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Proper DNA methylation patterns are essential for mammalian development and differentiation. DNA
methyltransferases (DNMTs) primarily establish and maintain global DNA methylation patterns; however, the
molecular mechanisms for the generation and inheritance of methylation patterns are still poorly understood.
We used sucrose density gradients of nucleosomes prepared by partial and maximum micrococcal nuclease
digestion, coupled with Western blot analysis to probe for the interactions between DNMTs and native
nucleosomes. This method allows for analysis of the in vivo interactions between the chromatin modification
enzymes and their actual nucleosomal substrates in the native state. We show that little free DNA methyl-
transferase 3A and 3B (DNMT3A/3B) exist in the nucleus and that almost all of the cellular contents of
DNMT3A/3B, but not DNMT1, are strongly anchored to a subset of nucleosomes. This binding of DNMT3A/3B
does not require the presence of other well-known chromatin-modifying enzymes or proteins, such as prolif-
erating cell nuclear antigen, heterochromatin protein 1, methyl-CpG binding protein 2, Enhancer of Zeste
homolog 2, histone deacetylase 1, and UHRF1, but it does require an intact nucleosomal structure. We also
show that nucleosomes containing methylated SINE and LINE elements and CpG islands are the main sites
of DNMT3A/3B binding. These data suggest that inheritance of DNA methylation requires cues from the

chromatin component in addition to hemimethylation.

Proper DNA methylation patterns are essential for mamma-
lian development and differentiation. More than three decades
ago, de novo cytosine DNA methylation and its maintenance
were proposed to exist in eukaryotic cells (29, 54); however, the
molecular mechanisms for the generation and inheritance of
methylation patterns are still poorly understood. DNA meth-
yltransferases (DNMTs) DNMT1, DNMT3A, and DNMT3B
primarily establish and maintain global DNA methylation
patterns (39, 48). DNMT1 preferentially methylates hemi-
methylated DNA in vitro (7) and is tethered to replication foci
during S phase (38). In contrast, DNMT3A and DNMT3B
(DNMT3A/3B) have no preference for hemimethylated DNA
(49) and are required for de novo methylation of genomic
DNA (48). It has been thought that DNMT1 acts mainly as a
“maintenance methyltransferase” during DNA synthesis and
that DNMT3A and DNMT3B act as “de novo” enzymes. How-
ever, more recent studies indicate that DNMT1 may also be
required for de novo methylation of genomic DNA (17, 30)
and that DNMT3A/3B are also required for maintenance func-
tions (11, 40, 55). Furthermore, the different DNMTSs cooper-
ate in maintaining the methylation of some regions of the
genome, particularly repetitive elements (40, 53).

Recruitment of individual DNMT enzymes to different re-
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gions of chromatin in vivo, particularly to gene regulatory
regions, may require interaction with auxiliary factors (28, 36).
DNMT1, which is diffusely localized throughout nuclei in non-
S-phase cells (38), is targeted to replication foci by interacting
with proliferating cell nuclear antigen (PCNA) (15) and also
physically interacts with UHRF1 (ubiquitinlike, containing
PHD and RING finger domains 1) that binds to hemimethyl-
ated DNA (3, 4, 8,27, 62). DNMT3 enzymes are usually found
localized to heterochromatin regions in most transient-expres-
sion assays (5, 12). As genomic DNA in chromatin is packaged
into nucleosomes which might limit the accessibility of target
sites to the enzymes, the interaction of DNMTs with nucleo-
somes in a chromatin context is important for the regulation of
genomic methylation.

Genetic and biochemical studies have provided many in-
sights into the distinct and cooperative functions of the DNMT
enzymes; however, few of these studies have addressed how
they interact with chromatin in vivo. Recombinant DNMT1
and DNMT?3 enzymes can methylate the CpG sites on nucleo-
somes assembled in vitro (26, 50, 56, 65). Recently DNMT3L
has been found to connect DNMT3A2 to nucleosomes in em-
bryonic stem cells (52). However, DNMT3L is expressed only
during gametogenesis and embryonic stages (1, 9), suggesting
that other mechanisms might be necessary for directing the
enzyme to specific chromatin regions in somatic cells.

In the present study, we investigated how different DNMT
enzymes interact with chromatin at the nucleosomal level in
somatic cell lines. Micrococcal nuclease (MNase) treatment of
nuclei in a low-ionic-strength buffer digests nucleosomal linker
DNA regions, thereby minimizing the disruption of protein
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complexes on the nucleosomes. We prepared nucleosomes
from partial or maximum MNase-digested nuclei and resolved
them on sucrose density gradients to analyze their interactions
with chromatin proteins. The results indicate that while
DNMT1 interacts primarily with linker DNA, DNMT3A/3B
enzymes interact strongly with nucleosomes containing meth-
ylated repetitive elements and also containing methylated CpG
islands (CGlIs) and may not require additional proteins for this
strong binding. These data are particularly intriguing in that
they provide insights into the mechanisms of the interaction of
DNMTs with chromatin and maintenance of DNA methyl-
ation in somatic cells.

