, the
control and low-signal probes were filtered out, the replicate
probes were averaged, and the knockout samples were compared
against the wild-type samples for differential gene expression
(lmFit, eBayes). Differential expression cutoff was set at 10% false
discovery rate (FDR) and 1.5-fold change compared with thewild-
type samples. Heat map of double-knockout-deregulated genes
was produced with MeV (http://www.tm4.org/mev.html) using
hierarchical clusteringwithManhattandistance andaverage link-
age. Gene ontology (GO) analysis was performed using GOrilla
(http://cbl-gorilla.cs.technion.ac.il) and focused on biological pro-
cessGO termswith up-regulated or down-regulated genes as a tar-
get set and background list of detected genes.

RNA-seq

Wild-type, Gadd45a−/−, Ing1−/−, and Gadd45a−/−/Ing1−/− (dou-
ble-knockout) MEFs were differentiated to adipocytes for 6 d
in biological triplicates. Total RNA from MEFs at days 0 and
6was isolated using theQiagenRNeasy kit according to theman-
ufacturer’s recommendations, including on-column DNaseI
digest. RNA integrity was verified using an RNA 6000 Nano kit
on a 2100 Bioanalyzer (Agilent), which yielded RIN values consis-
tently >9.5.
RNA-seq libraries were prepared from 280 ng of RNA using the

TruSeq RNA sample preparation kit version 2 (Illumina) accord-
ing tomanufacturer’s recommendations and amplified in 12 PCR
cycles. Librarieswere profiled in a high-sensitivityDNAchip on a
2100 Bioanalyzer and quantified using the Qubit dsDNA HS as-
say kit in a Qubit 2.0 fluorometer (Life technologies). The 24 li-
braries were pooled in equimolar ratio and sequenced on a
HiSeq 2000 Illumina sequencer, single-read mode, for 51 cycles
plus seven cycles for the index read.
Each sample yielded, on average, 50 million reads of 51-bp

length. Raw reads were mapped to the NCBI37/mm9 build of
the mouse genome using TopHat version 2.0.9 (https://ccb.jhu.
edu/software/tophat), and HT-Seq count version 0.5.4 (http://
www-huber.embl.de/HTSeq) was used for summarizing the reads
over exons. Using the DESeq (https://www.bioconductor.org/
packages/devel/bioc/html/DESeq.html) package in R, differen-
tially expressed genes were identified at a FDR of 10% and 1.5-
fold (untreated) or twofold (day 6 of adipocyte differentiation)
change compared with wild-type samples. GO analysis was per-
formed using GOrilla (http://cbl-gorilla.cs.technion.ac.il) and fo-
cused on biological process GO terms, with gene symbols of up-
regulated or down-regulated genes as a target set and background
list of detected genes.

