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H3K9me2 and H3K27me2 are important epigenetic marks associated with transcription repression, while
H3K4me3 is associated with transcription activation. It has been shown that active and repressive histone methyla-
tions distribute in a mutually exclusive manner, but the underlying mechanism was poorly understood. Here we
identified ceKDM7A, a PHD (plant homeodomain)- and JmjC domain-containing protein, as a histone demethy-
lase specific for H3K9me2 and H3K27me2. We further demonstrated that the PHD domain of ceKDM7A bound
H3K4me3 and H3K4me3 co-localized with ceKDM7A at the genome-wide level. Disruption of the PHD domain bind-
ing to H3K4me3 reduced the demethylase activity in vivo, and loss of ceKDM7A reduced the expression of its associ-
ated target genes. These results indicate that ceKDM7A is recruited to the promoter to demethylate H3K9me2 and
H3K27me2 and activate gene expression through the binding of the PHD domain to H3K4me3. Thus, our study iden-
tifies a dual-specificity histone demethylase and provides novel insights into the regulation of histone methylation.
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Introduction

Histone methylation is a complex post-translational
modification regulating transcription and chromatin dy-
namics [1-3]. Methylation can occur on many arginine
and lysine residues in histone proteins [4]. Each lysine
can undergo three distinct states of methylation, having
one (mono), two (di), or three (tri) methyl groups cova-
lently bonded to the amine group of the lysine side chain,
and arginine can be mono-methylated or di-methylated
symmetrically and asymmetrically [5]. Depending on
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specific residues and modification states, histone methy-
lation can either activate or repress transcription [6, 7].
In general, lysine methylation at H3K9, H3K27, and
H4K20 is associated with transcriptional repression,
whereas methylation at H3K4, H3K36, and H3K79 is
associated with transcriptional activation. However, the
mechanism by which the active and repressive marks are
set up in such a coordinated manner remains poorly un-
derstood.

Similar to other post-translational modifications, his-
tone methylation is reversible. Methylation is added by
histone methyltransferases and removed by demethylas-
es. Up to now, more than 20 histone lysine demethylases
have been identified that can remove methyl groups from
histones in a sequence- and methylation state-specific
manner [8-22]. The histone lysine demethylases can be
divided into two groups with different catalytic mecha-
nisms. One group has two members: LSD1 and LSD2,
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which can only remove di- and mono-methylation from
H3K4 through an amine oxidase reaction [8, 22]. All oth-
ers are JmjC-domain-containing proteins that catalyze
the demethylation by a hydroxylation reaction and re-
quire both iron and a-ketoglutarate as cofactors [23].

The PHD (plant homeodomain) domain, which is
about 60 amino acids in length, is a C4HC3-type zinc-
finger commonly found in all eukaryotes [24]. The PHD
domain from ING2 and NURF were recently found to
bind H3K4me3 [25, 26]. Interestingly, the PHD do-
main from a histone demethylase SMCX/Jarid1C binds
H3K9me3 [15], and that in BHC80, a component of the
LSD1 complex, recognizes H3K4me0 [27]. These stud-
ies indicate that the PHD domain from different proteins
can serve as an epigenetic mark reader to interpret differ-
ent epigenetic modifications.

Previously we identified KIAA1718 (KDM7A) as
a dual-specificity histone demethylase for H3K9me2
and H3K27me?2 that regulates neural differentiation by
controlling the expression of FGF4 [28]. To further un-
derstand how KDM7A binds chromatin and regulates
transcription, we studied its Caenorhabditis elegans or-
tholog. Here we demonstrate that cecKDM7A is a histone
demethylase specific for H3K9me2 and H3K27me?2.
Our data also demonstrate that ceKDM7A is recruited
to the promoter to activate gene expression by reading
H3K4me3 through its PHD domain, revealing a mecha-
nism for the coordinate regulation of active and repres-
sive histone methylations.

