Ingl functions in DNA demethylation
by directing Gadd45a to H3K4me3
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Active DNA demethylation regulates epigenetic gene activation in numerous processes, but how the target site
specificity of DNA demethylation is determined and what factors are involved are still poorly understood. Here
we show that the tumor suppressor inhibitor of growth protein 1 (Ingl) is required for targeting active DNA
demethylation. Ingl functions by recruiting the regulator of DNA demethylation growth arrest and DNA damage
protein 45a (Gadd45a) to histone H3 trimethylated at Lys 4 (H3K4me3). We show that reduced H3K4 methylation
impairs recruitment of Gadd45a/Ingl and gene-specific DNA demethylation. Our results indicate that histone

methylation directs DNA demethylation.
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DNA methylation at 5-methylcytosine (5mC) of CpGs
is a common epigenetic mark in metazoa, which plays
important roles in regulating gene expression, genomic
imprinting, X-chromosome inactivation, genomic insta-
bility, embryonic development, and cancer (Costello and
Plass 2001; Jones and Takai 2001; Ehrlich 2005). It has
become clear that DNA methylation is reversible by
enzymatic “active” DNA demethylation, with examples
in plants, animal development, cancer, and immune cells
(for review, see Niehrs 2009; Zhu 2009; Schir and Fritsch
2011). However, the molecular mechanisms underlying
active demethylation are only beginning to be understood.

In Arabidopsis, active DNA demethylation involves
DNA base excision repair of methylated cytosines, me-
diated by the Demeter/ROS1 DNA glycosylase family
(Choi et al. 2002; Gong et al. 2002; Gehring et al. 2006). In
animal cells, various DNA repair-based mechanisms
seem to mediate active demethylation involving base
excision repair (Kangaspeska et al. 2008; Metivier et al.
2008; Rai et al. 2008; Bhutani et al. 2010; Cortazar et al.
2011; Cortellino et al. 2011) and/or methyl oxidation
(Kriaucionis and Heintz 2009; Tahiliani et al. 2009; Guo
et al. 2011; He et al. 2011). We showed that growth arrest
and DNA damage protein 45a (Gadd45a) mediates active
DNA demethylation (Barreto et al. 2007). Gadd45a is
member of a small gene family of stress response genes
encoding 18-kDa acidic histone fold proteins (Zhan et al.
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1994). Gadd45 proteins are multifunctional and regulate
a range of cellular processes, including DNA repair, pro-
liferation, apoptosis, and differentiation (Fornace et al.
1988; Kastan et al. 1992; Smith et al. 1996; Carrier et al.
1999; Harkin et al. 1999; Hollander and Fornace 2002;
Zhan 2005). Gadd45a-mediated demethylation involves
recruitment of the nucleotide excision repair (NER)
(Barreto et al. 2007; Schmitz et al. 2009; Le May et al.
2010; Schifer et al. 2010) and/or base excision repair (Rai
et al. 2008; Cortellino et al. 2011) machineries (for
review, see Niehrs and Schaifer 2012).

Gadd45a does not appear to affect global DNA demeth-
ylation (Jin et al. 2008; Engel et al. 2009; Schifer et al.
2010). Instead, Gadd45 proteins function in gene-specific
demethylation of target genes such as rDNA in HEK293T
cells (Schmitz et al. 2009); Bdnf IX and Fgf-1B during
neurogenesis in the mouse brain (Ma et al. 2009); Bdnf IX
in psychosis in the human brain (Gavin et al. 2011); reelin
and Bdnf IX upon activation of glutamate receptors
(Matrisciano et al. 2011); S100 during epidermal differ-
entiation (Sen et al. 2010); CD11a and CD70 in T cells
(Li et al. 2010); RARB2 following retinoic acid stimula-
tion (Le May et al. 2010); osterix, DIx5, Runx2, and BGP
during bone differentiation (Zhang et al. 2011); and plas-
mid DNA in Xenopus oocytes and zebrafish embryos
(Barreto et al. 2007; Rai et al. 2008). A common theme of
these studies is that demethylation by Gadd45 is a highly
selective process: Not only is it gene specific, but within
a given gene, it typically affects distinct mCpGs, often in
the promoter region. This specificity highlights a set of
general, unresolved key questions in DNA demethyla-
tion: What determines the target site specificity of DNA
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demethylation? Is there a relationship between site-
specific DNA demethylation and the epigenetic land-
scape? What may be the cofactors involved?