ChIP

ChIP in MEFs (Schäfer et al. 2013) and abdominal WAT (Haim
et al. 2013) was carried out essentially as described. Briefly,
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MEFs were cross-linked with 0.75% formaldehyde for 10 min at
room temperature and quenched with 125 mM glycine for
5 min. After harvest of cells by scraping in PBS, cells were lysed
for 10 min at 4°C in cell lysis buffer (5 mM PIPES at pH 8.0, 85
mM KCl, 0.5% NP-40, complete protease inhibitor cocktail [PI;
Roche]). WAT was rinsed in PBS, including PI; minced into 1- to
3-mm3 pieces; and fixed using 1% formaldehyde for 12 min at
room temperature, and cross-linkingwas stopped by 125mMgly-
cine addition for 5 min. After two washes with PBS, including PI,
WAT was dissolved in adipocyte lysis buffer (500 mM PIPES, 80
mM KCl, 1% igepal with PI), homogenized using a Dounce ho-
mogenizer (40 strokes; Sigma), and incubated for 15 min at 4°C
while vortexing every 3 min. Nuclei of MEFs and WATwere pel-
leted and lysed for 10min (MEFs) or overnight (WAT) at 4°C in nu-
clei lysisbuffer (1%SDS,10mMEDTA,50mMTris-HClatpH8.1
with PI). Chromatinwas sonicated to 150- to 500-bp fragments us-
ing a Bioruptor Plus (Diagenode), cleared by centrifugation for 10
min at 21.000g, and diluted 1:10 in immunoprecipitation dilution
buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM
Tris-HCl at pH 8.1, 167mMNaCl including PI). After preclearing
for 20min at 4°Cwith 3.125 µL/mLProteinA/GDynabeads (Invi-
trogen) preblocked with BSA and herring spermDNA, chromatin
was incubated with 4 µg/mL antibody overnight at 4°C. Antibod-
ies were rabbit a-HAChIP-grade (Abcam, ab9110) andmouse a-C/
EBPb ChIP-grade (Abcam, 1H7, ab15050). Antibody–chromatin
complexes were captured with 25 µL/mL blocked Protein A/G
Dynabeads (Invitrogen) for 90 min at 4°C followed by five washes
in ChIP wash buffer (150 mMNaCl, 20 mMTris at pH 8.1, 2 mM
EDTA, 10% glycerol, 1% Triton X-100, including PI). Captured
fragments were eluted in elution buffer (1% SDS, 50 mM Tris at
pH8.1, 10mMEDTA).After additionofNaCl to a final concentra-
tion of 375 mM, samples were decross-linked overnight at 65°C,
digested for 2 h with 40 µg of Proteinase K at 56°C, and purified
with QIAquick PCR purification columns (Qiagen). Resulting
sampleswereused for qPCRor furtherprocessed forhigh-through-
put sequencing.

ChIP-seq

ChIP-seq library preparationwas performed usingNuGEN’s Ova-
tion Ultralow system version 2 1-16 (2014) following the manu-
facturer’s recommendations. Libraries were prepared from 1-ng
or 48-ng ChIP-DNA and amplified in 14 or nine PCR cycles for
HA-ING1 or HA-GADD45α, respectively. For ING1 ChIP-seq,
size selection (300- to 1550-bp fragments) was performed using
a XTDNA750 chip (Perkin Elmer). ForGADD45αChIP-seq, dou-
ble-bead size selection with ratios of 0.65:1 and 0.85:1 (beads:
DNA ratio) was performed to enrich the library for 230- to 730-
bp fragments using Agencourt AMPure XP (Beckman Coulter).
Libraries were profiled in a high-sensitivity DNA chip on a
2100 Bioanalyzer (Agilent Technologies) and quantified using
the Qubit dsDNA HS assay kit in a Qubit 2.0 fluorometer (Life
technologies). ING1 libraries were pooled in equimolar ratio, as
were GADD45α libraries, and each pool was sequenced on two
HiSeq 2500 lanes in rapid mode and single-read for 68 cycles for
read 1 plus seven cycles for the index read.
More than 17 million and 40 million 68-bp reads per sample

were obtained for ING1 and GADD45α ChIP-seq, respectively.
The reads were aligned to theNCBI37/mm9 genomewith Bowtie
version 0.12.9 (http://bowtie.cbcb.umd.edu) with parameters “-m
1 - -best - -strata.” Peak calling analysis of GADD45α ChIP versus
sontrol ChIP was performed for each replicate with MACS
version 1.4.2 (http://liulab.dfci.harvard.edu/MACS/index.html).
The common peaks from the replicate experiments were deter-
mined with BedTools version 2.26.

WGBS-seq

Genomic DNA from awild-type and aGadd45a−/−/Ing1−/− (dou-
ble-knockout) MEF line was purified with a DNeasy blood and
tissue kit (Qiagen) according to the manufacturer’s instructions.
GenomicDNAwas fragmentedwith a Covaris S2Ultrasonicator.
For end repair of DNA fragments, the paired-end DNA sample
preparation kit (Illumina) was used. Adapter ligation was carried
out with an early access methylation adapter oligo kit (Illumina)
and the paired-end DNA sample preparation kit (Illumina). After
size selection of fragments using the E-Gel electrophoresis sys-
tem (Invitrogen), DNA was bisulfite-converted with a EZ DNA
methylation kit (Zymo Research). PCR-amplified and purified
products were subjected to 100-bp paired-end sequencing on an
Illumina HiSeq 2000 high-throughput sequencer with 10-fold
mean coverage for each strand.
The WGBS data sets contained 1.1 billion and 0.9 billion reads