MATERIALS AND METHODS

Cell culture. HCT116, a human colon cancer cell line, and 293T cells were
maintained in McCoy’s 5A medium and Dulbecco modified Eagle medium,
respectively, containing 10% inactivated fetal bovine serum, 100 units/ml peni-
cillin, and 100 pg/ml streptomycin. Puromycin was included in the culture me-
dium at 3 pg/ml to maintain transfected 293T cells.

Expression vector construction. A modified version of the pIRESpuro3 vector
(Clontech), pIRESpuro/Myc, was constructed by ligating the Myc tag DNA
sequence into the Nhel-EcoRI site of the pIRESpuro3 vector. Human
DNMT3AL, -3B1, and -3B2 ¢cDNA were kindly provided by A. Riggs (the City of
Hope). DNMT3ALI, -3B1, and -3B2 cDNA were cloned into the EcoRI-NotI site
of the pIRESpuro/Myc vector and used for expressing N-terminal Myc-tagged
DNMTs in mammalian cells. Human ADNMT3B2 cDNA was amplified from
pcDNA3/Myc-DNMT3BI1 using PCR and ligated into the EcoRI-BstXI site of
PIRESpuro/Myc-DNMT3B2. To generate ADNMT3B4 cDNA, the correspond-
ing N-terminal sequence of ADNMT3B4 was amplified from HCT116 cDNA,
which expresses ADNMT3B4, using reverse transcription-PCR and ligated into
the EcoRI-MscI site of IRESpuro/Myc. All expression vector constructs were
transfected into 293T cells using Lipofectamine 2000 (Invitrogen), and the cells
stably expressing DNMTs were selected in the presence of 3 wg/ml puromycin for
3 weeks.

Nucleus preparation. The nuclei were prepared according to the procedure
described previously (23). Briefly, the cells were trypsinized and washed once
with phosphate-buffered saline. The cells were then resuspended in ice-cold RSB
buffer (10 mM Tris-HCI [pH 7.4], 10 mM NaCl, 3 mM MgCl,) containing
protease inhibitors and kept on ice for 10 min before Dounce homogenization in
the presence of 0.5% NP-40 to break up cell membranes. The nuclei were
washed twice with RSB buffer plus the protease inhibitors (Roche) without the
detergent.

Salt extraction of nuclei. The nuclei from 5 X 10° cells were resuspended in
500 pl of ice-cold RSB buffer containing 0.25 M sucrose and protease inhibitors
and various concentrations of NaCl and kept at 4°C for 5 min. The nuclei were
then harvested by microcentrifugation, dissolved in sodium dodecyl sulfate
(SDS) loading buffer, and subjected to Western blotting.

MNase digestion and sucrose density gradient centrifugation. Purified nuclei
(1 X 10%) resuspended in 1 ml of RSB buffer containing 0.25 M sucrose, 3 mM
CaCl,, and 100 wM phenylmethylsulfonyl fluoride were digested with 5 units of
MNase (Worthington) for partial digestion or with 500 units of MNase for
maximum digestion for 15 min at 37°C, and then the reaction was stopped with
EDTA and EGTA (up to 10 mM). After microcentrifugation at 5,000 rpm for 5
min, the nuclear pellet was resuspended in 0.3 ml of the buffer (10 mM Tris-HCl
[pH 7.4], 10 mM NacCl) containing 5 mM EDTA and EGTA, gently rocked for
1 h at 4°C, and followed by microcentrifugation to obtain soluble nucleosomes,
which were then fractionated through a sucrose density gradient solution (5 to
25% sucrose, 10 mM Tris-HCI [pH 7.4], 0.25 mM EDTA) containing the indi-
cated concentrations of NaCl at 30,000 rpm for 16 h at 4°C. For the control
experiment, purified nuclei (1 X 10%) were incubated in 650 ul of RSB buffer
containing 300 mM NaCl for 5 min at 4°C. Nuclear extract (supernatant) was
then taken out after centrifuging the incubated nuclei at 13,000 rpm for 10 min
followed by loading 550 .l onto the sucrose gradients. Nucleosomes for a native
chromatin immunoprecipitation (ChIP) assay were prepared in the digestion
buffer (50 mM Tris-HCI [pH 8.0], 100 mM NaCl, 8 mM MgCl,, 3 mM CaCl,) for
15 min at 37°C. The reaction was stopped with EDTA at a concentration up to
10 mM and left at room temperature for 20 min, before the soluble fraction of
nucleosomes was collected. The ethidium bromide (EtBr) treatment of the
mononucleosome samples was done by adding 20 mg/ml EtBr to the samples
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(final concentration of 300 pg/ml) and then incubating the samples at room
temperature for 10 min before loading them onto the gradient. Sixteen fractions
were taken from the centrifuge tube starting from the top of the tube.