Gadd45a is a nuclear protein but does not bind signif-
icantly to naked DNA (Carrier et al. 1999; Sytnikova et al.
2011), yet chromatin immunoprecipitation (ChIP) shows
specific recruitment to demethylation sites (Barreto et al.
2007; Ma et al. 2009; Schmitz et al. 2009; Le May et al.
2010; Gavin et al. 2011), suggesting the involvement of
cofactors. Gadd45a physically interacts with a number of
DNA/chromatin-binding proteins, including nuclear hor-
mone receptors (Yi et al. 2000), core histones (Carrier
et al. 1999), PCNA (Smith et al. 1994), Taf12 (Schmitz
et al. 2009), and p33™S!? (Cheung et al. 2001). In this
study, we focused on p33™S!® (ING1b [inhibitor of growth
1b]) because it shares various properties with Gadd45a.
INGI1b is member of the ING (ING1 to INGS5) family of
tumor suppressors, most of which contain a conserved
plant homeodomain (PHD) finger motif (Garkavtsev
et al. 1996; Campos et al. 2004; for review, see Soliman
and Riabowol 2007). Like Gadd45a, ING1 is induced by
stress or UV irradiation, inhibits cell growth by interacting
with p21"¥? and promotes NER (Cheung et al. 2001).
Furthermore, Ingl mouse mutants are radiation-sensitive
and tumor-prone, like Gadd45a mutants (Hollander et al.
1999; Kichina et al. 2006). ING proteins are found in
complex with histone acetyl transferases (HATSs) (Vieyra
et al. 2002) and histone deacetylases (HDACs) (Skowyra
et al. 2001; Kuzmichev et al. 2002). Important for this
study, ING1 contains a PHD finger domain that spe-
cifically binds to histone H3 trimethylated at Lys 4
(H3K4me3) (Shi et al. 2006; Wysocka et al. 2006), suggest-
ing that INGI can read and translate the histone code (Shi
et al. 2006; Pena et al. 2008).

We discovered that Ingl is a novel factor required for
gene-specific DNA demethylation. Gain- and loss-of-
function experiments indicate that Ingl functions during
Gadd45a-mediated DNA demethylation. ChIP experi-
ments and manipulation of cellular H3K4me3 levels
show that INGI1b recruits GADD45a to the promoter
of the cancer/testis antigen melanoma antigen gene B2
(MAGEB2). Genome-wide gain- and loss-of-function
experiments identified additional target genes regulated
synergistically by Gadd45a and Ingl in a H3K4me3-
dependent fashion. Thus, this study describes a novel
factor essential for DNA demethylation and indicates
that histone methylation is required to direct DNA
demethylation.

Results

GADD45a requires ING1b for DNA demethylation

We first analyzed whether GADD45a and INGI1b bio-
chemically interact. In coimmunoprecipitation (co-IP),
endogenous GADD45a bound ING1 in HEK293T lysates
(Fig. 1A). Using in vitro pull-downs, we mapped the
GADD45a-binding domain to lie between the PHD and
the partial bromodomain, a region without distinctive pro-
tein motifs (Supplemental Fig. S1A). We next established
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that Gadd45a and INGIb also functionally interact by
performing luciferase assays using an in vitro methyl-
ated, SV40-driven reporter plasmid. Gadd45a reactivates
such methylation silenced reporters by DNA demethy-
lation (Barreto et al. 2007; Schmitz et al. 2009; Hu et al.
2010). In cotransfection experiments, ING1b strongly
enhanced reporter activation by Xenopus Gadd45a in
a dose-dependent manner (Fig. 1B), and this was accom-
panied by DNA demethylation of the reporter (Fig. 1C).
The INGI1b domains required for Gadd45a functional
interaction mapped to the C terminus, including the
PHD domain (Fig. 1D). Also, a W235A point mutation,
which disrupts the PHD domain (Pena et al. 2008), was
inhibitory (Supplemental Fig. S1B). In loss-of-function
experiments, siING1b abolished reporter gene activa-
tion (Fig. 1E; controlled in Supplemental Fig. S1C), while
siRNA knockdown of another ING1 splice variant,
p47'N¢14 (ING1a), lacking the N-terminal PIP and par-
tial bromodomain enhanced the reporter activation by
Gadd45a (Fig. 1E).

Not only human INGI1b, but also both mouse Ingl
proteins (p31/7819/¢ and p3781P) (Zeremski et al. 1999;
Kichina et al. 2006) synergized with mouse Gadd45a in
reporter reactivation (Supplemental Fig. S1D,E). Further-
more, another reporter, Oct4TK-GFP, was synergistically
activated by ING1b and human GADD45a (Fig. 1F).
Bisulfite sequencing of the Oct4TK-GFP reporter con-
firmed site-specific DNA demethylation after GADD45a
transfection, which was potentiated by ING1b (Fig. 1G).
This effect was direct, as both proteins bound the re-
porter plasmid in ChIP experiments (Fig. 1H,I). Notably,
GADD45a binding was significantly increased by ING1b
expression (Fig. 1I), suggesting that ING1b enhances
GADD45a recruitment to target reporters. Importantly,
reporter binding of both ING1b and GADD45a was fully
dependent on the ING1b-PHD domain, suggesting a tar-
geting to chromatin, and, indeed, the reporter plasmid
was chromatinized (Supplemental Fig. S1F,G).