for wild-type and double-knockout MEF samples, respectively.
Raw reads were aligned over the reference mouse genome
(NCBI37/mm9) using Bismark version 0.9.0 (http://www.
bioinformatics.babraham.ac.uk/projects/bismark). Besides the
default parameters for paired-end reads, “-n 3 -l 60 -e 200” was
used for a unique mapping rate of >75%. Methylation calling
for individual cytosines was performed using the Bismark tool
bismark_methylation_extractor with parameters “-p - -no_overlap
- -merge_non_CpG --ignore_r2 3 - -bedGraph - -counts” and bed-
Graph2cytosine with default parameters. CpG methylation
was compared between wild-type and double-knockout samples
using custom-made scripts. DMRs between double-knockout
and wild-type MEFs were identified by clustering the differen-
tially methylated CpGs with custom-made scripts according to
the following parameters: (1) minimum read coverage: 10× per
strand, (2) minimum methylation difference: 25%, and (3) mini-
mum number of consecutive CpGs affected: three on both
strands.

NG Capture-C

NG Capture-C was carried out essentially as described (Davies
et al. 2016) with some modifications. Three independent wild-
type, Gadd45a−/−, Ing1−/−, and Gadd45a–Ing1 double-knockout
MEF cell lines were grown to 80% confluency. Cells were fixed in
2% formaldehyde for 10 min at room temperature in batches of
2 × 107 cells, and the reactionwas quenchedwith 125mMglycine
(final concentration). After two PBS washes, cells were lysed in
5 mL of ice-cold lysis buffer (10 mM Tris at pH 8, 10 mM NaCl,
0.2 % Igepal CA-630, PI [Sigma]). After snap-freezing in liquid ni-
trogen, cell pellets were resuspended in a total of 1.4 mL of 1×
DpnII buffer (New England Biolabs) and homogenized on ice
with 55 strokes of a 5-mL Dounce homogenizer. Cells were pel-
leted and resuspended in 600 µL of 1× DpnII buffer. Cells were
shaken horizontally at 1400 rpm for 1 h at 37°C after dilution
with 2.5 vol of 1× DpnII buffer containing 0.4% SDS. Triton X-
100 was added to a final concentration of 1.67%, and lysates
were shaken for 1 h at 37°C. For restriction digest, 1.500 U of
DpnII was added three times within 24 h (total of 4.500 U) while
lysates were shaking horizontally at 1400 rpm at 37°C. After heat
inactivation for 20 min at 65°C, 1 vol of 2× T4 DNA HC ligase
buffer containing 30 µL of T4 DNAHC ligase (Life Technologies)
was added and incubated overnight with shaking at 1400 rpm at
16°C. After decross-linking at 65°C in the presence of 65 µg/mL
Proteinase K (Thermo Scientific) overnight and digestion using
3.45 µg/mL RNase A (Roche) for 30 min at 37°C, DNA was phe-
nol-chloroform-isoamylalcohol-extracted and precipitated using
sodium acetate. As a control of efficient digest and ligation, ali-
quots were taken during the procedure without enzyme addition

