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Up to 70% of human genes are associated with regions of nonmethylated DNA called CpG islands (S. Saxonov, P. Berg, and D. L.
Brutlag, Proc. Natl. Acad. Sci. U. S. A. 103:1412–1417, 2006). Usually associated with the 5= end of genes, CpG islands are thought
to impact gene expression. We previously demonstrated that the histone demethylase KDM2A is specifically recruited to CpG
islands to define a unique chromatin architecture and highlight gene regulatory regions in large and complex mammalian ge-
nomes. This targeting relies on a zinc finger CXXC DNA binding domain (ZF-CXXC), but how this demethylase interfaces with
CpG island chromatin in vivo remains unknown. Here we demonstrate, using defined chromatin templates in vitro and chroma-
tin profiling in vivo, that nucleosomes are a major barrier to KDM2A binding and that CpG islands are directly interpreted by
the ZF-CXXC domain through specific interaction with linker DNA. Furthermore, KDM2A appears to be constrained to CpG
islands not only by their nonmethylated state but also by a combination of methylated DNA and nucleosome occlusion else-
where in the genome. Our observations suggest that both DNA sequence and chromatin structure are defining factors in inter-
preting CpG island chromatin and translation of the CpG signal. More generally, these features of CpG island recognition sug-
gest that chromatin structure and accessibility play a major role in defining how transcription factors recognize DNA and
regulatory elements genome-wide.

Genomic DNA information in eukaryotes is organized within
the nucleus by packaging into repeated units called nucleo-

somes that consist of roughly 147 bp of DNA wrapped around an
octamer of histone proteins. Packaging of DNA into nucleosomes
permits compaction of the genome into the relatively small con-
fines of the nucleus and can also significantly impact the function
of DNA sequences with which it associates. For example, specific
positioning of nucleosomes over gene regulatory elements can
inhibit initiation of transcription (25–27) and nucleosomes in
transcribed regions of genes can act as a barrier to transcriptional
elongation (14, 15, 31, 36). More recently it has become clear that
modification of both DNA and histones can provide an additional
layer of information that is specifically interpreted and alters the
function of surrounding regions of the genome (21, 43). In the
case of histone proteins, marking of N-terminal tails by a diverse
complement of posttranslational modifications can lead to direct
effects on chromatin packing (38) and specific nucleation of effec-
tor proteins that translate these modification signals into a func-
tional outcome (1, 8, 22, 43). The DNA component of the nucleo-
some can also be modified on the five position of the cytosine base
by enzymatic addition of a methyl group which occurs mostly
within the context of CpG dinucleotides (20). This methylated
dinucleotide signal acts as a binding site for proteins containing a
methyl-CpG binding domain (MBD) to create transcriptionally
repressive chromatin states. Together these chromatin modifica-
tion systems appear to have important roles in regulating the
function of transcription and other nuclear processes.

Since the majority of CpG dinucleotides in the mammalian
genome are methylated, a significant effort has been placed on
understanding how the DNA methylation signal impacts genome
function. Interestingly, there are short contiguous regions of the
genome that remain free of DNA methylation and are character-
ized by increased CpG content and GC percentage (2). These ele-
ments are called CpG islands and are found associated with up to
70% of genes (37), but how they remain free of DNA methylation

and function remain poorly understood (3). Based on their asso-
ciation with gene promoter elements, it has been hypothesized
that CpG islands contribute to gene regulation, but how this is
achieved mechanistically remains enigmatic. Recently we and oth-
ers have shown that the zinc Finger CXXC DNA binding domain
(ZF-CXXC)-containing proteins can specifically recognize non-
methylated CpG islands, where they recruit chromatin-modifying
enzymes to create a CpG island-specific chromatin modification
profile (4, 45). This targeting mechanism appears to rely on both
specific recognition of nonmethylated CpG dinucleotides by the
ZF-CXXC domain and inhibition of binding to other CpG di-
nucleotides outside CpG islands by DNA methylation. This sim-
ple yet elegant system relies on hardwired DNA sequence and
epigenetic DNA methylation profiles to create unique chromatin
architecture at CpG islands in contributing to gene regulatory
potential.

The majority of our understanding of CpG island recognition
by ZF-CXXC proteins comes from in vitro studies on naked DNA
and descriptive work from genome wide chromatin immunopre-
cipitation sequencing (ChIP-seq) analysis (4, 45). Given the inti-
mate relationship between CpG island function and chromatin,
we sought to investigate how ZF-CXXC proteins interpret CpG
islands in a chromatin context. To this end we have taken advan-
tage of a completely recombinant chromatin reconstitution sys-
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tem to define how the ZF-CXXC protein KDM2A interacts with
CpG island chromatin. Surprisingly, KDM2A has a very specific
requirement for recognition of nucleosome-free linker DNA in
vitro, and this binding mode is required for specific nucleation of
KDM2A at CpG islands in vivo. Furthermore, we demonstrate that
KDM2A binding is seemingly restricted to CpG islands even in the
absence of genome methylation, suggesting that both DNA meth-
ylation and nucleosome occupancy function to restrict the pro-
moter CpG island recognition system to these specific regions of
the genome.

MATERIALS AND METHODS
DNA constructs. The vector used for prokaryotic expression of His-
KDM2A-StrepII (AA 1-747) and mutant derivatives were generated as
previously described (4). A mutation in the plant homeodomain (PHD
domain) was introduced using the QuikChange mutagenesis XL kit
(Stratagene).The pBlu2SKP 2�601 �48 plasmid (a gift from Tom Owen-
Hughes) was amplified by mismatch PCR to mutate all CpG dinucleotides
in the 48-bp linker region (pBlu2SKP 2�601 �48 0CG L).