Western blot analysis. Proteins from the same volume of each fraction (150 to
200 wl) were concentrated by trichloroacetic acid precipitation, dissolved in
SDS—B-mercaptoethanol loading buffer, and resolved on a 4 to 15% gradient
SDS-polyacrylamide gel (Bio-Rad, Hercules, CA). Antibodies against H3
(ab1791), histone H1 (ab7789), DNMT3A (ab2850), histone deacetylase 1
(HDAC1) (ab7028), and heterochromatin protein la (HPla) (ab9057) were
purchased from Abcam Inc. (Cambridge, United Kingdom). Antibodies against
EZH?2 (ac22) were purchased from Cell Signaling Technology, Inc. (Danvers,
MA), and antibodies against MeCP2 (07-013) were purchased from Upstate,
Inc. (Charlottesville, VA). Antibodies against DNMT1 (sc-20701), DNMT3B
(sc-10235), and PCNA (sc-56) were purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA), while antibodies against the Myc epitope tag (05-724)
were from Upstate (now Millipore, Billerica, MA) and anti-UHRF1 antibod-
ies (catalog no. 612264) were from BD Biosciences. Image of individual
proteins was visualized using the ECL detection system (Amersham Bio-
sciences, Piscataway, NJ).

Quantification of DNA methylation levels. The methylation-sensitive single-
nucleotide primer extension assay was performed as described previously (71).
Genomic DNA was prepared from 293T cells transfected with myc-DNMT3A/B
expression vectors. The primers used for this assay are available on request.

ChIP assay. ChIP assays were performed as described previously (42). The
following antibodies were used: 10 wg of anti-Myc antibody (05-724; Upstate),
anti-DNMT3A (ab2850; Abcam), and anti-CD8 (sc-32812; Santa Cruz Biotech)
as a nonspecific control antibody. The primers and probes used are available on
request.

For the native ChIP assay, we used DNMT3A-specific antibodies (ab2850),
DNMT3B-specific antibodies (ab2851), and CD8-specific antibodies (sc-32812).
The nucleosomes were incubated with antibodies overnight at 4°C in MNase
digestion buffer containing 10 mM EDTA, 0.2 mM phenylmethylsulfonyl fluo-
ride, and 0.1% NP-40 and then incubated with protein A-agarose beads for 2 h.
The beads were washed two times with 150 mM NaCl- and 300 mM NaCl-
containing buffer containing 20 mM Tris-HCI (pH 7.4), 1 mM EDTA, and 0.1%
NP-40. Proteins pulled down by different antibodies were analyzed by Western
blot analysis.

To ascertain the possible role of nuclear RNA in the binding of DNMT3s to
nucleosomes, native IP was performed using DNMT3A and CDS antibodies on
pooled polynucleosomal fractions from a partial digest sucrose gradient. Nucleic
acids (DNA and/or RNA, if any) pulled down by the DNMT3A and CD8
antibodies were 2P end labeled, treated with DNase or RNase or not treated,
and then subjected to the denaturing polyacrylamide-urea gel electrophoresis.

AP-PCR assay. Sixty nanograms of DNA (input and unbound DNA) and two
microliters of antibody-bound DNA were used for each arbitrarily primed PCR
(AP-PCR) to make sure that the amounts of the input and unbound DNA were
much more than the amount of bound DNA. Four random primers (GC-rich)
were added to each PCR mixture. The detailed procedure of methylation-sen-
sitive AP-PCR was previously described (40, 41).

RESULTS

DNMT enzymes associate with chromatin with different af-
finities. The DNMTs have been shown to be localized to dis-
tinct regions of chromatin (5, 12, 38). To determine whether
they have different affinities for chromatin, we first incubated
purified nuclei from HCT116 human colon cancer cells in the
presence of protease inhibitors in buffers with increasing NaCl
concentrations from 10 mM up to 400 mM. Using Western
blots, we measured the amounts of various proteins remaining
in the nuclei after washing them with buffers containing in-
creasing salt concentrations (Fig. 1). Similar amounts of his-
tone H3 remained in the extracted nuclei under all salt condi-
tions as expected. Residual DNMT1 was reduced to about half
at 100 mM salt, and the majority of it disappeared at 200 mM
salt. Strikingly, both DNMT3A/3B protein levels remained al-
most constant within the nuclei up to 400 mM NaCl. The
relative amounts of released proteins at 300 mM salt were
estimated to be 100% for DNMT1, 6% for DNMT3B, and 9%
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FIG. 1. DNMT3A/3B, but not DNMT1, are strongly associated
with chromatin in nuclei. Nuclei purified from 5 X 10° HCT116 cells
were incubated in nondenaturing extraction buffers containing 10 to
400 mM NaCl in the presence of protease inhibitors for 5 min. The
nuclei were purified by centrifugation, and the proteins remaining
within the nuclei were resolved by SDS-polyacrylamide gel electro-
phoresis and probed by Western blotting with various antibodies. The
positions of two DNMT3B isoforms (DNMT3B2 and DNMT3B3) are
indicated to the right of the blots.

for DNMT3A (data not shown). HCT116 cells are known to
express at least two different isoforms of DNMT3B;
DNMT3B?2 is the top band, and DNMT3B3 is the bottom band
(69). DNMT3B3 is known to be catalytically inactive (2, 13).