DNA demethylation defects and aging

GENES & DEVELOPMENT 755

http://bowtie.cbcb.umd.edu
http://bowtie.cbcb.umd.edu
http://bowtie.cbcb.umd.edu
http://bowtie.cbcb.umd.edu
http://bowtie.cbcb.umd.edu
http://bowtie.cbcb.umd.edu
http://liulab.dfci.harvard.edu/MACS/index.html
http://liulab.dfci.harvard.edu/MACS/index.html
http://liulab.dfci.harvard.edu/MACS/index.html
http://liulab.dfci.harvard.edu/MACS/index.html
http://liulab.dfci.harvard.edu/MACS/index.html
http://liulab.dfci.harvard.edu/MACS/index.html
http://liulab.dfci.harvard.edu/MACS/index.html
http://www.bioinformatics.babraham.ac.uk/projects/bismark
http://www.bioinformatics.babraham.ac.uk/projects/bismark
http://www.bioinformatics.babraham.ac.uk/projects/bismark
http://www.bioinformatics.babraham.ac.uk/projects/bismark
http://www.bioinformatics.babraham.ac.uk/projects/bismark
http://www.bioinformatics.babraham.ac.uk/projects/bismark
http://www.bioinformatics.babraham.ac.uk/projects/bismark
http://www.bioinformatics.babraham.ac.uk/projects/bismark


and controlled via agarose gel electrophoresis (data not shown).
In addition, digest efficiency was confirmed to be >80% using
DpnII-sensitive qPCR (data not shown). Fifteen micrograms of
the 3C library of each sample in 120 µL was sonified in a Covaris
microtube (duty cycle 10%, intensity 5, 200 cycles per burst for
6 min in frequency sweeping mode) to yield an average fragment
size of ∼180 bp. After sonication, the DNA was purified using
Ampure XP SPRI bead cleanup. Illumina sequencing adaptors
were added to 1.5 µg of the 3C library using NEBNext DNA li-
brary preparation reagent set (New England Biolabs) according
to manufacturer’s instruction with two exceptions: First, 15 µL
instead of 10 µL of adaptor was used, and, second, Herculase II
fusion polymerase (Agilent) was used for PCR-based addition of
indices instead of New England Biolabs polymerase. For the first
capture, 2 µg of the 12 indexed librarieswasmixed in an exact sto-
ichiometric ratio. Capture was performed using the Nimblegen
SeqCap EZ kits (Roche) based on the Nimblegen SeqCap
SR user guide instructions. Note that Nimblegene HE-Oligo kit
Awas used, and the New England Biolabs multiplex primers dur-
ing indexing were chosen accordingly fromNEBNext primer sets
1 and 2. Sixty-three different 120-bp oligonucleotides covering 37
regions were designed using the Hughes laborartory Web tool
(http://apps.molbiol.ox.ac.uk/CaptureC/cgi-bin/CapSequm.cgi)
and ordered from Sigma, carrying a 5′biotin. Oligonucleotides
were dissolved individually at 2.9 µM final concentration and
mixed in a 1:1 ratio. For the hybridization, 4.5 µL of this oligonu-
cleotide pool was used per sample (54 µL for 12 samples). Capture
was performed based on the manufacturer’s instructions of the
Nimblegen SeqCap EZ kit in four paralleled reactions to preserve
complexity. For amplification, 12 PCR cycles using Kapa HiFi po-
lymerase were performed, and hybridization was conducted for
72 h at 47°C. The second capture was performed exactly the
same as the first capture with the exception that only 500 ng of
the captured library was used. qPCR served as quality control
and confirmed a >5 × 106-fold enrichment of the control locus
Hba1-2 over unspecific control regions after the second capture
(data not shown). The pooled library was diluted to 4 nM (based
on QX200 digital droplet PCR measurement [Bio-Rad]) using
the ddPCR library quantification kit for Illumina TruSeq (Bio-
Rad). The library was denatured and further diluted according
to Illumina’s recommendations for the NextSeq500 flow cell.
Of a 1.2 pM dilution of the denatured pool, 1.3 mL (with 2%
spiked-in ΦX) was loaded and sequenced in High-Output mode,
paired end, for 2 × 150 bp, resulting in >30 million reads per sam-
ple. Sample demultiplexing and FastQ file generation were per-
formed using Illumina conversion software bcl2fastq version
2.18.
The raw data were processed following the standard workflow