Protein expression and purification. Expression and purification of
KDM2A was performed as previously described (4). In brief, cells were
lysed by sonication and the lysate cleared by centrifugation. The resulting
lysate was loaded onto a prewashed Ni-NTA (nitrilotriacetic acid) column
(GE Healthcare) and the eluate was further purified using a prewashed
StrepTactin Superflow column (IBA). Purified protein was dialyzed over-
night in BC100 (50 mM HEPES, pH 7.9, 100 mM KCl, 10% glycerol, 0.5
mM dithiothreitol [DTT]) and stored at �80°C until use.

Reconstitution and purification of nucleosomes. Reconstitution of
nucleosomes was performed following a previously described protocol
(9). In brief, recombinant Xenopus histones were expressed in Escherichia
coli and purified via Sephacryl S-200 gel filtration (GE Healthcare). Stoi-
chiometric amounts of each core histone were incubated together under
high-salt conditions, and the resulting histone octamer was purified using
a Superdex 200 gel filtration column (GE Healthcare). DNAs (147 bp and
216 bp) carrying high-affinity nucleosome positioning sequences (601
sequence) were PCR amplified from the pGEM-3Z 601 plasmid (a gift
from Tom Owen-Hughes and Jonathan Widom). The 378-bp DNA car-
rying two 601 sequences and a 48-bp linker region was PCR amplified
from the pBlu2SKP 2�601 �48 plasmid. All PCR products were then
purified using a Resource Q anion-exchange column (GE Healthcare).
Purified PCR DNA was then end labeled with [�-32P]ATP (Perkin Elmer)
using T4 polynucleotide kinase (Fermentas). Unincorporated label was
removed using a nucleotide removal kit (Qiagen). Equimolar ratios of
purified labeled DNA and octamers were mixed together in 2 M NaCl and
diluted stepwise with 10 mM Tris-HCl, pH 7.6, to reach a final concen-
tration of 100 mM NaCl. The reconstituted nucleosome was then purified
on a 5 to 20% sucrose gradient, and the resulting fractions were analyzed
on a 0.8% agarose gel. Fractions containing only reconstituted mono- or
dinucleosomes were then pooled together and used for the electropho-
retic mobility shift assay (EMSA).

EMSA. EMSA reactions were assembled as previously described (4).
Briefly, purified, labeled nucleosome substrates were incubated with the
KDM2A protein in the presence of poly(dA-dT) competitor DNA for 20
min at room temperature and then loaded onto a 0.8% agarose gel in 0.2�
Tris-borate (TB). The gel was run at 4°C, dried onto a DE81 anion ex-
changer paper (Whatman), and exposed to a phosphorimager screen.

MNase chromatin immunoprecipitation. For chromatin prepara-
tion, V6.5 mouse embryonic stem (ES) cells were fixed for 10 min in
0.37% formaldehyde and then quenched by the addition of glycine to a
final concentration of 125 mM. Cells were then resuspended in 1 ml RSB
buffer (10 mM Tris-HCl, pH 8, 10 mM NaCl, 3 mM MgCl2) before being
lysed by the addition of RSB buffer supplemented with 0.1% NP-40. Nu-
clei were then collected by centrifugation at 1,500 � g for 5 min, resus-
pended in RSB supplemented with 10 mM CaCl2 and complete protease
inhibitors (Roche) at a density of approximately 5 � 107 cells per ml, and

divided into 1-ml aliquots. To each 1-ml aliquot, 200 U of micrococcal-
nuclease (MNase; Worthington) was added, and the reaction mixtures
were then incubated at 37°C for 2.5 min (polynucleosome chromatin
preparations) or 1 h (mononucleosome chromatin preparations). The
reactions were stopped by adding 20 mM EDTA, and 0.5% SDS was added
to ensure complete lysis of nuclei. Chromatin immunoprecipitations were
performed overnight at 4°C with approximately 3 �g of antibody and 100
�l of chromatin (corresponding to 5 � 106 cells) diluted in 900 �l of ChIP
dilution buffer (1% Triton X-100, 1 mM EDTA, 20 mM Tris-HCl, pH 8,
and 150 mM NaCl). Antibodies used for ChIP were anti-KDM2A (4) and
anti-histone H3K4me3 (histone trimethylated at lysine 4; Abcam
ab8580). Antibody-bound proteins were isolated on protein A agarose
beads (Repligen), washed extensively, and eluted, and cross-links were
reversed according to the Upstate protocol. Samples were then sequen-
tially treated with RNase and proteinase K before being purified on a
PureLink PCR microcolumn (Invitrogen). Real-time quantitative PCR
(qPCR) was performed using Sybr green (Quantace) on a Rotor-Gene
6000 (Corbett). Primer sets used for qPCR are available upon request.