These results indicate that (1) Gadd45a and INGI1b
biochemically and functionally interact in DNA de-
methylation; (2) ING1b—and in particular its chromatin-
binding PHD domain—is required for the Gadd45a-
mediated reactivation of methylation silenced reporters;
and (3) the proteins directly bind to the demethylation
substrate in a PHD domain-dependent manner.

ING1b targets GADD45a to MAGEB2 demethylation
sites

By a candidate approach, we identified MAGEB2 as an
endogenous demethylation target of GADD45a and
ING1b. The expression of the gene family of cancer/
testis antigens is high in testis and silenced in somatic
tissues but is activated due to DNA demethylation specif-
ically in many invasive cancers (De Smet et al. 1996, 1999).
MAGE genes are promising targets for anti-tumor immu-
notherapy (Sang et al. 2011).

MAGEB2 expression was inhibited by GADD45a or
ING1b siRNAs in RKO cells (Fig. 2A; controlled in
Supplemental Fig. S2A), and this was accompanied by
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promoter hypermethylation (Fig. 2B). Specifically, the
MAGEB2 promoter was generally hypermethylated ex-
cept for three adjacent CpGs located at —70, —65, and
—57, which were methylated only between 30% and
60%, (Supplemental Fig. S2B). GADD45a or ING1b
siRNAs led to hypermethylation of these three CpGs
(Fig. 2B). Consistent with a direct effect, transfected
epitope-tagged GADD45a bound the MAGEB2 locus,
with the highest enrichment at the transcription start
site, as did myc-ING1b (Supplemental Fig. S2C). Sequen-
tial re-ChlIP assays confirmed that ING1b and GADD45a
coassociate in the same chromatin fraction (Fig. 2C).
Moreover, endogenous GADD45a also bound to the
MAGEB2 5’ upstream region, and importantly, this bind-
ing was impaired by siING1b (Fig. 2D). INGI1b binding,
however, was not affected by depletion of GADD45a
(Supplemental Fig. S2D). We conclude that (1) ING1b
and GADD45a maintain hypomethylation of the
MAGEB2 promoter and prevent gene silencing and (2)
ING1b targets GADD45a to specific demethylation sites
of MAGEB2.

+G45a

ING1b targets GADD45a to H3K4me3 via its PHD
domain

A hallmark of ING1D is its ability to read and translate
H3K4me3 histone marks via its PHD domain. This sug-
gests that Gadd45a-mediated DNA demethylation is tar-
geted to H3K4me3. Consistent with this, ING1bAPHD and
ING1b™23%2 failed to synergize with Gadd45a in transcrip-
tional activation of the methylated luciferase reporter (Fig.
1D; Supplemental Fig. S1B) and likewise impaired recruit-
ment of Gadd45a to the Oct4TK-GFP reporter and its DNA
demethylation (Fig. 1I; data not shown).

H3K4me3 is commonly associated with the promoter
regions of actively transcribed genes (Santos-Rosa et al.
2002; Schneider et al. 2004). As expected, H3K4me3
showed maximal occupancy around the transcription
start site of MAGEB2 (Fig. 2E), overlapping with endoge-
nous GADD45a binding. Sequential re-ChIP assays con-
firmed that GADD45a and ING1b both bind to chromatin
occupied by H3K4me3 (Fig. 2FG).

We performed pull-down assays using biotinylated
histone peptides to confirm that Gadd45a can be recruited
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to H3K4me3 via ING1b. GADD45a alone did not bind to
any of the tested histone peptides. However, when co-
expressed with ING1b, GADD45a bound to H3K4me2
and H3K4me3. Expectedly, ING1b alone also bound
specifically to H3K4me3 and, with decreasing affinity,
di- and monomethylated H3K4 (Fig. 2H; Supplemental
Fig. S3A; Pena et al. 2008). Deletion of the PHD domain
(ING1bAPHD) or W235A point mutation abolished bind-
ing to H3K4me3 and recruitment of Gadd45a (Fig. 2H,
Supplemental Fig. S3B). Toward acetylated peptides
(H3K9ac and H3Kl14ac), ING1b had no affinity, even
though it contains a partial bromodomain (Fig. 2H). These
results indicate that ING1b can recruit GADD45a to
H3K4me3 via its PHD domain.