described in Davies et al. (2016) (https://github.com/telenius/
captureC/releases) in the following steps. After read quality
assessment with FastQC version 0.11.5, adaptor sequences
were trimmed using Trim Galore version 0.4.1 (https://www.
bioinformatics.babraham.ac.uk/projects) with parameters
“- -stringency 3 - -paired.” The paired-end reads were merged into
fragments using Flash version 1.2.11 (https://sourceforge.net/
projects/flashpage) with parameters “- -interleaved-output -m 10
-M150 -x0.1 -t 1 -z.” In silicoDpnII restrictiondigest of themerged
reads was done with the custom script dpnII2E.pl (https://github.
com/telenius/captureC/releases).Alignmentof thedigested reads
to the NCBI37/mm9 mouse genome was carried out using
Bowtie version 1.1.2 (http://bowtie-bio.sourceforge.net/index.
shtml) with parameters “-p 1 -m 2 -y - -best - -strata - -chunkmbs
1024.”Capture-C-tailored filtering, visualization, and interaction
quantitation of themappeddatawere performedusing the custom
script CCanalyser3.pl (https://github.com/telenius/captureC/
releases) with default parameters.

Next-generation sequencing (NGS) data integration and visualization

Genome-wide methylation profiling was conducted using meth-
ylKit (https://github.com/al2na/methylKit) in R. Genome parti-
tioning into unmethylated regions (UMRs), LMRs, and fully
methylated regions (FMRs) was performed with MethylSeekR
(https://www.bioconductor.org/packages/devel/bioc/html/Methyl
SeekR.html). The heat map for the 5hmC, 5fC, 5caC levels (nor-
malized readdensity) in control andTdgknockdownmouseembry-
onic stem cells (Shen et al. 2013) was generated using deepTools
version 2.5.1 (Ramirez et al. 2014), taking reference points from
the centre of hypermethylated DMRs. Positional correlations of
DMRs across MEF histone marks (Yue et al. 2014) was conducted
with Genome Inspector (Genomatix https://www.genomatix.de).
GO analysis for the enhancer-associated DMRs was carried out
using PANTHER (http://pantherdb.org). GADD45α and ING1
ChIP-seq peaks were correlated with CpG methylation levels
fromWGBS using self-created scripts, and the results were plotted
with GENE-E (http://www.broadinstitute.org/cancer/software/
GENE-E).
For annotation analyses and heat maps, promoters and enhanc-

ers were defined using available MEF H3K4me1, H3K4me3, and
H3K27ac ChIP-seq data sets (Yue et al. 2014). Gene regulatory re-
gion information was extracted from the University of California
at Santa Cruz (UCSC) table browser (https://genome.ucsc.edu/
cgi-bin/hgTables). Enrichment scores were estimated by taking
the ratio between proportions of the feature-associated DMRs in
the total number of DMRs and proportions of the features in the
whole-mouse genome. Heat maps of TF binding were generated
using custom-made scripts and publishedChIP-seq data sets (Sier-
sbaek et al. 2011, 2014). Ing1 peaks were correlated with E2F4
ChIP-seq data sets from 3T3-L1 cells (MacIsaac et al. 2010) using
closestBed (BedTools version 2.26) with the parameter “-d 1000”.
GREAT version 0.3.0 (http://bejerano.stanford.edu/great) was

used to associate ChIP-seq peaks with adjacent genes and for TF
motif analysis of ING1ChIP-seq peaks.De novo andknownmotif
analysis of DMRs and GADD45α ChIP-seq was performed with
HOMER (http://homer.salk.edu/homer/motif). GO analysis for
DMRs and peaks from the ChIP-seq analysis was conducted
withGOrilla using nearby genes as a target set and all mm9 genes
as a background set. Heat maps of differentially expressed
genes were produced with gplots (https://cran.r-project.org/web/
packages/gplots) in R, and Venn diagrams were generated
withVenny (http://bioinfogp.cnb.csic.es/tools/venny) or BioVenn
(http://www.cmbi.ru.nl/cdd/biovenn/index.php; semiproportional).
UCSC genome browser (https://genome.ucsc.edu) was used for
NGS data visualization.