Sucrose gradient separation of native nucleosome preparations. Na-
tive nucleosome preparations and sucrose gradients were performed as
previously described (16), with minor modifications. Briefly, approxi-
mately 1 � 108 purified nuclei from V6.5 cells were resuspended in 1 ml
RSB buffer supplemented with 0.25 M sucrose, 3 mM CaCl2, and com-
plete protease inhibitors. Digestions were performed with 10 units (poly-
nucleosome preparation) or 500 units (mononucleosome preparation) of
MNase for 15 min at 37°C, and reactions were then stopped by adding
EDTA and EGTA, each to a final concentration of 3.5 mM. After centrif-
ugation at 5,000 rpm for 5 min, the supernatant (S1) was collected. The
remaining nuclear pellet was resuspended in 300 �l of nucleosome release
buffer (10 mM Tris-HCl, pH 7.5, 10 mM NaCl, 0.5 mM EDTA, and
protease inhibitor cocktail) and gently mixed at 4°C for 1 h. Following
centrifugation at 5,000 rpm for 5 min, the second supernatant (S2) was
collected. Nucleosome preparations comprising 700 �l S1 and 300 �l S2
were then fractionated through an 11-ml sucrose density gradient (5%-
to-25% sucrose, 10 mM Tris-HCl, pH 7.4, 0.25 mM EDTA, 300 mM
NaCl) at 30,000 rpm for 16 h at 4°C. Each 500-�l fraction had 50 �l
removed for DNA purification and agarose gel analysis, and the remain-
der of each fraction was concentrated by trichloroacetic acid precipitation
and used for protein analysis by Western blotting. Antibodies used for
Western blotting were anti-KDM2A (4), anti-histone H3 (Ab1791), anti-
histone H1 (Millipore AE-4), and anti-DNMT3B (Enzo Life Sciences
52A1018).

RESULTS
KDM2A binds extranucleosomal DNA. We recently demon-
strated that recombinant KDM2A binds to nonmethylated CpG
dinucleotides via its ZF-CXXC DNA binding domain (4). The
capacity of KDM2A to recognize the nonmethylated fraction of
the genome results in nucleation of KDM2A at CpG island ele-
ments in vivo, where it demethylates histone H3 lysine 36
(H3K36). These experiments demonstrated that KDM2A could
bind nonmethylated CpG on naked DNA templates, but given
that KDM2A is a chromatin-modifying enzyme, we were inter-
ested to investigate how KDM2A interrogates more physiological
nucleosome substrates and understand if DNA alone is sufficient
for KDM2A nucleation on chromatin.

To address these questions, we first used a fully recombinant
nucleosome reconstitution system based on the 601 nucleosome
positioning sequence (28). We chose to use the 601 nucleosome
positioning sequence, as it will house a histone octamer at a well-
defined position on the DNA template and recapitulates both the
CpG content and GC nucleotide composition characteristics of
mammalian CpG islands. Histones were assembled on a 147-bp
601 sequence by salt dilution, and the reconstituted nucleosomes
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were purified by density gradient centrifugation, yielding a highly
pure mononucleosome fraction (data not shown). KDM2A was
then used in an electromobility shift assay (EMSA) comparing
binding to the naked 147-bp 601 sequence or the 147-bp 601
mononucleosome. As observed previously, KDM2A bound ro-
bustly to the naked CpG-containing DNA sequence (Fig. 1A, left
panel). However, addition of KDM2A did not lead to a mobility
shift of the mononucleosome (Fig. 1A, right panel). This interest-
ing observation suggests that deposition of histones on DNA may
occlude KDM2A binding to the CpG dinucleotides. The lack of
binding to the 147-bp nucleosome suggested that perhaps
KDM2A may require extranucleosomal DNA for efficient binding
to chromatin. To test this possibility, we generated a second
216-bp 601 mononucleosome that has an additional 60 bp of
DNA that extend out from the nucleosome positioning sequence
(Fig. 1B and C). KDM2A was incubated with the 216-bp nucleo-
some and analyzed by EMSA. The addition of extranucleosomal
DNA to the mononucleosome resulted in a dose-dependent shift
of the nucleosome substrate by KDM2A. Importantly, this inter-
action was dependent on DNA binding, as a point mutation in the
ZF-CXXC domain abrogates interaction with the 216-bp nucleo-
some.

We have previously demonstrated that methylation of CpG
dinucleotides abrogates KDM2A binding. To determine whether
KDM2A binding to the 216-bp mononucleosome was dependent
on nonmethylated CpG DNA, we reconstituted nucleosomes
where all CpG dinucleotides were in vitro methylated prior to
reconstitution (Fig. 1B and C). KDM2A binding to the methylated
substrate was completely abrogated, as analyzed by EMSA, indi-
cating that KDM2A binding to the 216-bp nucleosome is depen-
dent on nonmethylated CpG. The main difference between the
147- and 216-bp nucleosomes is the presence of extranucleosomal
DNA. This suggests that KDM2A likely recognizes nucleosome-
free DNA in the context of a mononucleosome. To investigate this
possibility, a 216-bp nucleosome was reconstituted in which only
the CpG dinucleotides in the extranucleosomal DNA were mu-
tated (Fig. 1B and C). Despite the fact that the nucleosome-
occupied portion of the 216-bp nucleosome has an abundance of
nonmethylated CpG dinucleotides, specific mutation of CpGs in
the extranucleosomal DNA was sufficient to abrogate binding.
Together, these observations demonstrate that KDM2A specifi-
cally interrogates extranucleosomal DNA in the 216-bp nucleo-
some.