As DNMTs are known to interact with various chromatin-
associating proteins, we wanted to test whether these proteins
are involved in the strong interaction between DNMT3 and
chromatin. To do this, we probed for several proteins that are
known to interact with DNMTs, such as PCNA (15), HDAC1
(20, 21, 57), methyl-CpG binding protein 2 (MeCP2) (35),
Enhancer of Zeste homolog 2 (EZH2) (66), and HP1« (22, 37,
63). The levels of PCNA and HDACI retained inside the
nuclei decreased with increasing salt concentrations, leaving
some residual protein at the higher salt concentrations. The
amounts of MeCP2, EZH2, and HP1a showed constant levels
of the protein up to 200 mM salt but decreased at higher salt
concentrations.

These differential interactions of DNMTs with chromatin
prompted us to analyze how the enzymes are associated with
nucleosomes. The nuclei were purified and partially digested
with a low concentration of MNase, which cuts the linker DNA
regions to generate nucleosomal fragments of various sizes
under low-salt conditions (10 mM NaCl), so that no artificial
rearrangements of nuclear proteins would occur. The digested
nuclei were then incubated in low ionic buffer to collect dif-
fused nucleosomes, which were loaded onto sucrose gradients
and separated by ultracentrifugation. Since both DNMT1 and
DNMTS3 remained associated with chromatin at 100 mM salt
(Fig. 1), we first used sucrose gradients containing 100 mM
NaCl (Fig. 2A). The relative amounts and sizes of DNA in
consecutive gradient fractions increased from fractions 6 to 16,
and mononucleosomal DNA fragments were enriched largely
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in fractions 6 and 7. Dinucleosomes formed a main peak in
fraction 9, and trinucleosomes formed a main peak in fractions
11 and 12, and so forth. The distribution of histones H3 and H1
matched that of the nucleosomal DNA fragments, and the bulk
histone proteins stained with Ponceau S solution.

DNMT1 sedimented as a main peak at fraction 5 where
there were no nucleosomes and was also distributed with bulk
nucleosomes. DNMT1 in fraction 5 may correspond to the
enzyme bound to the linker DNA digested by MNase, or it may
also represent a fraction of DNMT1 not associated with chro-
matin. In contrast, DNMT3A and DNMT3B were tightly as-
sociated with nucleosomal fractions, and their distributions
were quite similar to that of histone H1. EZH2 and HDACI1
also cosedimented with nucleosomes in the 100 mM salt gra-
dient.

We next increased the salt concentration to 300 mM to
determine the strength of association of these proteins with
nucleosomes (Fig. 2B). The sedimentation profile of nucleo-
somes was not changed relative to the 100 mM salt-containing
gradient (Fig. 2A). However, DNMT1 was now detected in
fractions 4 to 7 only, separate from the fractions containing
nucleosomes, showing that DNMT1 was not able to bind to
polynucleosomes at high salt concentrations. In contrast,
DNMT3A/3B enzymes were still associated with the nucleoso-
mal fractions. Due to the relative abundance of polynucleo-
somes compared to mononucleosomes in a partial digest, the
majority of the DNMT3A/3B enzymes were detected in
polynucleosomal fractions 8 to 16 and not in mononucleosomal
fractions 6 and 7 (Fig. 2B). Overexposure of the immunoblot
showed small amounts of DNMT3A/3B sedimenting in frac-
tion 6 and 7 also (data not shown). However, the patterns of
DNMT3A and DNMT?3B distribution differed from each other
in 300 mM NaCl and did not completely mirror each other or
the distribution of bulk nucleosomes. EZH2 and HDACI,
which cosedimented with nucleosomes at 100 mM salt, were
separated from the polynucleosomes and showed main peaks
in fractions 6 to 8§ at 300 mM NaCl. These two proteins or
complexes of these proteins, unlike DNMT3A/3B, were there-
fore not able to bind to polynucleosomes at high salt concen-
trations.