Gadd4b5a and Ingl mediate Mageb2 demethylation

We next analyzed Mageb2 regulation genetically in pri-
mary mouse embryonic fibroblasts (MEFs), which we gen-
erated from mice single mutant (Hollander et al. 1999;
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Kichina et al. 2006) or double mutant (double knockout
[DKO]J) (this study) for Gadd45a and Ingl. Gadd45a and
Ingl are UV-inducible stress response genes (Fornace
et al. 1988; Hollander et al. 1999; Cheung et al. 2001).
Consistent with this, Gadd45a was up-regulated in UV-
irradiated wild-type MEFs, as were Ingla and Inglc, two
of the three highly related alternative transcripts
encoded by the mouse Ing1 locus (Fig. 3A; Supplemental
Fig. S4A). UV irradiation also strongly induced expres-
sion of Mageb1-3 (gene expression average of the three
highly similar mouse homologs to the single human
MAGEB?2) (Fig. 3B; De Backer et al. 1995). Importantly,
Mageb1-3 induction was reduced in Gadd45a and Ingl
single-mutant MEFs and was almost abolished in DKO
MEFs (Fig. 3C). UV irradiation also induced 25 % Mageb2
promoter demethylation (Fig. 3D,E, CpG sites a and b;
schematic in Supplemental Fig. S4B). This demethyla-
tion was reduced in Gadd45a and Ingl single-mutant
MEFs and was abolished in DKO MEFs (Fig. 3E). These
results indicate that Gadd45a and Ingl are required for
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Figure 3. Gadd45a and Ingl are required for UV-
induced Mageb2 demethylation. (A,B) Gene ex-
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UV-induced activation and demethylation of Mageb2. Of
note, the basal methylation level of Mageb2 increased
from 80% to 100% in DKO MEFs (Supplemental Fig. S4C),
suggesting that Gadd45a and Ingl not only mediate UV-
induced demethylation, but also protect the promoter
from hypermethylation in steady state.

H3K4me3 is required for Gadd45a/Ingl-induced
Mageb2 demethylation

We addressed whether Gadd45a/Ing1-mediated Mageb2
demethylation is targeted by H3K4me3 in MEFs. Despite
its low expression level, uninduced Mageb2 was substan-
tially bound by H3K4me3, which was unaltered by UV
treatment (Supplemental Fig. S5A). However, H3K4me3
chromatin was selectively demethylated: H3K4me3-
bound Mageb2 had 20% reduced DNA methylation com-
pared with input (60% vs. 80%) (Fig. 3F vs. D) and was
preferentially demethylated following UV treatment
(20% vs. 60%) (Fig. 3F vs. D). Consistent with H3K4me3
targeting demethylation, siRNA knockdown of Wdr5,
an essential component of the MLL H3K4 methyltrans-
ferase (Milne et al. 2002; Wysocka et al. 2005), reduced
global and Mageb2 promoter-associated H3K4me3 levels
(Fig. 3G; Supplemental Fig. S5B) and, importantly, also
impaired basal as well as UV-induced Mageb1-3 expres-
sion (Fig. 3H). Similarly, siWdr5 strongly impaired both
Mageb1-3 expression and demethylation when triggered

sion analysis of Mageb1-3. Bar charts represent
the mean of independent experiments (n = 3) with
error bars as =SD.

by GADD45a/ING1b overexpression instead of UV irradi-
ation (Fig. 4A,B).

ChIP analysis showed that GADD45a and INGlb
bound with a similar profile to the predicted Mageb2
transcription start site, encompassing the demethylation
sites (Fig. 4C,D). Importantly, siWdr5 impaired the binding
of both proteins to Mageb?2 (Fig. 4C,D). We conclude that
WDR5-mediated H3K4 methylation is essential for
GADD45a/ING]1 to bind to the Mageb2 locus and promote
gene activation by DNA demethylation.

ING1b and GADD4b5a cooperate in gene activation
and demethylation

The above data support an interaction of Gadd45a and Ingl
in demethylation of reporter constructs and MAGEB2. To
extend these findings, we performed genome-wide micro-
array profiling to analyze global changes in gene expres-
sion in HEK293T cells after expression of ING1b and
GADD45a. If ING1b targets GADD45a in active DNA
demethylation, then expression of both proteins should
(1) activate rather than inhibit gene expression and (2)
require the ING1b-PHD domain for synergism. Indeed,
in the set of genes that showed a significant response
only when GADD45a and ING1b were cotransfected, the
majority were up-regulated (85 genes up-regulated vs. 24
genes down-regulated) (Fig. 5A; Supplemental Table S1).
Individually, GADD45a and ING1b had only a modest
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impact on gene expression. Notably, GADD45a/ING1b
cooperation was fully dependent on ING1b’s PHD domain,
as the deletion mutant did not cooperate with GADD45a
in gene induction (Fig. 5B).

Examples of genes whose expression was synergisti-
cally induced by GADD45a and ING1b are DHRS2,
FTCD, ARC, TCEAL7, VFG, and TAF7L, as validated by
quantitative PCR (qPCR) (Fig. 5C). We exemplarily con-
firmed DNA demethylation of DHRS2 and TAF7L regula-
tory regions by GADD45a and ING1b, which once again
was site-specific, affecting distinct CpGs (Fig. 5D,E). These
results corroborate that ING1b and GADD45a synergisti-
cally act in gene activation and DNA demethylation.