Results

ceKDM7A4 is a histone demethylase for H3K9me2 and
H3K27me?2

The C. elegans protein ceKDM7A is a member of
the PHF2/PHF8 family, with 897 amino acids orga-
nized around two recognizable domains: PHD and JmjC
(Figure 1A). To determine if ceKDM7A has histone
demethylase activity in vitro, we expressed and puri-
fied His-tagged full-length protein from baculovirus-
infected Tn5 cells (Figure 1B). The purified protein was
incubated with calf thymus histones that contain various
histone methylations. Immunoblotting demonstrated
that ceKDM7A significantly reduced the signals of
H3K9mel, H3K9me2, and H3K27me2 (Figure 1C). A
mild reduction of H3K27mel was also detected. How-
ever, the levels of H3K9me3 and H3K27me3 were not
affected, nor were the levels of mono-, di-, or trimethy-
lated H3K4 and H3K36, and of methylations in other
residues (Figure 1C). MALDI-TOF mass spectrometric
analysis indicated that cecKDM7A converted H3K9mel,
H3K9me2, H3K27mel, and H3K27me2 to unmethylated

peptides, but did not affect methylation on other residues
(Figure 1D). The demethylation by ceKDM7A requires
the JmjC-domain because mutation of a conserved histi-
dine (H495A) in the JmjC-domain abolished the activity
(Figure 1B and Supplementary information, Figure S1).
These data indicate that ccKDM7A has demethylase
activity for H3K9mel, H3K9me2, H3K27mel, and
H3K27me?2 in vitro.

Since there are no C. elegans cell lines, we used insect
cells to investigate the activity of ceKDM7A in vivo.
Tn5 cells were infected with baculovirus expressing
His-tagged full-length wild-type ceKDM7A or H495A
mutant, and western blots were probed with antibod-
ies against a panel of histone methylations. Expression
of the wild-type, but not H495A mutant, abrogated the
signals of H3K9me2 and H3K27me2, but did not affect
other histone methylations examined (Figure 2A). In
contrast to the in vitro data, ccKDM7A expression had
mild, if at all any, effect on H3K9mel and H3K27mel.
These data suggest that ccKDM7A has demethylase ac-
tivity for H3K9me2 and H3K27me2 in vivo, and may not
have robust activity against H3K9mel and H3K27mel at
a global scale.

To determine the requirement for the enzyme to
maintain the levels of H3K9me2 and H3K27me2 in C.
elegans, we examined the levels of these two methyla-
tions in a C. elegans mutant strain tm3713. This strain
harbors the F29B9.2 gene knockout and does not express
ceKDM7A protein (Figure 2B). We did not observe any
phenotypic differences between the wild-type and mutant
animals in terms of growth, life span, and dauer forma-
tion. However, knockout of F29B9.2 resulted in signifi-
cant elevation of H3K9me2, H3K9mel, and H3K27me?2
(Figure 2C), indicating that ceKDMT7A 1is required for
proper maintenance of these marks in vivo.

The PHD domain is required for demethylase activity
and specifically binds H3K4me3

In addition to the JmjC domain, ceKDM7A contains
a PHD domain at its N-terminus (Figure 1A). To exam-
ine if the PHD domain is required for the demethylase
activity, we infected Tn5 cells with baculovirus express-
ing ceKDM7A with the PHD domain deleted. While
the wild-type protein had demethylase activity against
H3K9me2 and H3K27me2, the PHD-deleted mutant did
not (Figure 2D). This result suggests that the PHD do-
main is required for the demethylase activity in vivo.

To determine how the PHD domain contributes to the
enzymatic activity, we first examined if it binds histones,
since the PHD domain was shown to be a binding motif
for both methylated and unmethylated histones [15, 25,
26]. An unbiased proteomic screen demonstrated that the
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PHD domains from PHF2 and PHF8 specifically bind
H3K4me3 [29]. Since the PHD domain in ceKDM7A is
highly similar to those in PHF2 and PHF8, we examined
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if the PHD domain in ceKDM7A has a similar binding
specificity. Far western analysis indicated that the full-
length protein and the PHD domain of ceKDM7A spe-
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Figure 1 ceKDMT7A is a histone demethylase in vitro. (A) The domain structure of ceKDM7A. (B) Purified His-tagged re-
combinant ceKDM7A separated by SDS-PAGE and stained by Coomassie blue. (C) Calf thymus histones were reacted with
increasing doses of recombinant ceKDM7A protein and assayed by immunoblotting. (D) Mass spectrometry of demethylation
reaction using various methylated peptides with molar ratios of the enzyme:peptide = 1:2. Numbers refer to m/z values.
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cifically bound H3K4me3, but not other unmethylated
and methylated peptides examined (Figure 3A and 3B).
The specific binding was confirmed by isothermal titra-
tion calorimetry (ITC) assay (Figure 3C). Fluorescence
polarization experiments indicate that the Kd of the bind-
ing is 228 + 11.5 uM (Figure 3D). These results indicate
that the PHD domain of ceKDM7A specifically binds
H3K4me3.