KDM2A binding is restricted to linker DNA. KDM2A will
never encounter an isolated mononucleosome in vivo, but instead
extranucleosomal DNA will largely occur between nucleosomes
on the chromatin polymer. Therefore, to examine whether
KDM2A can bind to linker DNA between nucleosomes, we recon-
stituted dinucleosomes which consist of two 601 nucleosome po-
sitioning sequences separated by 48 bp of linker DNA (10). The
only extranucleosomal DNA in this substrate exists between the
positioned nucleosomes. KDM2A was then presented with this
substrate in an EMSA (Fig. 1D). Much like the 216-bp nucleo-
some, KDM2A bound efficiently to the dinucleosome substrate.
The retardation of the KDM2A/dinucleosome complex (Fig. 1D)
compared to the KDM2A/mononucleosome complex (Fig. 1C) is
lesser in magnitude, as the relative increase in mass due to
KDM2A binding to the KDM2A/dinucleosome complex is
smaller. To ensure that this modest mobility shift was dependent
on KDM2A, we used a DNA binding mutant that abrogated the

FIG 1 KDM2A interacts specifically with linker DNA in vitro. (A) KDM2A
efficiently binds to the naked 147-bp 601 nucleosome positioning DNA (left-
hand panel) but binding is completely inhibited when a nucleosome is posi-
tioned on this same DNA sequence (right-hand panel), as analyzed by EMSA.
The K601A mutant version of KDM2A lacks DNA binding activity. The posi-
tions of free DNA and nucleosomal DNA are indicated to the left of the panel
with arrows. (B) Nucleosomes were reconstituted using a DNA substrate with
216 bp of DNA. The cartoon indicates nucleosomes in which the extranucleo-
somal DNA has CpG dinucleotides (top, open lollypop), methylated CpG
dinucleotides (middle, closed lollypop), or mutated CpG dinucleotides (bot-
tom, with x). (C) KDM2A interacts specifically with nucleosomes that have
CpG dinucleotides in the extranucleosomal DNA but not in the same frag-
ments when methylated or mutated. (D) Dinucleosome substrates that have 48
bp of linker DNA were reconstituted with the CpG dinucleotides in the linker
DNA either intact (left panels) or mutated (right panels). KDM2A bound
specifically to the dinucleosome with intact linker CpG dinucleotides, as indi-
cated by the protein concentration-dependent nucleosome mobility shift and
capacity to supershift this species with a KDM2A-specific antibody (left-hand
panels). Mutation of the CpG dinucleotide in the linker DNA resulted in a loss
of binding (right-hand panels).
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mobility shift and antibodies against KDM2A to supershift the
KDM2A/nucleosome complex. To verify that KDM2A interacts
with the linker region, a dinucleosome was reconstituted in which
the CpG dinucleotides in the linker region were mutated. Impor-
tantly, this results in a loss of nucleosome binding (Fig. 1D, right-
hand panel). The very small amount of residual binding in the
dinucleosome lacking linker CpGs (Fig. 1D right hand panels)
appears to result from a fraction of the reconstituted dinucleo-
some being imperfectly phased over 601 nucleosome positioning
sequences (9), resulting in accessible CpG dinucleotides. This
mode of interaction is supported by the fact that the ZF-CXXC
mutant (K601A) does not cause a mobility shift of either dinucleo-
some substrate (Fig. 1D). Together, these observations demon-
strate that KDM2A interacts in the linker region between nucleo-
somes.

Our in vitro binding studies with reconstituted nucleosomes
indicate that KDM2A interacts with linker DNA. To try and un-
derstand why nucleosomes might be a barrier to interaction of the
ZF-CXXC domain with DNA, the structures of two recently
solved ZF-CXXC/CpG DNA structures (MLL1 and DNMT1)
were analyzed (Fig. 2) (7, 41). In both cases the ZF-CXXC domain
forms a crescent-shaped fold that coordinates two zinc ions. Side
chain residues in a single loop at the tip of the zinc finger interro-
gate the major groove of DNA where they recognize CpG bases
and are sterically occluded by the presence of methyl CpG. Inter-
estingly, in both of these structures a distinct portion of the ZF-
CXXC domain also wraps around the DNA and interrogates the
minor groove on the opposite side of the double helix. Mutations
that disrupt this interaction also affect DNA binding, suggesting
that simultaneous interaction with major- and minor-groove
DNA is required for efficient DNA binding (7). In the context of a
nucleosome, when the major groove is facing outwards, the minor
groove points inwards and is often engaged by arginine residues
from the histone octamer (29). This observation likely explains
the lack of KDM2A binding to nucleosomal DNA, as access to
information in both the major and minor groove would be steri-
cally constrained in nucleosomal DNA compared to naked DNA.
Therefore, it seems likely that ZF-CXXC domain proteins are oc-

cluded from binding nucleosomal DNA by the inability to easily
interface with both major- and minor-groove DNA.

Neither H3K4me3 nor the KDM2A PHD domain is required
for 216-bp nucleosome binding. It has recently been demon-
strated that the plant homeodomains (PHD domains) in many
proteins can function as lysine or methylated lysine binding mod-
ules (43, 50). KDM2A has a highly conserved PHD domain im-
mediately adjacent to the ZF-CXXC DNA binding domain. The
close proximity of the PHD and DNA binding domains suggested
that perhaps together these domains may form a chromatin bind-
ing interface that interrogates both DNA and histone. To test this
possibility, we generated a mutation in a conserved cysteine
within the KDM2A PHD domain (C645A) that has been shown in
other PHD domains to disrupt the structure and function (Fig.
3A) (5, 19). Although this mutation disrupts the PHD domain, the
DNA binding capacity of the mutant protein was unaffected (Fig.
3B). The C645A mutant protein was then used in an EMSA to
examine the effect of this mutation on substrate binding (Fig. 3B).
As with binding to naked DNA, the KDM2A PHD mutant did not
affect interaction with the 216-bp nucleosome, suggesting that
any potential interaction with histone by the PHD domain does
not significantly contribute to binding. Our reconstitution system
uses unmodified recombinant histones. Although some PHD pro-
teins interact with unmodified lysines, others interact specifically
with methylated lysine residues. We have recently shown that
KDM2A binds specifically to CpG islands in vivo. Interestingly,
the majority of CpG islands are modified on the tail of histone
H3 at position 4 (H3K4me3) (45), suggesting that perhaps the
KDM2A PHD domain could function in concert with ZF-CXXC-
mediated recognition of CpG DNA to create a high-affinity CpG
island binding module. To specifically test this possibility, we used
a recently developed semisynthetic technique to install H3K4me3
into our recombinant histone H3 (Fig. 3C) (39). This histone was
then incorporated into a 216-bp nucleosome to create a homog-
enously H3K4me3 modified nucleosome. This substrate was used
in an EMSA with either the KDM2A wild-type (WT) or PHD
mutant protein (Fig. 3D). In both instances KDM2A bound to the
modified nucleosome with the same efficiency as the unmodified