H3K4me3 directs GADD45a/ING1b to target sites

We confirmed that recruitment of GADD45a/ING1b to
some of the newly identified target genes involved
H3K4me3. First, DNA demethylation and transcriptional
activation of DHRS2 and TAF7L required the ING1b-PHD
domain (Supplemental Fig. S6A-C). Second, in ChIP ex-
periments, GADD45a and ING1b bound to the promoters
of DHRS2, TCEAL7, and TAF7L in a ING1b-PHD domain-
dependent manner (Fig. 6A,B; Supplemental Fig. S6D).
Third, siWwDR5, which reduced H3K4me3 levels (Sup-
plemental Fig. SG6E), inhibited recruitment of transfected
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siCo

INGI1b and GADD45a (Fig. 6A,B). Importantly, endoge-
nous ING1b/GADD45a also bound to DHRS2, TCEAL?7,
and TAF7L regulatory regions, and this binding was
reduced by siWDR5 as well (Fig. 6C-E). Moreover, while
siING1b reduced GADD45a recruitment to DHRS2,
TCEAL7, and TAF7L, siGADD45a did not affect endoge-
nous ING1b binding to these target genes (Fig. 6D,E). We
conclude that WDR5-mediated H3K4 methylation is es-
sential for GADD45a/ING1b to bind to target promoters,
confer demethylation, and promote gene activation.

Ingl and Gadd45a genetically interact in regulating
gene expression

To further corroborate the requirement of Ingl and
H3K4me3 in targeting Gadd45a-mediated demethyla-
tion, we carried out microarray expression profiling in
MEFs deficient in Ing1, Gadd45a, or both (Supplemental
Fig. S7A). The majority of affected genes showed differen-
tial expression only in DKO MEFs (135 genes up-regulated,
and 145 genes down-regulated) (Fig. 7A; Supplemental
Table S2). Differential expression of 12 genes was con-
firmed by qPCR and in two independent MEF lines
(Fig. 7B; data not shown). These results corroborate that
Gadd45a and Ingl genetically interact in regulating
gene expression.
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Direct DNA demethylation target genes of Gadd45a/
Ingl should be hypermethylated in DKOs and transcrip-
tionally silenced. Gene class enrichment analysis of the
DKO down-regulated genes revealed an overrepresenta-
tion of extracellular matrix components and proteins
involved in immune response and development (Supple-
mental Table S3). For example, expression of the chemo-
kine Cxcl1 and the homeobox gene Hoxd8 was strongly
reduced in DKOs (Fig. 7B), and the majority of CpGs in
their promoter region was hypermethylated, while few
showed hypomethylation (Fig. 7C,D). Conversely, Cxcl1
and Hoxd8 were activated and bound at their promoters
by transfected GADD45a and ING1b (Fig. 7E-G). Both
recruitment to Cxcll and Hoxd8 and activation by
GADD45a and ING1b were inhibited by siWdr5
(Fig. 7E-H). siWdr5 also impaired basal expression of
Cxcl1 and Hoxd8 (Supplemental Fig. S7B).

These results suggest that (1) endogenous Gadd45a/
Ingl prevent silencing of Cxcll and Hoxd8 by demethy-
lating their regulatory regions and (2) Wdr5-mediated
H3K4me3 is required for this process. The evidence from
both gain- and loss-of-function experiments therefore
supports that the chromatin reader Ingl recruits Gadd45a
to DNA demethylation sites in a H3K4me3-dependent
manner.

ECo OG45a BING1b B G45a+
ING1b

as *SD. (D,E) DNA methylation analysis of the
regulatory regions of DHRS2 (D) and TAF7L (E)
in HEK293T cells treated as in C assessed by 454
bisulfite sequencing.

Discussion

The proteins regulating DNA demethylation are mostly
unknown. Here we demonstrate that the tumor suppres-
sor Ingl is a novel factor involved in DNA demethylation.
A major question concerning DNA demethylation is how
the targeting to specific loci is regulated because it is
essential for understanding how DNA methylation pat-
terns are established, maintained, and remodeled. One
main conclusion of this study is that Ingl serves as a
cofactor that targets Gadd45a to specific loci by its ability
to bind methylated H3K4 via its PHD domain. Thereby, it
acts as an adapter between chromatin and Gadd45a,
which in turn can recruit DNA repair enzymes capable
of replacing 5mC (Barreto et al. 2007; Rai et al. 2008;
Schmitz et al. 2009; Le May et al. 2010; Cortellino et al.
2011).