Co-localization of H3K4me3 and ceKDM7A at the ge-
nome-wide level

To study how binding of the PHD domain to
H3K4me3 contributes to enzymatic activity, we per-
formed chromatin immunoprecipitation-coupled sequenc-
ing (ChIP-Seq) experiments. ChIP-Seq identified 695
ceKDM7A-bound genes and 698 H3K4me3-associated
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genes with at least five sequence tags (Figure 4A). The
numbers of the associated genes increased slightly when
the cutoff of the sequence tag number was reduced to 1
(Supplementary information, Figure S2), demonstrat-
ing high confidence of the binding. Surprisingly, there
are extensive overlaps (619 genes) between ceKDM7A-
and H3K4me3-associated genes (Figure 4A). Consistent
with many reported data, H3K4me3 was enriched at the
transcription start site, to which ceKDM7A also bound
at the genome-wide level (Figure 4B). In contrast, the
levels of H3K9me2 and H3K27me2 were low in this re-
gion. These results establish a strong correlation between
ceKDM7A binding and H3K4me3 in vivo and suggest
that the PHD domain may bring the enzyme to its sub-
strates by reading H3K4me3.
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Figure 2 ceKDM7A is a histone demethylase in vivo. (A) Insect cells infected with the control, wild-type, and H495A mutant
were assayed by immunoblotting. (B, C) The wild-type N2 and F29B9.2 knockout tm3713 C. elegans were assayed by im-
munoblotting. (D) Insect cells infected with the control, wild-type, H495A, and the PHD-deleted mutants were assayed by im-

munoblotting.
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Figure 3 The PHD domain binds H3K4me3 in vitro.
(A) Far western analysis of the full-length ceKDM7A
protein interacting with various peptides. The peptides
contain non (me0), mono (me1), di (me2), and tri (me3)-
methylated H3K4, K9, K27, and K36. The left panel
shows immunoblotting and the right shows Ponseau S
staining for loading. (B) Far western analysis of the PHD
domain interacting with various methylation-containing
peptides. The left panel shows immunoblotting and the
right Ponseau S staining for loading. (C) Isothermal titra-
tion calorimetry (ITC) assays of the enzyme interacting
with various peptides. (D) Fluorescence polarization
measurement of the binding affinity of the enzyme with
an FITC-labeled H3K4me3 peptide.
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Disruption of the PHD domain binding to H3K4me3 re-
duced the demethylase activity in vivo

To test if binding of the PHD domain to H3K4me3 is
essential for enzymatic activity, we mutated the six resi-
dues critical for the peptide binding as revealed by the
co-crystal structure (Yang et al., accompanying manu-
script in this issue [43]). ITC experiments showed that
all mutations abolished the binding (Yang ef al., accom-
panying manuscript in this issue [43]), and circular di-
chroism spectrum indicated that the mutants maintained
the secondary structure of the enzyme (data not shown).
In vitro enzymatic activity assay demonstrated that the
mutants had comparable enzymatic activity as that of the
wild-type enzyme (Figure 5A), suggesting that the PHD
domain is not required for the enzymatic activity per se.
However, the mutants showed decreased demethylase
activity for both H3K9me2 and H3K27me2 in vivo when
their effect was examined in insect cells (Figure 5B). We
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Figure 4 Co-localization of H3K4me3 and ceKDM7A at
the genome-wide level. (A) Venn diagram of ceKDM7A-
and H3K4me3-bound genes identified by ChIP-Seq. (B)
Binding profiles of 619 overlapped genes for H3K4me3,
H3K27me2, H3K9me2, and ceKDM7A.
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Figure 5 Disruption of the PHD domain binding to H3K4me3 reduced the demethylase activity in vivo. (A) Isothermal titration
calorimetry (ITC) assays of various mutants interacting with an H3K4me3 peptide. Titrations were performed using the en-
zyme concentration of 0.1 mM and the peptide concentration of 1 mM. (B) Mass spectrometry of demethylation reaction for
various mutants with a peptide containing H3K9me2 as the substrate. The molar ratios of the enzyme and the substrate were
kept at 1:10. The control and WT are the same as in Figure 3C (Yang et al., accompanying paper in this issue [43]). (C) In-
sect cells infected with the control (Mock), wild-type (WT), or various mutants were assayed by immunoblotting. The wild type
and mutants were expressed as His-tagged proteins. H3 is the loading control.