To confirm that EZH2 and HDACI1 which cosedimented
with nucleosomes in fractions 6 to 8 at 300 mM NaCl were not
physically bound to chromatin, we prepared nuclear extracts by
eluting native proteins and protein complexes from nuclei in-
cubated in high-salt buffer (300 mM) and subjected them to
sucrose gradient fractionation at 300 mM NaCl (data available
on request). Even in a chromatin-free environment, EZH2 and
HDACT still sedimented in the same fractions, showing main
peaks in fraction 6 to 8 similar to their sedimentation profiles
in the presence of nucleosomes. This control experiment thus
proves that EZH2 and HDACI1 do not bind to nucleosomes at
high salt concentrations even though they sediment in the same
fractions, possibly as part of large multiprotein complexes.
Likewise, the sedimentation profiles of DNMT1 and PCNA
were similar to those in the presence of polynucleosomes at
300 mM NaCl. DNMT?3A could not be detected in any of the
fractions (data not shown). These data indicate that the
DNMT3A sedimentation profile is governed by the presence
or absence of chromatin and that it is physically bound to
nucleosomes at 300 mM salt (Fig. 2B).
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FIG. 2. DNMT3A/3B are bound to polynucleosomes at high ionic strength. Nucleosomes released from nuclei partially digested with MNase
at low ionic strength (20 mM) were resolved by ultracentrifugation on a sucrose density gradient (5% to 25%) containing 100 mM NaCl (A) and
300 mM NacCl (B). Gradients were fractionated into 16 aliquots numbered 1 to 16 starting from the top of the centrifuge tube. The absorbance
of each fraction was read at 260 nm. DNA purified from each fraction was resolved by agarose gel electrophoresis and stained with EtBr. To probe
the distribution of proteins in each fraction, Western blotting was performed with various antibodies. Ponceau S staining shows core histones
transferred onto the membrane from the SDS-polyacrylamide gel. The control lanes on the gels were loaded with unfractionated nuclear extract
loaded on the gels to monitor the quality of immunostaining of the membranes.

DNMT1 interacts with the linker DNA, whereas DNMT3A/3B
cosediment with intact nucleosomes. Next we prepared mono-
nucleosomes consisting of approximately 150-bp DNA wrapped
around an octamer of histones by more extensive MNase di-
gestion of purified HCT116 nuclei and analyzed them on su-
crose gradients at 300 mM NaCl. Mononucleosomes contain-
ing 150-bp DNA fragments and core histones peaked in
fraction 6 (Fig. 3A). DNMT1 was mostly present in fraction 4,
and UHRF1 formed a peak at fraction 3, both separated from
the main nucleosomal peak.

We tested whether DNMT1 could interact with mononu-
cleosomes on 100 mM NaCl-containing gradients and found
that it dissociated from mononucleosomes even at low ionic
strength (data not shown). Since DNMT1 cosedimented with
polynucleosomes on the 100 mM NaCl gradient as shown in

Fig. 2A, the results together suggest that DNMT1 may interact
with linker DNA. The sedimentation properties of EZH2 and
HDACI were not altered by the increased MNase digestion
(compare Fig. 2B to 3A), strongly suggesting that these pro-
teins were not bound to nucleosomes in 300 mM NaCl. In
contrast, both DNMT3A/3B localized to peaks in fraction 7,
suggesting that DNMT3A/3B must be bound to mononucleo-
somes rather than the linker DNA and that their presence
altered the sedimentation of bound nucleosomes by one frac-
tion relative to bulk mononucleosomes. Also, the sedimenta-
tion profiles of DNMT3A/3B show a marked change when the
extent of MNase digestion was altered from partial to maxi-
mum (compare Fig. 2B to 3A). MNase is a DNase that spe-
cifically targets linker DNA for digestion and has no effect on
proteins, so it would not be expected to alter the distribution of



5370 JEONG ET AL.

A. Without EtBr (Mononucleosomes, 300 mM NaCl gradient)
Comrol] 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

MoL. CELL. BIOL.

13
- 3 Sebp—
2 2 mesp—

Histone H3
DNMT1

DNMT3A
DNMT3B
PCNA

HP1alpha

MeCP2
EZH2

HDACI
UHRF1

B. With EtBr (Mononucleosomes, 300 mM NaCl gradient)
2 3 4 5

Control 1
< § -
il-b’- -

Histone H3 §
DNMT1
DNMT3A
DNMT3B
HP1alpha

EZH2
HDACI

6 7 8 9 10 11 12 13 14 15 16

FIG. 3. DNMT3A/3B binding requires an intact nucleosomal structure. Mononucleosomes released by extensive digestion with MNase were
resolved on a sucrose density gradient (5% to 25%) containing 300 mM NaCl. Mononucleosomes were incubated in the absence (A) or presence
(B) of 300 pg/ml EtBr for 10 min at room temperature before they were loaded onto the gradients. The gradients were fractionated and analyzed

as described in the legend to Fig. 2.

DNMT3A/3B unless the enzymes were physically associated
with chromatin.