Our study therefore suggests a model (Supplemental
Fig. S8) whereby histone methylation functions as one
determinant for active DNA demethylation. The model
fits the observation that the activating histone marks
H3K4me2 and H3K4me3 are preferentially deposited
around transcription start sites, similar to the distribution
of Gadd45a and Ingl at Mageb2 and other gene promoters
(Barreto et al. 2007; Schmitz et al. 2009; Le May et al. 2010;
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Figure 6. H3K4me3 targets GADD45a/ING1b.
(A,B) myc-ING1b ChIP (A) (wild type or mutant)
or HA-GADD45a ChIP (B) of the regulatory re-
gions of selected target genes, including the nega-
tive control region GAPDH. HEK293T cells were
transiently transfected with the indicated siRNAs
followed by DNA transfection of the indicated
constructs. (C—E) H3K4me3 (C), endogenous ING1
(D), and endogenous GADD45a (E) ChIP of the
regulatory regions of selected target genes, in-
cluding the negative control region GAPDH and
an intergenic control region (Co; C)in HEK293T
cells. ChIP using IgG served as negative control
(data not shown). Bar graphs represent the mean
of independent experiments (n = 3) with error
bars as =SD.
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Cortellino et al. 2011). Also consistent with this,
H3K4me2 and H3K4me3 are strongly anti-correlated
with 5mC (Okitsu and Hsieh 2007; Weber et al. 2007).
However, while H3K4me3 is necessary, it is clearly not
sufficient as a determinant for demethylation. H3K4me3
is present at many more loci than are regulated by DNA
methylation. This was also observed for the Mageb2
promoter, which shows a broad H3K4me3 distribution,
including at sites that are not demethylated (cf. Fig. 4B and
Supplemental Fig. S5A). Indeed, another determinant for
DNA demethylation appears to be low-level transcription
(D’Alessio et al. 2007; Le May et al. 2010), and in the case
of rDNA promoter demethylation, this involves Gadd45a
recruitment via Taf12 to RNA polymerase I (Schmitz et al.
2009). Another class of Gadd45-binding cofactors that may
target demethylation are nuclear hormone receptors (Ito
et al. 2007; Le May et al. 2010; Cortellino et al. 2011; Tian
et al. 2011; Zhang et al. 2011). A further determinant may
be the presence of 5mC. For example, in Xenopus oocytes,
Gadd45 engages excision repair on methylated but not
unmethylated plasmid DNA, even though it binds to both
(Barreto et al. 2007).

The fact that H3K4me3 regulates DNA demethylation
is in line with the reciprocal relationship between DNA
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methylation and histone modifications. For example,
methylated DNA is bound by methyl-CpG-binding pro-
teins that recruit histone methyltransferases to set
repressive histone marks such as H3K9me (Fujita et al.
1999). Conversely, knockdown of the polycomb gene
EZH? or the repressive histone methyltransferases DIM-5
or kryptonite disrupt the DNA methylation pattern
(Jackson et al. 2002; Tamaru and Selker 2003; Vire et al.
2006).

Finally, the results suggest that Gadd45a and Ing1 not
only mediate UV-induced demethylation of Mageb2, but
also protect its promoter from hypermethylation in steady
state. Thus, even for steady-state methylation, there is an
equilibrium, consistent with the notion that 5mC can
undergo rapid turnover (Kangaspeska et al. 2008; Metivier
et al. 2008).

The unanticipated role of the tumor suppressor Ingl in
DNA demethylation raises many new questions: What
determines the site-specific demethylation of distinct
mCpGs within a promoter covered by H3K4me3? Which
signaling cascades regulate Gadd45a/Ingl-mediated de-
methylation? How does their function in DNA demethy-
lation relate to the biological processes in which Gadd45a/
Ingl have been implicated, such as autoimmunity, aging,
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and cancer? These questions can now be addressed in
mutant mice.

Materials and methods

Tissue culture, transfection, and siRNA treatment

HEK293T, RKO, and MEF cells were grown at 37°C in 10% CO,
in Dulbecco’s modified Eagle’s medium (DMEM), 10% fetal calf
serum, 2 mM L-glutamine, 100 U/mL penicillin, and 100 pg/mL
streptomycin. MEFs were generated as described (Nagy et al.
2003) from embryonic day 15.5 embryos (Hollander et al. 1999;
Kichina et al. 2006). Plasmid DNA was transfected using Fugene
6 (Fig. 1B-G) or X-tremeGENE 9 (Figs. 1H, 5, 6) (both from Roche)
for HEK293T cells and Lipofectamine in combination with Plus
reagent (Invitrogen) for RKO cells. Cells were transfected with
25 nM GADD45a- or ING1a-specific Dharmacon siRNA Smart
pools or 40 nM WDR5-specific siRNA (Stealth, Invitrogen) using
Lipofectamine 2000 (Invitrogen). For depletion of ING1b, a self-
designed Dharmacon siRNA was used: sense 5'-GGGAGAUC
GACGCGAAUAUU-3'. For Figures 1E; 2, A, B, and D; and 6, A
and B, HEK293T cells were incubated for 24 h with siRNA prior
to plasmid DNA transfection. Similarly, MEFs were transfected
with siRNA 24 h before plasmid DNA electroporation for

Hoxd8

Co

Figures 4 and 7, E-H. MEF electroporation was performed ac-
cording to the manufacturers’ instructions using 6 pg of DNA
and 10° cells using the 100-pL Tip Neon Transfection system
(Invitrogen; 1250 V, 20 msec). For UV irradiation, MEF cells were
washed with Hank’s buffered salt solution, placed without liquid
in a Stratalinker (Stratagene), and irradiated with 20 or 40 J/m? as
indicated.