also made attempts to deplete H3K4me3 by its demethy-
lase Jarid1b [30], at the same time as or prior to infection
by ceKDM7A-expressing virus, but we were unable to
quantify the results when the cells were infected simulta-
neously or sequentially. Nevertheless, our results indicate
that the PHD domain-mediated H3K4me3 binding is re-
quired for the demethylase activity of ceKDM7A in vivo.

Loss of ceKDM7A reduced the expression of its associ-
ated genes

Since H3K9me2 and H3K27me?2 are associated with
transcription repression, we examined if binding of
ceKDMT7A correlates with gene activation. Among 619
genes associated with ceKDM7A and H3K4me3, 142
genes with the highest levels of ceKDM7A binding were
examined by quantitative RT-PCR to compare their ex-
pression between the wild-type and F29B9.2 knockout
worms. Among 100 genes with expression changes of

more than 1.2-fold, the majority (73 genes) were down-
regulated in knockout worms, consistent with the role of
ceKDM7A as a demethylase for repressive methylations
(Figure 6A and Supplementary information, Table S1).
When the ChIP-Seq data of 73 down-regulated genes
were re-analyzed, we observed that the levels of both
H3K9me2 and H3K27me2 were reduced in ceKDM7A-
bound regions, where H3K4me3 was enriched (Figure
6B). These results suggest a hypothesis that ccKDM7A is
recruited to the promoter to demethylate H3K9me2 and
H3K27me2 and activate gene expression by binding to
H3K4me3.

Discussion
A large body of evidence indicates that active and

repressive histone methylations distribute in a mutu-
ally exclusive manner and that this distribution pattern

Cell Research | Vol 20 No 8 | August 2010



A 27 genes 73 genes
— —
& 60
c
[
X 40
S)
L 20
S
2 0 = == —
<025 025 05to 1.2to 2to 2to4 >4
to0.5 0.83 0.83 1.2
Ratio of gene expression (WT/mt)
B
w— K4me3
w— K27me2
s K9me2
© s ceKDM7A
o <
S &
Q ™
o
O
(0]
N
©
£
o
z
(]
o
o
S
-3000 1500 0 1500 3000

Position relative to TSS

Figure 6 Knockout of F29B9.2 reduced the expression
of its associated genes. (A) Quantitative RT-PCR com-
paring gene expression between the wild-type N2 and
F29B9.2 knockout worms. Each bar represents the num-
ber of genes categorized by ratio of gene expression. (B)
Binding profiles of 73 downregulated genes in F29B9.2
knockout worms for H3K4me3, H3K27me2, H3K9me2,
and ceKDM7A.

is important in biology [31, 32]. Through the study of a
PHD- and JmjC domain-containing protein ceKDM7A,
we demonstrated that (1) ceKDM7A is a H3K9me?2 and
H3K27me?2 histone demethylase; (2) the PHD domain
binds to H3K4me3; (3) the enzyme co-localizes with
H3K4me3 in the promoter; (4) binding of H3K4me3
is required for demethylation activity in vivo; (5) loss
of ceKDM7A reduces the expression of the associated
genes; and (6) both H3K9me2 and H3K27me2 are re-
duced in ceKDM7A-bound regions. Since H3K4me3
positively correlates with gene activation, and H3K9me2
and H3K27me2 are associated with transcription repres-
sion, these results lead to a model for the coordinated
regulation of active and repressive histone methylations.
The model proposes a scheme of PHD domain binding
to an active histone methylation mark (H3K4me3) in
the promoter, removal of repressive marks (H3K9me2

www.cell-research.com | Cell Research
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and H3K27me2) by the JmjC domain, and activation of
gene expression. This model is consistent with a recent
genome-wide ChIP-Seq analysis, which indicates that
H3K4 methylation primes the chromatin for gene activa-
tion [33].