EtBr disrupts nucleosomal structure by intercalating into
DNA within the nucleosomes (43, 44), but it does not interfere
with protein-protein interactions (37, 47). Mononucleosomes
were incubated with EtBr prior to being loaded onto sucrose
gradients containing 300 mM NaCl (Fig. 3B). DNA fragments
of 150 bp were found mainly in fractions 3 and 4, whereas the
histone proteins were detected in fractions 7 to 16, probably
due to aggregation (44). The distributions of DNMT1, HPlaq,
EZH2, and HDACI were not affected by EtBr, again suggest-
ing that they were not strongly bound to nucleosomes and were
freely sedimenting, possibly as complexes with other proteins
on the gradients. However, the distributions of DNMT3A/3B
changed dramatically, and these enzymes were enriched
mainly in factions 3 to 5, which contained the majority of the
DNA but not the histone components of the nucleosome.
These data show that when the histone-DNA interactions

within the nucleosome are disrupted by EtBr, the DNMT3A/3B
enzymes dissociate from the histone proteins and appear to
cosediment with the DNA component. The data demonstrate
again that the DNMT3A/3B enzymes are physically bound to
nucleosomes but not directly binding to H3 and not simply
cosedimenting with them on the gradients. Although we did
not test whether DNMT3A/3B could maintain their interac-
tions with EtBr-intercalated DNA, other studies have shown
that these enzymes bind to DNA (10, 70) and that DNMT3A
has a higher affinity for mononucleosomes than naked DNA in
vitro does, whereas DNMT1 has the opposite tendency (56).

As DNMT3A and DNMT3B can form heterocomplexes
(34), we also tested whether the nucleosomal binding of one
enzyme requires the presence of the other. We performed the
same experiment using a DNMT3B-deficient HCT116 cell line
(HCT116 DKO) (53) and found that DNMT3A cosedimented
with mononucleosomes in the absence of DNMT3B, indicating
that the interaction between DNMT3A and DNMT3B are not
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FIG. 4. DNMT1 forms a stable complex in the linker DNA region with 5-aza-2'-deoxycytidine. HCT116 cells were cultured in the presence of
1 uM 5-aza-CdR for 24 h, followed by nucleus preparation. Polynucleosomes released from the nuclei digested with MNase were resolved through
a sucrose density gradient (5% to 25%) containing 300 mM NaCl. DNA preparation and Western blotting were performed as described in the

legend to Fig. 2.

required for their nucleosomal binding (data not shown).
PCNA, HPla, and MeCP2 sedimented separately from both
mononucleosomes and DNMT3A/3B. EZH2 and HDACI be-
haved very similarly to how they sedimented on the polynu-
cleosome gradient (Fig. 2B). These results show that these
nonhistone proteins are not involved in the stable complex
between DMT3A/3B and nucleosomes.

Stable complex formation of DNMTSs with chromatin after
5-aza-CdR treatment. Incorporation of 5-aza-2'-deoxycytidine
(5-aza-CdR) into replicating DNA leads to the formation of
stable complexes between DNA and DNMTSs by trapping them
onto the DNA via the formation of covalent bonds which
subsequently leads to gradual genomic demethylation (14, 18,
45, 58). It is important to note here that 24 h of treatment of
cells with 5-aza-CdR mainly results in accumulation of high
levels of hemimethylated DNA but does not cause complete
genomic demethylation (46). The observation of relatively
weak binding of DNMT]1 to chromatin led us to examine the
effects of drug treatment on the interactions of the enzyme
with nucleosomes. The cells were cultured in the presence of
5-aza-CdR for 24 h before nucleus preparation, and the nu-
cleosomes were resolved on a 300 mM NaCl-containing gradi-
ent after a partial MNase digestion (Fig. 4). DNMT1 cosedi-
mented with nucleosomes on the high-salt gradient, indicating
that it formed a complex with nucleosomal structures after
5-aza-CdR treatment due to its trapping onto the DNA by the
incorporated drug (Fig. 4). UHRF1 was not trapped on nu-
cleosomes. Thus, even though it may flip 5-methylcytosine out
of double-stranded DNA (3, 4, 27), it is not required for the
anchoring of DNMT1 to 5-azacytosine-containing DNA.

DNMT3A/3B enzymes were still stably associated with nu-
cleosomes possibly because of their inherent binding affinities
and additionally due to their trapping by the incorporated drug
(Fig. 4). However, DNMT3B, but not DNMT3A, was also
detected in fraction 4 after drug treatment, suggesting that

DNMT3B may have been trapped on the linker DNA region
which was subsequently digested and released by MNase di-
gestion. This observation is compatible with observations that
mouse DNMT3B, but not DNMT3A, is processive in its activ-
ity (24, 25) which might give the enzyme the capacity to meth-
ylate a wider region during replication. On the other hand, it is
also possible that an altered chromatin structure associated
with 5-aza-CdR treatment may cause the release of some
DNMT3B from the nucleosomes. The distributions of PCNA,
EZH2, and HDACI1 were very similar to those observed in
gradients without drug treatment (Fig. 2B), indicating that
5-azacytosine did not affect their sedimentation.