FIG 2 ZF-CXXC domain proteins bound to nonmethylated CpG DNA. (A) A cartoon depicting the structure of the DNMT1 ZF-CXXC domain bound to
nonmethylated CpG DNA (Protein Data Bank [PDB] number, 3PT6). The green ribbon indicates the protein backbone and the residues that specifically interact
with CpG dinucleotides in the major groove. The DNA is colored light brown and is viewed looking down the DNA double helix. The gray shading indicates the
protein surface, and the red spheres correspond to the two zinc ions coordinated by the ZF-CXXC domain. (B) The same representation as in panel A of the MLL1
ZF-CXXC domain bound to nonmethylated CpG DNA (PDB number, 2KKF). From both panels it is apparent that the ZF-CXXC domain interacts specifically
with CpG DNA in the major groove and interacts with minor-groove DNA on the opposite side of the DNA double helix.
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substrate and mutation of the PHD domain did not impact this
binding. Therefore, nucleosome binding by KDM2A does not ap-
pear to rely on the function of the PHD domain nor on H3K4me3.

As the KDM2A PHD domain did not appear to contribute to
nucleosome binding using the substrates tested, we hypothesized
that the KDM2A PHD domain may interact with histone modifi-
cations on other residues of H3 or other core histones. To test this
possibility, we applied the KMD2A PHD domain to a peptide
array containing 600 different variations of modified and unmod-
ified peptides corresponding to all four core histones (30). Per-

haps somewhat surprisingly, in this screen we observed no specific
binding of the KDM2A PHD domain to any peptide on the array,
suggesting that the function of this domain is not to recognize the
histone component of the nucleosome (unpublished observa-
tions). Given that the structure of several PHD domains bound to
their cognate substrates has been solved, we carried out a multiple
sequence alignment of the KDM2A PHD domain, comparing it to
PHD domains that bind either nonmethylated or methylated
lysine residues (Fig. 3E). Importantly, the structural cysteines re-
quired to form the PHD fold are conserved among all PHD do-

FIG 3 The KDM2A PHD domain does not contribute significantly to nucleosome binding. (A) KDM2A proteins encoding a wild-type (WT) or mutant PHD
domain (C645A) were expressed and purified. (B) Both the WT and C645A KDM2A proteins bind to naked 216-bp nucleosome positioning DNA with the same
level of efficiency, as determined by EMSA (left-hand lanes). Mutating the PHD domain did not inhibit binding to the 216-bp mononucleosome, whereas
mutation of the ZF-CXXC DNA biding domain (K601A) completely abrogated binding. (C) Histone H3K4me3 was installed specifically into histone H3 and the
incorporation verified by Western blotting of the recombinant histone with antibodies against H3K4me3 or histone H3. (D) Mononucleosomes (216 bp) were
reconstituted with histones containing H3K4me3 as indicated by the green dots on the nucleosome cartoon above the EMSA panels. The addition of H3K4me3
to the mononucleosome did not increase binding of KDM2A, nor did mutation of the PHD domain inhibit binding to the nucleosome, indicating that H3K4me3
does not contribute significantly to nucleosome recognition by KDM2A. (E) Multiple sequence alignment of PHD domains that bind either to H3K4me3 (BPTF,
ING2, and PHF8) or H3K4me0 (BHC80 and DNMT3L) and KDM2A. Gray boxes indicate conserved zinc-coordinating cysteines/histidines, and orange boxes
indicate methyl-lysine- or lysine-interacting residues. Although KDM2A has conserved zinc-coordinating residues, lysine interaction residues are absent.
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mains in the alignment, but the specific aromatic cage that is uti-
lized for methyl-lysine binding and the conserved residues used
for lysine binding are completely absent from KDM2A. Together
these data suggest that although the PHD domain is conserved
across KDM2A orthologues, the function of the PHD domain in
KDM2A is not to recognize histone.

KDM2A binds linker DNA in vivo. Our in vitro nucleosome
binding assays indicate that KDM2A interacts with chromatin
through recognition of linker DNA via the ZF-CXXC DNA bind-
ing domain. To understand if this binding mechanism is utilized
in vivo, nuclei were isolated from mouse embryonic stem cells and
digested with micrococcal nuclease. Digestion was done either
under limiting reaction conditions that produced a polynucleo-

somal ladder of approximately 1 to 10 nucleosomes or under com-
plete conditions that resulted in exclusively mononucleosome
fragments (Fig. 4A and B) (16). If endogenous KDM2A associates
with linker DNA in vivo it would remain associated with poly-
nucleosomal chromatin that has intact linker regions but not with
more completely digested mononucleosomal chromatin that
lacks linker DNA. To examine whether this was the case, chroma-
tin was isolated using limited digestion and fractionated by den-
sity sucrose gradient centrifugation. A nucleosome repeat length
DNA ladder was observed in gradient fractions that have histone
H3, indicating intact chromatin (Fig. 4A). When the same frac-
tions were analyzed by Western blotting, KDM2A was found ex-
clusively in the chromatin-containing fractions. This suggests