Coordinated regulation is a widespread phenomenon
regulating histone modifications. It can occur between
methylation and acetylation [34-36], methylation and
ubiquitination [37, 38], acetylation and phosphorylation
[39], and arginine methylation and lysine methylation
[40]. In these studies, coordinated regulation is gener-
ally mediated by protein complexes. For example, in
the NuA3 HAT complex, the PHD finger of Yngl binds
H3K4me3, which leads to H3K14 hyperacetylation by
NuA3 in the same complex, and results in transcription
activation of NuA3 target genes [36]. Our study provides
evidence that coordinated regulation can be mediated by
a single molecule. Since most of the histone-modifying
enzymes carry DNA or histone-binding modules in ad-
dition to the catalytic function, the coordinated regula-
tion by a single molecule may apply to other epigenetic
regulators. A single molecule conducting two or more re-
lated sequential tasks may have advantages over protein
complexes in that the coordinated regulation can be more
efficient and more controllable, since the coordination is
an intra-molecular function.

Materials and Methods

Reagents

Sources of the antibodies are as follows: H3 monomethyl-K4
(Abcam 8895), H3 dimethy-K4 (Upstate 07-030), H3 trimethyl-K4
(Upstate 05-745), H3 monomethyl-K9 (Abcam 9045), H3 dimeth-
yl-K9 (Upstate 07-441 and Abcam1220), H3 trimethyl-K9 (Abcam
8898), H3 monomethyl-K27 (Upstate 07-448), H3 dimethyl-K27
(Upstate 07-452 and Abcam 24684), H3 trimethyl-K27 (Upstate
07-449), H3 monomethyl-K36 (Abcam 9048), H3 dimethyl-K36
(Upstate 07-369), H3 trimethyl-K36 (Abcam 9050), H3 monom-
ethyl-K79 (Abcam 2886), H3 dimethyl-K79 (Abcam 3594), H4
monomethyl-K20 (Abcam 9051), H4 dimethyl-K20 (Abcam
9052), H3 monomethyl-R2 (ab15584), H3 dimethyl-R2 (07-585),
H4 monomethyl-R3 (ab17339-100), H4 dimethyl-R3 (ab5823-50),
and H3 (abcam1791).

Peptides are monomethyl-histone H3K4 (Upstate 12-563),
dimethyl-histone H3K4 (Upstate 12-460), trimethyl-histone H3K4
(Upstate 12-564), monomethyl-histone H3K9 (Upstate 12-569),
dimethyl-histone H3K9 (Upstate 12-430), trimethyl-histone H3K9
(Upstate 12-568), monomethyl-histone H3K27 (Upstate 12-567),
dimethyl-histone H3K27 (Upstate 12-566), trimethyl-histone
H3K27 (Upstate 12-565), monomethyl-histone H3K36 (Upstate
12-570) and the dimethyl- and trimethyl-histone H3K36 peptides
are gifts from Shi Yang.

The chemicals are a-ketoglutaric acid disodium salt dehydrate
(Sigma Cat# 75892), ascorbic acid (Sigma Cat# A2218), ammo-
nium iron (II) sulfate hexahydrate (Sigma Cat# F1543), and Ni-
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NTA agarose (Qiagen Cat# 30210).

Cloning procedures

The open-reading frame of ceKDM7A was PCR amplified from
Bristol N2 ¢cDNA and cloned into pcDNA3.1/myc-his vector (In-
vitrogen, Carlsbad, CA). The point mutations and deletion mutant
generated by PCR were transferred into modified pFastBac1-his
vector (Invitrogen), which contains a C-terminal 6xHis for affinity
purification.