The N-terminal region of DNMT3B is essential for the
strong nucleosomal association. DNMT enzymes have highly
conserved C-terminal catalytic methylase domains and unique
N-terminal regions. DNMT3A/3B contain PWWP and PHD-
like domains in their N-terminal regions (Fig. SA) which might
have a role in anchoring the enzymes to the nucleosomes. We
expressed various Myc-tagged fusion proteins of DNMT3A/3B
enzymes in human 293T cells and tested the distribution of
DNMT3A/3B in mononucleosomal digests in 300 mM NaCl
sucrose gradients (Fig. 5B). The endogenous DNMT1 and
DNMT3A/3B showed distribution patterns similar to those of
HCT116 cells, indicating that the strong nucleosomal associa-
tion of DNMT3A/3B takes place in both cell types and is not
due to potential cell-type-specific interactions. Full-length
Myc-tagged DNMT3A/3B also showed that strong association
with mononucleosomes; however, neither ADNMT3B2 nor
ADNMT3B4 was strongly anchored to mononucleosomes, in-
dicating that the N-terminal region of DNMT3B may play an
essential role in its strong nucleosomal binding.

DNMT3A/B are enriched in methylated CGIs and repetitive
DNA elements. Previously, DNMT3A/3B were shown to be
enriched on CpG islands when they are methylated (61), and
the continued methylation of CGIs is relatively insensitive to
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FIG. 5. The N-terminal region of DNMT3B is necessary for strong nucleosomal binding. (A) Map of DNMT3A/3B isoforms showing the
PWWP and PHD-like domains located in the N-terminal regions and the catalytic methylase domains in the C-terminal region. (B) Mononu-
cleosomes from 293T cells transfected with expression vectors of various Myc-DNMT3A/3B deletion proteins were subjected to sucrose gradients
containing 300 mM NaCl. Endogenous and exogenous enzymes on the gradient were detected by Western blot analysis using specific antibodies
against endogenous protein and anti-Myc antibody. Gradients were analyzed as described in the legend to Fig. 2.

DNMT1 depletion, suggesting roles for DNMT3A/3B in main-
taining CGI methylation (17). These observations led us to
examine whether DNMT3A/3B might bind preferentially to
nucleosomes associated with methylated CGIs. With 293T cell
lines transfected with various myc-tagged DNMT3A/3B (myc-
DNMT3A/3B) derivatives available, we first determined the
DNA methylation levels in various CGI regions and selected
six highly methylated regions, including D4Z4 repeats and
three unmethylated ones, for analysis (Fig. 6A and B). We next
used ChIP with anti-myc antibodies and found that DNMT3A
was enriched at the methylated ABCD1, MLH3, and IRF5
regions; however, it was less enriched in the other three meth-
ylated regions, CDKN2A, EPM2AIP1, and D4Z4, and was
only marginally detectable in the three unmethylated regions,
AHR, HOXBI13, and MLLT3 (Fig. 6A and B). In contrast,
DNMT3B was enriched in all of the six highly methylated
regions, including its known target, D474 (19, 69). These re-
sults indicate that all six highly methylated CGIs are enriched
for DNMT3B and that DNMT3A occupies a subset of meth-
ylated CGls, shared by DNMT3B. These data are consistent
with the previous findings of Schlesinger et al. (61), who also
found DNMT3A to be enriched on six different methylated
CGIs and DNMT3B occupying a subset of these methylated
CGIs bound by DNMT3A.

To gain a more global perspective, we next performed a
native ChIP assay, followed by direct sequencing of the immu-
noprecipitated DNA. Nucleosomes isolated from MNase-di-
gested nuclei were immunoprecipitated using DNMT3A/3B-
specific antibodies. The specificities of the DNMT3A/3B