FIG 4 KDM2A interacts with linker DNA in vivo. (A) Nuclei were partially digested with micrococcal nuclease to produce polynucleosomes that contain linker
DNA. Chromatin was separated by sucrose density gradient centrifugation. The gradient was fractionated from the top into 24 fractions. DNA was purified from
each fraction and resolved by agarose gel electrophoresis (top panel), and proteins from each fraction were visualized by Western blotting (bottom panels). DNA
and protein analyses include an unfractionated input sample representing 10% of material loaded onto the sucrose gradient. (B) As above, except that native
chromatin was digested to completion with micrococcal nuclease to produce mononucleosomes lacking linker DNA. (C) Fractionation of chromatin-free
nuclear extract.
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KDM2A is intimately associated with chromatin that contains
linker DNA. Interestingly, KDM2A was enriched in the mono-
trinucleosome fractions, suggesting that it may predominantly as-
sociate with nuclease-sensitive chromatin, a feature that is char-
acteristic of CpG island elements (35). In agreement with previous
observations, histone H1 is preferentially enriched in the oligo-
nucleosomal fractions, suggesting that these regions of the gra-
dient contain the rapidly sedimenting, compact and more
nuclease-resistant chromatin (23). In contrast, when chroma-
tin was digested to a homogenous mononucleosome population
that lacks linker DNA and resolved on the same density gradient,
a single mononucleosome DNA band was observed that cofrac-
tionated with histone H3, again indicating intact chromatin (Fig.
4B). Importantly, at this point, when KDM2A was analyzed by
Western blotting, it was no longer associated with the chromatin-
containing fraction but instead migrated in the same position on

the gradient as is observed when chromatin-free nuclear extracts
are fractionated in a similar manner (Fig. 4C). This indicates that
KDM2A chromatin binding is abrogated when linker DNA is re-
moved. In support of the contention that this binding is depen-
dent on linker DNA, these observations mirrored the behavior of
histone H1, which also interacts with linker DNA (Fig. 4A to C).
The loss of KDM2A from the mononucleosomal fraction appears
to be due to the loss of linker DNA as DNMT3B, a protein previ-
ously shown to interact with nucleosomes (16), remains associ-
ated with the mononucleosomal fraction (Fig. 4C). Together these
observations demonstrate that KDM2A in bulk chromatin relies
on linker DNA to bind chromatin.

KDM2A binds linker DNA in CpG islands. KDM2A binding
to bulk chromatin relies on intact linker DNA. Our recent work
demonstrated that KDM2A binds to CpG islands in vivo (4).
Therefore, we wanted to know whether targeted interaction of

FIG 5 KDM2A is targeted to CpG islands through recognition of linker DNA. (A) Formaldehyde-fixed chromatin was digested with micrococcal nuclease to
produce polynucleosomes that contain linker DNA and mononucleosomes lacking linker DNA. (B) KDM2A binding to the Suv420h1 gene was analyzed by ChIP
at tiled positions across the gene (A to F on the x axis) by quantitative PCR on both chromatin preparations. KDM2A binding (left panel) in the polynucleosomal
fraction (blue line) corresponded to the CpG island region, and this signal was lost in the mononucleosomal preparation (red line). In contrast, the signal for
H3K4me3 over the same regions remained constant for both samples (right panel). (C and D) The same analysis was extended to a series of four more CpG island
genes, analyzing both the CpG island region and body region. In all instances, digestion to mononucleosomes released KDM2A from CpG island chromatin (C),
while the H3K4me3 signal remained relatively constant (D). Together, these observations indicate that KDM2A interacts with linker DNA at CpG islands. In all
cases, error bars correspond to standard errors of the means from biological triplicates. Numbers below the data for promoter (Prom) and body primer sets
indicate the position of the primer set (kb from center of amplicon) with respect to the major transcription start site of the gene in question.
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FIG 6 KDM2A remains bound specifically to CpG islands in cells lacking DNA methylation. TKO mouse embryonic stem cells that lack all three known DNA
methyltransferases (F) and have no detectable DNA methylation were obtained. ChIP was used to analyze KDM2A binding to three CpG island genes (A) and
three non-CpG island genes (B) in both the WT parent line and the TKO cell line. In the three CpG island regions, KDM2A binding remained the same, indicating
that loss of methylation elsewhere in the genome did not cause a loss of binding. In addition, the body of the CpG island genes (A) and non-CpG island genes (B)
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KDM2A with promoter-associated CpG islands relies on linker
DNA. To address this possibility, a modified chromatin immuno-
precipitation (ChIP) approach was designed whereby nonhistone
factors were mildly fixed to chromatin using formaldehyde and
then nuclei were isolated and digested under limiting or complete
conditions using micrococcal nuclease (Fig. 5A). This resulted in
chromatin that either contains linker DNA or lacks linker DNA.
KDM2A was then immunoprecipitated, and the isolated DNA was
analyzed by quantitative real-time PCR. Initially amplicons span-
ning the CpG island containing the Suv420H1 gene were analyzed
in either the limited or complete digestions (Fig. 5B). The KDM2A
signal in the limited digestion revealed a normal KDM2A ChIP
signal that peaked over the CpG island and was absent from the
rest of the gene. However, when the same regions were analyzed in
the complete digestions, the KDM2A ChIP signal was completely
lost (Fig. 5B, left panel). This loss of signal is not due to preferen-
tial overdigestion of CpG island chromatin in these complete di-
gestions, as the amount of H3K4me3 ChIP signal at the CpG is-
land regions was the same in both chromatin preparations (Fig.
5B, right panel). A further four CpG island genes were analyzed at
both the CpG island and body for both KDM2A and H3K4me3
(Fig. 4C and D). In all instances, removal of linker DNA abrogated
KDM2A binding but left CpG island chromatin intact, as verified
by H3K4me3 ChIP. Together these observations are in keeping
with our in vitro observations and demonstrate that KDM2A
binds to CpG island chromatin through recognition of DNA be-
tween nucleosomes that encompasses linker DNA or more ex-
tended nucleosome-free regions.