Expression constructs and antibodies

p33INGIP wild-type and p47™NG!'2 cDNA were subcloned into
pCS2-myc vector and used throughout the study. ING1b dele-
tion constructs were generated by PCR. The W235A point
mutation was introduced using the QuikChange II site-directed
mutagenesis kit (Stratagene). The corresponding primers are
listed in the Supplemental Material. Xenopus Flag-Gadd45a-
encoding and human HA-Gadd45a-encoding expression plas-
mids have been described (Barreto et al. 2007). Antibodies used
were mouse a-a-tubulin (Sigma); mouse a-Flag M2 and rabbit
(Western blot and ChIP) or mouse (immunoprecipitation)
a-Gadd45a and goat a-ING1 (all from Santa Cruz Biotechnology);
rabbit a-H3, a-H3K4me2, a-H3K4me3, mouse a-myc, rat o-HA,
and IgG control (all from Abcam); or rabbit a-H3K4mel (Upstate
Biotechnology).
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Dual-luciferase reporter assay

Dual-luciferase reporter assays (Promega) were performed as
described (Barreto et al. 2007). In brief, HEK293T cells were
transfected with 20 ng of M.SssI in vitro methylated reporter and
5 ng of effector, and for Figure 1B with 1, 5, or 10 ng of ING1b in
a 96-well plate format. Results are shown as the mean of
triplicates = standard deviation (SD).

RT-qPCR

Total RNA was isolated using a Qiagen RNeasy minikit with on-
column DNase digest (Qiagen). First strand cDNA was generated
using SuperScriptll reverse transcriptase (Invitrogen). Real-
time PCR was performed in technical duplicates using Roche
LightCycler480 probes master and primers in combination
with predesigned monocolor hydrolysis probes of the Roche
Universal Probe Library (UPL) (see the Supplemental Mate-
rial). For quantification, Roche LC480 quantification software
module was used. All values were normalized to the level of
a housekeeping gene: GAPDH for human cells, or G6pd for MEF
cells. Mean values shown were calculated using the mean value
of the qPCR replicates from independent experiments (n = 3).

Microarray expression analysis

HEK293T cells were transiently transfected in duplicates as
described above and harvested 48 h after transfection. Male
MEEF cells were analyzed in duplicates derived from one MEF
line per genotype. Total RNA was isolated using the RNeasy
minikit with on-column DNase digest (Qiagen).

Microarray sample processing, hybridization, and scanning
were performed on HumanHT-12 v4 and MouseWG-6 v2 expres-
sion BeadChips ([llumina) following the manufacturer’s instruc-
tions. Data were processed, quality-controlled, and filtered with
the GenomeStudio version 2011.1 software ([llumina) using the
following parameters: background subtraction, cubic spline nor-
malization, and Illumina custom error model with false discovery
rate (FDR) multiple testing correction. Scored as differentially
expressed were genes with FDR-adjusted differential P-values <0.1
and >1.5 (for the MEF experiment) or >2.0 (for the HEK293T
experiment) thresholds for expression fold changes, which were
calculated after flooring the normalized array signal intensities to
15 (equivalent to probe detection P-value of 0.1) in order to
minimize the effect of random fluctuations in background noise.
For the calculation of the number of differentially expressed
genes in each sample, the most recent available manifest
annotation files from Illumina were used, and some unassigned
mouse array probes were further annotated using information
from the MGI database (http://www.informatics.jax.org/batch).
Downstream analysis of the filtered gene lists was carried out
using DAVID (http://david.abcc.ncifcrf.gov), ToppGene (http://
toppgene.cchmc.org), BioVenn (http://www.cmbi.ru.nl/cdd/
biovenn), and Venny (http://bioinfogp.cnb.csic.es/tools/venny).
The microarray data have been deposited in the NCBI's Gene
Expression Omnibus (GEO) under accession number GSE43319
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgilacc=GSE43319).
For qPCR validation, the original samples were used as well as at
least two additional experiments for MEF cells using two addi-
tional male lines per genotype.

Analysis of DNA methylation

For bisulfite sequencing, the regions of interest were PCR-
amplified from bisulfite-converted DNA (EpiTect kit, Qiagen)
using Accuprime Taq polymerase (Invitrogen). For plasmid DNA
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bisulfite sequencing, the M.SssI- (Fig. 1C, pGL3-Luc) or Hpall
(Fig. 1G, Oct4TK-GFP) in vitro methylated plasmid was re-
covered as described (Barreto et al. 2007) and linearized prior to
bisulfite conversion (EpiTect kit, Qiagen).

Bisulfite sequencing of MAGEB2 was performed as described
(Mund et al. 2005). The PCR products were purified by agarose
gel electrophoresis, subcloned into TA-cloning vector pCR2.1
(Invitrogen), and sequenced. Bisulfite treatment efficiency and
specificity were controlled using an unmethylated or in vitro
methylated plasmid carrying the MAGEB2 promoter amplicon
(data not shown).