Recombinant ceKDM7A4 and mutants

Recombinant baculovirus were generated by the Bac-to-Bac
baculovirus-expressing system (Invitrogen). HighFive (TnS) cells
were infected with baculovirus, collected 72 h later, incubated in
20 mM Hepes/NaOH (pH 7.9), 500 mM NacCl, 0.1% Triton X-100,
20% glycerol, and 1 mM PMSF on ice for 30 min and sonicated.
After centrifugation, supernatant was loaded to the Ni-NTA col-
umn and washed. The recombinant proteins were eluted and deter-
mined using SDS-PAGE followed by Coomassie blue staining.

In vitro demethylation assay

In all, 5 pg of bulk histones or 0.2 pg of synthetic peptides was
incubated with the recombinant protein in demethylation buffer
(20 mM Tris-HCI (pH 7.5), 150 mM NacCl, 50 uM (NH,),Fe(SO,),,
1 mM a-ketoglutarate and 2 mM ascorbic acid) for 3 h at 37 °C.
Reaction mixtures were analyzed by either western blotting using
specific antibodies or mass spectrometry.

Generation of antibodies to ceKDM7A4

Polyclonal antibodies were generated by immunizing rabbits
with affinity-purified full-length ceKDM7A (amino acids 1-897).
The antibodies were affinity purified using a resin coupled with
ceKDM7A. Antibody specificity was confirmed by immunoblot-
ting and immunoprecipitation.

Far-western blot assay

Two-branched histone H3K4, H3K9, H3K27, and H3K36 un-,
mono-, di-, and tri-methylated peptides were used for far west-
ern blotting as described previously [41]. Briefly, 2 pug of two-
branched peptides was loaded onto 0.1 um pore size Protran Nitro-
cellulose Membranes (Whatman), dried, and stained by Ponceau
as loading control. After blocking, the membranes were incubated
with 1.0 pg/ml recombinant protein overnight at 4 °C, and western
blotting was performed.

C. elegans strains

The Bristol strain (N2) obtained from CGC centre was used
as the wild-type strain. tm3713 was obtained from the National
BioResource Project for C. elegans (Japan) and backcrossed with
N2 four times. Maintenance, culturing, and genetic manipulations
of C. elegans strains were carried out according to standard proce-
dures [42] and conducted at 20 °C.

Chromatin immunoprecipitation (ChIP) and ChIP-seq anal-
VSis

Worms were partially lyzed by dounce, cross-linking was per-
formed in 1% formaldehyde, and sonication was by 80 Hz, 10
s on 30 s off, 60 cycles (Sonics Vibra Cell) to shear DNA to an
average fragment size of 200 to 400 bp. FA lysis buffer was used

for ceKDM7A IP in the presence of yeast tRNA and BSA. After
de-crosslinking and protein digestion, DNA was precipitated and
quantitative PCR was performed. For ChIP-Seq, ChIPed DNA
was attached to the adaptor, amplified for 18 cycles, and subjected
to sequencing by Solexa 1G Genome Analyzer. Sequence tags of
mostly 35 bp were obtained and analyzed using software maq ver-
sion 0.7.1 to map ChIP-seq reads to C. elegans genome (W206)
and only uniquely matched reads were retained. The binding en-
richment area was identified by using software FindPeaks version
4.0.6 and annotated. The TSS (txStart) was defined according to
UCSC transcript information, and 3 kb upstream and downstream
of the TSS (txStart) with 200-bp intervals. All tags were normal-
ized by the total number of bases in the windows.

RT-PCR analysis
Total RNAs were extracted from worms using Trizol reagent
(Invitrogen).

Isothermal titration calorimetry

To obtain the binding affinity between F29B and histone tail
modifications, purified F29B or mutants with 100 uM were titrated
against various peptides (H3K4me3, H3K4me2, H3K9me3,
H3K9me2, H3K27me3 and H3K27me?2) with 1 mM using VP-ITC
microcalorimeter (MicroCal) at 10 °C. All proteins and peptides
were prepared in a buffer containing 10 mM HEPES, pH 8.0, and
0.1 M NaCl. The data were fitted by using the software Origin 7.0.
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