Methylation-sensitive PCR

Methylation-sensitive PCR takes advantage of the different sen-
sitivities of restriction endonucleases to DNA methylation.
While MspI, cutting at the CCGG sequences, is insensitive to
DNA methylation, its isoschizomere, HpaII, cuts only unmeth-
ylated DNA. HhaI, another methylation-sensitive restriction en-
zyme, cuts GCGC sequences only in their unmethylated state.
PvuII was used to sterically relax genomic DNA by cutting in
nonrelevant sequence contexts.
Genomic DNAwas purified with a Qiagen blood and tissue kit

according to the manufacturer’s recommendations. One-hun-
dred-fifty nanograms of genomic DNA was digested overnight
with 10 U of PvuII and 10 U of either HpaII, HhaI, or MspI (all
Promega) or no enzyme. Five nanograms of digested DNA was
used for qPCR analysis in technical duplicates. Obtained values
were normalized to PvuII-only control digests to estimate DNA
methylation at examined CpGs.
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Animal experiments

Gadd45a-deficient mice (Hollander et al. 1999) were a kind gift
from M.C. Hollander. Ing1-deficient mice (Kichina et al. 2006)
were obtained from Jackson Laboratories. Both strains were back-
crossed several generations into the C57BL/6N background and
interbred to generate wild-type, Gadd45a−/−, Ing1−/−, and
Gadd45a−/−/Ing1−/− (double-knockout) mice from homogenous
genetic backgrounds. Mice were housed in accordance with na-
tional and international guidelines with ad libitum access to wa-
ter and chow diet and a 12-h/12-h light–dark rhythm. Mice were
sacrificed by CO2 asphyxiation followed by cervical dislocation
before experimental manipulation. All procedures were per-
formed with the approval of the ethical committees on animal
care and use of the federal states of Baden-Württemberg and
Rheinland-Pfalz, Germany.

Hematoxylin and eosin (H&E) staining

Mouse tissues were dissected and fixed for 48 h at 4°C in freshly
prepared 4%paraformaldehyde in PBS. Tissueswere embedded in
paraffin, sectioned to 5–10 µm, and stained with H&E according
to standard procedures. Images were taken on a Leica DM2500
light microscope.

SA-β-Gal staining

SA-β-Gal activity in MEFs was determined with a 96-well
cellular senescence assay kit (Cell Biolabs) according to the man-
ufacturer’s instructionswith the followingmodifications: Cell ly-
sis was conducted for 10 min, and clarification of the lysate was
performed in the original multiwell plate. Fluorescence was nor-
malized to total protein concentrations to give relative SA-β-Gal
activity. For determination of SA-β-Gal activity in mouse skin,
dissected tissues were fixed overnight in freshly prepared 4%
paraformaldehyde in PBS. Following several washes in PBS, tis-
sueswere infiltrated overnight in 15% sucrose and, subsequently,
30% sucrose in PBS. Tissues were immersed in OCT TissueTek
embeddingmedium and stored at−80°C. After sectioning tissues
at 5–10 µm, SA-β-Gal staining was performed essentially as de-
scribed (Dimri et al. 1995; Debacq-Chainiaux et al. 2009). Briefly,
tissue sections were rinsed twice for 10 min in PBS at 4°C to re-
move the embedding medium and stained overnight at 37°C in
freshly prepared SA-β-Gal staining solution {40 mM citric acid,
40 mM dibasic sodium phosphate, 5 mM K4[Fe(CN)6], 5mM
K3[Fe(CN)6], 150 mM NaCl, 2 mM MgCl, 1 mg/mL X-Gal [5-
bromo-4-chloro-3-indolyl-β-D-galactopyranoside]} adjusted to
pH 6. Samples were washed in PBS, mounted with aqueous
mounting medium, and imaged on a Leica DM2500 light micro-
scope. SA-β-Gal staining was quantified in Photoshop PS5 as per-
cent of total area stained using iteratively increased image
contrast and the histogram tool.