KDM2A is retained at CpG islands in the absence of DNA
methylation. We have previously shown that KDM2A binds to
nonmethylated CpG islands and that the acquisition of DNA
methylation in a small fraction of CpG islands during differentia-
tion is sufficient to block DNA binding (4). CpG islands contain a
much higher density of CpGs than the rest of the genome, and
outside CpG islands, the remaining CpG dinucleotides are heavily
methylated. Presumably these two features of the mammalian ge-
nome lead to efficient nucleation of KDM2A to CpG islands. To
understand if DNA methylation in bulk chromatin is a determin-
ing factor for excluding KDM2A from these regions of the ge-
nome, mouse triple knockout (TKO) embryonic stem cells that
lack both de novo methyltransferases DNMT3A and -B and the
maintenance methyltransferase DNMT1 were obtained (Fig. 6F)
(48). These cells do not have any detectable CpG methylation. To
examine whether the presence of nonmethylated DNA outside
CpG islands in TKO cells alters KDM2A binding profiles, ChIP
analysis was carried out on a panel of genes with CpG island pro-
moters and genes with non-CpG island promoters, analyzing both
promoter and body regions in wild-type (WT) and TKO cell lines
(Fig. 6A and B). Interestingly, a loss of DNA methylation had no
impact on the normal nucleation of KDM2A at the CpG island
promoters examined (Fig. 6A) and did not create new binding
sites at several non-CpG island promoters (Fig. 6B). Furthermore,

the presence of nonmethylated DNA in the body of both classes of
genes did not result in de novo binding of KDM2A over these
regions of the genes tested. Importantly, KDM2A profiles were
also maintained in the TKO cells when promoter regions of vari-
ous CpG content were analyzed (Fig. 6C). However, loss of DNA
methylation at some weak CpG islands that are subject to DNA
hypermethylation in normal ES cells did lead to a modest renucle-
ation of KDM2A in the TKO cells (Fig. 6D and E). This is in
agreement with previous observations that CpG island methyl-
ation is a barrier to KDM2A binding (4). Importantly, the main-
tenance of normal KDM2A binding profiles at the genes tested in
the TKO cells was not simply due to increased KDM2A expres-
sion, as the levels of KDM2A were the same in the parental WT
and TKO cell lines (Fig. 6G). From the regions analyzed here, it
appears that in situations where a CpG island acquires methyl-
ation, KDM2A binding is inhibited (4) (Fig. 6D), but loss of DNA
methylation elsewhere in the genome does not significantly im-
pact KDM2A binding (Fig. 6A, B, and C). Based on the observa-
tion that KMD2A is incapable of binding to nucleosome-bound
DNA, it appears that low CpG dinucleotide frequency and occlu-
sion of CpG binding sites by nucleosomes is a major barrier to
KDM2A binding outside CpG islands. Therefore, KDM2A recog-
nition of CpG island chromatin appears to rely on both non-
methylated CpG and accessibility of this binding site in ex-
tranucleosomal DNA.

DISCUSSION

Despite over 25 years of active research on CpG islands, the mech-
anisms underpinning the function of these interesting elements
remain poorly understood. The recent discovery that ZF-CXXC
domain-containing proteins act as interpreters that translate the
CpG island signal into a unique chromatin architecture has re-
vealed that CpG islands are not simply passive genomic elements
but that they function proactively in marking regulatory element
chromatin (4, 45). Based on these observations, there appears to
be an intimate relationship between CpG island chromatin struc-
ture and function.

To better understand this relationship, we have taken advan-
tage of a chromatin reconstitution system to define how KDM2A
binding to CpG islands is achieved. Importantly, this work reveals
that nucleosomal DNA is a major barrier to chromatin binding in
vitro and that the ZF-CXXC domain specifically recognizes DNA
between nucleosomes, including linker DNA or nucleosome-free
regions. Despite the fact that KDM2A encodes a PHD domain, it
does not appear to use this domain in recognition of chromatin. In
vivo, recognition of CpG island promoters by KDM2A is achieved
through interaction with linker DNA, revealing that a combina-
tion of nonmethylated CpG dinucleotide content and linker DNA
accessibility may be utilized by ZF-CXXC proteins to recognize
the CpG island signal and translate this into chromatin modifica-
tion. As most ZF-CXXC domain-containing proteins function to
modify chromatin, this would suggest that there is an intimate and