For Figures 1C; 5, D and E; and 7, C and D, the PCR amplicons
were ligated to Roche Multiplex Identifier (MID) adaptors,
mixed, and analyzed using the Roche 454 GS Junior system.
Only amplicons with >100 reads per sample were considered
reliable.

For OctTK-GFP 454 sequencing, the primers were fused to
Roche Titanium Adaptor sequences for amplification. The four
samples of Figure 1G were analyzed in four lanes of the Roche GS
FLX system and multiplexed for the three time points using
Roche multiplex identifiers.

For methylation-sensitive PCR (MS-PCR), genomic DNA was
digested with Pvull (control) or MS restriction enzyme. MS
enzymes were Hpall for mouse Mageb?2 site b, Hhal for mouse
Mageb?2 sites a and a’ (see scheme in Supplemental Fig. S4B), and
HpyCHA4IV for mouse Mageb4. Methylation in percent was
determined by qPCR from the ratio of digested versus control
digested DNA for the respective CpGs. In ChIP-Chop assays,
immunoprecipitated chromatin was subjected to the same pro-
cedure. The control promoter mouse Gapdh contained both a
Hpall and a Hhal restriction site and was always unmethylated.
Gapdh methylation based on Hhal restriction is shown in
Figures 3, D-F, and 4B. All methylation analysis primers are listed
in the Supplemental Material.

Co-IP and ChIP

For co-IP, HEK293T cells were lysed in 150 mM NaCl, 20 mM
Tris (pH 7.5), 2 mM EDTA, 10% glycerol, 1% Triton X-100, and
1 mM B-mercaptoethanol containing Complete Mini Protease
Inhibitor Cocktail (Roche). The lysates were syringe and needle-
homogenized and cleared by centrifugation and by incubation
with mixed protein A/G agarose beads (50% each; Roche) for
30 min at 4°C. Lysates were directly used for immunoprecipita-
tion without the freezing step (~4 X 10° cells per immunopre-
cipitation). After antibody incubation overnight at 4°C on a rotat-
ing wheel, protein A/G agarose beads were added for 1 h, 30 min.
Beads were washed four times using the immunoprecipitation
lysis buffer and eluted with 4X Laemmli buffer containing 10%
B-mercaptoethanol. For Western blot analysis, one-third of the
eluate was loaded along with 5% of the input lysate.

RKO ChIP was performed essentially as described (Wells et al.
2002) using a mixture of protein A/G agarose beads (Roche). For
re-ChIP, chromatin was eluted with 50 mM Tris (pH 8.0), 1%
SDS, and 10 mM EDTA. Ninety percent of the eluate was
subjected to a second immunoprecipitation after a 20-fold di-
lution in ChIP dilution buffer (1.1% Triton, 1.2 mM EDTA, 16.7
mM Tris-Cl at pH 8.2, 167 mM NaCl).

Chromatin isolation and ChIP of HEK293T and MEF cells was
also performed as described (Wells et al. 2002) with some
modifications. For immunoprecipitation, a mixture of protein
A/G Dynabeads (Invitrogen) was incubated with 20 pg of
chromatin (tagged proteins) or 120 p.g of chromatin (endogenous
proteins, freshly used without the freezing step). After incuba-
tion with the chromatin, the beads were washed five times
using the above-described co-IP buffer. After elution with 50
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mM Tris (pH 8.0), 1% SDS, and 10 mM EDTA overnight at
65°C, proteinase K digestion for 2 h at 56°C, and purification via
QIAquick PCR purification columns (Qiagen), samples were
used for qPCR.

Mean values shown in the graphs were calculated using the
mean value of the qPCR replicates from independent experi-
ments (n = 3).

In vitro pull-down assay

For histone peptide-binding assays, biotinylated histone peptides
were used (Upstate Biotechnology). Briefly, 0.2 wg of peptide was
incubated with 15 pL of streptavidin Dynabeads (Dynal) in
binding buffer (50 mM Tris-HCl at pH 8.0, 150 mM NaCl,
0.2% Triton X-100, 1 mM dithiothreitol [DTT], EDTA-free Pro-
tease inhibitor cocktail [Roche]) for 45 min at 4°C. After two
washes, beads were added to 100 pg of nuclear protein extracts
expressing the indicated tagged proteins. After 3 h of incubation
at 4°C in binding buffer, beads were washed five times using
wash buffer (20 mM HEPES at pH 7.9, 250 mM KCl, 0.2%
Triton X-100, 1 mM DTT, protease inhibitors) and subjected to
Western blot analysis.

Statistical analyses

Data are expressed as mean values = SD of independent
biological replicates (n = 3). Two-tailed, unpaired Student’s
t-test was used to calculate the level of significance. A P-value
of <0.05 was considered significant. (*) P < 0.05; (**) P < 0.01;
(***) P <0.001.
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