Quantification of DNA modifications

The alkaline elution technique in combination with repair en-
zymes as probes was used to quantify various types of DNAmod-
ifications, as described previously (Epe and Hegler 1994; Pflaum
et al. 1997). The assay makes use of the fact that the elution rate
of chromosomal DNA from a membrane filter (2-µm pores) de-
pends on the length of theDNAmolecules and therefore the num-
ber of strand breaks. Briefly, the sumof single-strand breaks (SSBs)
andDNAmodifications sensitive toa repair enzyme (hereFpgpro-
tein, which recognizes oxidized purines and AP sites, or T4-endo-
nuclease V, which recognizes cyclobutane pyrimidine dimers
[CPDs] and AP sites) was obtained from experiments in which

the cellular DNAwas incubated with the repair enzyme immedi-
ately after cell lysis. To quantify SSBs, the incubation was carried
out without repair enzyme. The numbers of enzyme-sensitive
modifications were obtained by subtracting the number of SSBs.
For the analysis of the repair kinetics of CPDs, cells were exposed
to 2.9 J/m2 UVB, and the number of T4 endonuclease V-sensitive
lesionswas determined atvarious timepoints after damage induc-
tion. In this case, the numbers of DNAmodifications observed in
untreated control cells (background levels) were subtracted. The
slope of an elution curve obtained with γ-irradiated cells was
used for calibration (6 Gy = 1 SSB/106 bp).

Quantification of ROS

ROS were measured in MEFs using the total ROS/superoxide
detection kit (Enzo Life Sciences) according to themanufacturer’s
instructions. ROS and superoxide anions were detected on a LSR-
Fortessa Sorp flow cytometer. Cell debris and doubletswere gated
out, and unstained N-acetylcysteine-treated negative control as
well as pyocyanin-treated positive control cells were used for
channel compensation corrections and population gating. Quan-
tification of results was performedwith FlowJo data analysis soft-
ware (FlowJo LLC).

Quantification of telomere length

To determine telomere length, genomic DNA frommouse livers
was purified with a Qiagen blood and tissue kit according to the
manufacturer’s recommendations. Genomic DNA (1.35 µg per
sample) was analyzed by Southern blot using the Telo TAAGG
telomere length assay kit (Roche) according to the manu-
facturer’s instructions. Signals were detected with a ChemiDoc
imager (Bio-Rad) and analyzed using the ImageLab software (Bio-
Rad).

Quantification of serum cytokines

Mouse bloodwas collected by cardiac puncture after CO2 asphyx-
iation. Blood was allowed to clot for 30 min at room temperature
and centrifuged at 2000g for 10 min at 4°C. The serum superna-
tant was stored at −20°C. For cytokine detection, 50 µL of serum
each from three animals per genotype was pooled and processed
using a mouse cytokine antibody array (C series, array 3) from
RayBiotech according to the manufacturer’s recommendations.
Both the serum and antibody cocktail incubation steps were con-
ducted overnight at 4°C. Signals were detected with a ChemiDoc
imager (Bio-Rad). Background signals were subtracted and techni-
cal duplicate values were averaged.

Estrus cycle analysis

Estrus cycle phaseswere determined as described (Caligioni 2009)
and quantified based on the relative amount of cornified epitheli-
al cells, which mark the estrus phase and are strongly reduced or
absent in other phases of the estrus cycle.

Blood glucose measurement

Plasma blood glucose levels were assessed in 6- to 8-wk-old mice
in both randomly fed and overnight fast conditions. Blood sam-
ples were drawn by tail clipping, and glycemiawas assessed using
an Accu-Chek glucometer (Roche).
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Luciferase reporter assays

For luciferase assays, 10-cm dishes of confluent MEFs were elec-
troporated with 19 µg of p95/47T81 C/EBP-Luciferase (Sterneck
et al. 1997) and 1 µL of pRL (Promega) and, 24 h later, differenti-
ated along the adipogenic lineage. Dual-luciferase reporter assays
(Promega) were performed according to the manufacturer’s in-
structions and measured on an Infinite200 Pro microplate reader
(Tecan).