(both promoter and body) did not acquire KDM2A binding. (C) This analysis was then expanded to analyze a series of gene promoters that have high,
intermediate, and low CpG content to demonstrate that KDM2A nucleation is largely unaffected by a loss of DNA methylation. (D) A similar ChIP analysis was
performed at two CpG islands that are hypermethylated in wild-type J1 cells. Loss of DNA methylation in the TKO cells caused a modest increase in KDM2A
nucleation at these weak CpG islands. (E) Bisulfite sequencing demonstrated that the Chst11 and C1qtnf2 CpG islands are hypermethylated in J1 but not TKO
mouse ES cells. (G) Importantly, KDM2A protein levels remained the same in the WT and TKO cell lines. Error bars in all ChIP experiment data correspond to
standard errors of the means from biological triplicates.
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potentially self-reinforcing cycle that defines CpG island func-
tionality through chromatin modification and accessibility. For
example, genome-wide studies analyzing nucleosome occupancy
of transcription start sites suggest that CpG island-containing
genes have high occupancy and more regularly phased nucleo-
somes (47) than non-CpG island genes and other regions of the
genome. It has been suggested that this could arise in part through
the underlying GC-rich sequence (46, 47). Together, elevated
nonmethylated CpG content and regular nucleosome arrange-
ment may create a situation at CpG islands where linker DNA is
largely accessible and occupied by ZF-CXXC proteins. Indeed,
both ZF-CXXC-containing proteins KDM2A and CFP1 occupy
over 90% of CpG islands genome-wide and appear to be excluded
from only a very small subset of CpG island genes that are highly
repressed (4, 40, 45). Nucleation of KDM2A at CpG islands re-
moves H3K36me2, a modification that would normally recruit
repressive histone deacetylase complexes and is inhibitory to tran-
scriptional initiation (6, 42). In contrast, CFP1 leads to deposition
of H3K4me3, a modification that correlates positively with tran-
scriptional potential (12). Interestingly, H3K4me3 can act as a
nucleation site for the NURF chromatin remodelling complex
through the effector protein BPTF and the SAGA histone acetyl-
transferase complex through the effector protein SGF29 (49, 50).
Therefore, nucleation of these activities at CpG islands following
CFP1-mediated deposition of H3K4me3 could result in a rein-
forcement of nucleosome phasing and histone acetylation, in
keeping with genome-wide studies indicating that CpG island
chromatin is often more accessible and acetylated than surround-
ing and bulk chromatin (34, 35, 44, 51). Based on these properties,
one can envisage that CpG islands may therefore function in a
self-reinforcing manner whereby organized nucleosome structure
and accessibility may permit access by ZF-CXXC DNA binding
factors to nucleosome-free DNA, as described here, which then
initiates a chromatin architecture through histone modification
that allows effector protein-based reinforcement of accessibility.
Importantly, this cascade could easily be reinitiated following cell
division through binding of ZF-CXXC proteins to nonmethylated
CpG islands in daughter cells and provide a simple mechanism by
which CpG island chromatin architecture could be copied, based
on a DNA template, to cellular progeny. Clearly, future studies are
required to address these possibilities.

CpG islands are associated with the majority of genes, and ZF-
CXXC proteins bind almost all CpG islands. This includes genes
that cover the entire gene expression spectrum, including re-
pressed, poised, and active genes. Together, these observations
suggest that the presence of a CpG island does not directly impact
the defined expression state of associated genes. Therefore, how
do CpG islands impact gene regulatory element function and why
are they so broadly associated with genes? Our work and the work
of others indicate that chromatin accessibility (35, 51) and defined
chromatin modification architecture (4, 45) are common features
of CpG islands. Therefore, one possibility is that CpG islands use
ZF-CXXC-dependent chromatin modification to set up a consti-
tutively fluid and accessible chromatin structure that permits ef-
ficient recognition of gene regulatory elements by DNA binding
transcription factors and perhaps eventually the core transcrip-
tional machinery during gene activation. The fact that chromatin
accessibility is a central feature of transcription factor nucleation
is supported by recent work demonstrating that the binding of
glucocorticoid receptor (GR) following hormone stimulation re-

quired not only the presence of the GR binding motif but also an
accessible chromatin environment prior to stimulation for effi-
cient GR nucleation (17). This is in agreement with other genome-
wide studies analyzing transcription factor binding to chromatin
in vivo that indicate not all theoretical binding sites are recognized
equally (11, 13, 18, 24, 32). Therefore, the capacity of CpG islands
to create permissive and accessible chromatin may be particularly
important for highlighting gene regulatory elements in large and
complex mammalian genomes. Given their association with both
silent and active genes, this model places CpG islands as facilita-
tors of gene regulatory processes as opposed to defining absolute
transcriptional output. In keeping with this model, a recent study
demonstrated that induction of CpG island-containing immedi-
ate early genes occurs rapidly without a requirement for the chro-
matin remodelling machinery (33). In contrast, induction of non-
CpG island-containing immediate early genes relies on the
function of the ATP-dependent chromatin remodelling factor
BRG-1 (33). Therefore, it is tempting to speculate that chromatin
modifications and accessibility that are intrinsic to CpG islands
through the function of ZF-CXXC proteins contribute to this
transcriptionally permissive and responsive state.

As we begin to uncover the factors that interpret CpG islands,
the more apparent it becomes that chromatin structure and mod-
ification are important in defining CpG island function. Our ob-
servations that the CpG island signal is interpreted through rec-
ognition of linker DNA by the ZF-CXXC domain and an emerging
trend from ChIP-seq studies analyzing transcription factor nucle-
ation imply that nucleosome structure, occupancy, and modifica-
tion may be important factors in gene regulatory element recog-
nition and function in vivo. Therefore, a detailed mechanistic
understanding of how DNA binding proteins interface with de-
fined chromatin templates in vitro, and not simply their underly-
ing naked DNA sequence motifs, in addition to genome-wide pro-
filing endeavors will be central to understanding how selection
and nucleation at target sites are achieved in vivo.
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