Co-IP and immunoblotting

Co-IP was performed as described previously (Kienhöfer et al.
2015). For immunoblot analysis, cells were lysed in RIPA buffer
(150 mM NaCl, 1% Triton-X100, 0.5% sodium deoxycholate,
0.1% sodium dodecyl sulfate, 50 mMTris-HCl at pH 8.0) supple-
mented with PI (Roche). Cell disruption was achieved by four cy-
cles of freezing in liquid nitrogen and thawing at 37°C followed by
sonication for 10 cycles (15 sec on/off at high setting) in a Biorup-
tor (Diagenode). Lysates were cleared by centrifugation, and pro-
tein concentration was estimated by bicinchoninic acid (BCA)
assay. Absorption at 562 nm was measured with an Infinite 200
Pro microplate reader (Tecan) and compared with a standard
curve of bovine serum albumin samples with known protein con-
centrations that was run in parallel to samples of interest. Lysates
were boiled in 4× stock Lämmli sample buffer (60 mM Tris-Cl at
pH 6.8, 2% sodium dodecyl sulfate, 10% glycerol, 5% β-mercap-
toethanol, 0.01% bromophenol blue), separated on polyacryl-
amide gels, and transferred to polyvinylidene difluoride (PVDF)
membranes. After blocking in 5% skimmedmilk in Tris-buffered
saline with 0.1% Tween-20 (TBS-T), membranes were incubated
first overnight at 4°Cwith primary antibodies diluted in blocking
buffer and subsequently for 1 h at room temperature with perox-
idase-coupled secondary antibodies diluted in blocking buffer.
Signals were developed with SuperSignal West Pico or Femto
chemiluminescent substrate (Thermo Scientific) and analyzed
using ChemiDoc (Bio-Rad) with ImageLab software.

Immunostaining

MEFs were cultured on coverslips and fixed for 30 min with 4%
paraformaldehyde in PBS. Neutralization of residual paraformal-
dehyde and permeabilizationwere performed by a 30-min incuba-
tion in 200 mM glycine and 0.1% Triton X-100 in PBS. After
blocking for 1 h in PBGNT (PBS, 0.5% BSA, 0.2% cold water
fish gelatin, 0.5 M NaCl, 0,1% Triton-X100), coverslips were in-
cubated overnight at 4°C with primary antibody diluted in
PBGNT and subsequently incubated for 1 h at room temperature
with Alexa fluor 546-coupled secondary antibody and 0.1 µg/mL
DAPI in PBGNT. Samples were analyzed with a Leica SP5 confo-
cal microscope and Leica LAS image software.

Antibodies

Primary antibodies used in this study were rabbit anti-HA
(Abcam, ab9110), rabbit anti-C/EBPβ (Santa Cruz Biotechnology,
sc-150X), mouse anti-PPARγ (Abcam, ab41928), rabbit anti-
GADD45a (Santa Cruz Biotechnology, sc-797), goat anti-ING1
(Santa Cruz Biotechnology, sc-7566), mouse anti-GFP epitope
tag (Dianova, DLN-07227), rabbit anti-Caspase 3 (Cell Signaling,
9662), rabbit anti-p16 (Santa Cruz Biotechnology, sc-1207),
mouse anti-phosho-Histone H2A.X (Millipore, 05-636), rabbit
anti-Histone H3 (Abcam, ab1791), and mouse anti-α-Tubulin
(Sigma, T5186). Secondary antibodies were HRP-coupled goat
anti-mouse IgG (Dianova, 115-035-146), HRP-coupled goat anti-

rabbit IgG (Dianova, 111-035-144), and Alexa fluor 546-coupled
goat anti-rabbit IgG (Invitrogen, A11035).

Statistical analysis

Data throughout this report are displayed as arithmetic mean ±
SD. Statistical significance was determined with an unpaired
two-tailed Student’s t-test in Excel 2013 (Microsoft) and is dis-
played as P < 0.05 (∗), P < 0.01 (∗∗), and P < 0.001 (∗∗∗). Statistical
significance of mouse survival was determined by log-rank test
(https://www.evanmiller.org/ab-testing/survival-curves.html).

Data availability

All NGS and microarray data have been deposited in the NCBI
Gene Expression Omnibus (GEO) under superseries accession
number GSE99607. Primer sequences are listed in the Supple-
mental Material.
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