antibodies were confirmed by Western blot analysis of the
immunoprecipitated proteins. Both DNMT3A/3B antibodies
showed specific enrichment of their target proteins compared
to the CDS8 control antibody (Fig. 7A). Furthermore, nucleic
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FIG. 6. DNMT3A/3B are enriched in highly DNA methylated CpG
islands. (A) The levels of DNA methylation in nine different CpG islands
in 293T cells transfected with myc-DNMT3A1 or DNMT3BI constructs
were determined by the methylation-sensitive single-nucleotide primer
extension assay. (B) ChIP assays were performed with anti-DNMT3A
antibodies for the cells with myc-DNMT3AL1 or anti-Myc antibody for the
cells with myc-DNMT3BI1. Values are the averages of at least triplicate
determinations with standard errors (error bars) indicated.
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FIG. 7. DNMT3A/3B preferentially associate with methylated repetitive DNA elements and CpG islands, but not with nuclear RNA.
(A) Western blot analysis was performed to analyze the proteins immunoprecipitated using DNMT3A, DNMT3B, and control CD8 antibodies.
DNMT3A/3B antibodies specifically pulled down DNMT3A/3B proteins. (B) Nucleic acids (DNA and/or RNA, if any) pulled down by DNMT3A
and CDS8 antibodies from pooled polynucleosomal fractions from a partially digested sucrose gradient were **P end labeled, treated with DNase
or RNase or not treated, and then analyzed on a denaturing polyacrylamide/urea electrophoresis gel. The positions of trinucleosomes (Tri-Nuc),
dinucleosomes (Di-Nuc), and mononucleosomes (Mono-Nuc) and molecular size markers are indicated to the left of the gel. (C) Distribution of
different sequence classes in samples obtained by DNMT3A/3B IP. Sequence analysis of DNA fragments isolated by genome-wide amplification
(GWA) of DNA precipitated by a mixture of DNMT3 antibodies shows preferential association of DNMT3A/3B with repetitive elements, such
as SINES, LINES, etc. (D) Selective amplification of the DNA in the IP material through AP-PCR using GC-rich primers (ChAP assay [ChIP assay
coupled with an arbitrarily primed PCR]) also shows the presence of repeats and single-copy CGls. (E) Native ChIP assays were performed with
DNMT3A/3B-specific antibodies followed by DNA purification from input, unbound (UB), and immunoprecipitated (IP) samples. The DNA
samples were then digested with buffer alone (U), Mspl (M), and Hpall (H) and subsequently used for an AP-PCR. The PCR products were
resolved on a sequencing polyacrylamide gel, and part of the gel is shown as an example. The two strands of the same fragment sometimes resolved
as separate bands on the gel due to the slight difference in their molecular weights. Fourteen informative bands were then extracted from the gel
and sequenced. The numbers to the right of the gel denote the corresponding fragment number in panel F. (F) Properties of DNA fragments
containing Hpall sites that were isolated from the sequencing polyacrylamide gel.

acids pulled down by the DNMT3A antibody were analyzed to
ascertain whether nuclear RNA plays a role in the binding of
DNMT3s to nucleosomes. We found that the DNMT3A anti-
body specifically pulled down DNA and not RNA, showing
that RNA is not involved in DNMT3A binding to nucleo-
somes. Also, the DNA pulled down by DNMT3A antibody
showed enrichment of nucleosomal DNA, indicating direct
physical binding of DNMT3s to the nucleosomes. The CD8
control antibody showed no enrichment of either DNA or
RNA and hence could not be used to provide a control for the
evaluation of background in the native ChIP experiment (Fig.
7B). DNA pulled down by DNMT3A/3B antibodies was puri-

fied and used for whole-genome amplification. Sequence anal-
ysis of 24 DNA clones obtained from this amplified DNA
sample showed that 83% of the clones contained SINE and
LINE repeats of which 4% contained CGlIs (Fig. 7C). The
human genome is comprised of approximately 50% repetitive
DNA (6, 64). Thus, the proportion of repeat sequences found
in the amplified DNA sample is more than 1.5-fold higher than
expected, suggesting that DNMT3A/3B preferentially associ-
ate with repetitive DNA elements.

To confirm that DNMT3A/3B may also specifically bind to
CGI regions, we adopted a nondirect approach and performed
a methyl-sensitive AP-PCR experiment for DNA fragments
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enriched in the DNMT3A/3B-bound fraction. We used GC-
rich random primers to preferentially amplify GC-rich CGI
regions. This is an effective way to assess the methylation status
of a number of different CGI sequences at the same time, since
it selects CGI sequences in an independent manner (41). Se-
quence analysis of 36 DNA fragments obtained from the AP-
PCR-amplified DNA sample showed that 71% of the se-
quenced fragments were repeats and 36% were CGlIs (Fig.
7D). Fourteen IP-positive informative bands containing Hpall
sites were identified, and we found that all 14 identified frag-
ments were resistant to Hpall digestion, i.e., they all were
methylated at internal Hpall (CCGG) sites (Fig. 7E and F).
These data suggest that DNMT3A/3B associate with repeat
elements, which is in agreement with previously published data
(10, 11, 33). Taken together, these data strongly suggest that
DNMT3A/3B preferentially bind to methylated genomic tar-
gets.

DISCUSSION

Our current results suggest that DNMT1 associates rela-
tively weakly with chromatin, mostly at linker or nucleosome-
free DNA regions possibly assisted by factors such as PCNA
and/or UHRF1 (8, 15, 51). The observation of a “loose” asso-
ciation of DNMT1 with chromatin may be consistent with the
highly dynamic, transient nature of the interaction of Dnmtl
with the replication machinery (59, 60) and its continuous
loading onto constitutive heterochromatin during G,/M phase
(16). As such, DNMT1 may be capable of methylating hemi-
methylated sites on the linker DNA missed during the repli-
cation process, possibly with the aid of UHRF1 (3, 4, 27, 62).

The strong interaction of DNMT3A/3B enzymes with nu-
cleosomes is very striking. This “anchoring” is manifested even
at 300 mM salt and alters the sedimentation properties of
mononucleosomes. Our data suggest a strong physical interac-
tion between DNMT3A/3B and nucleosomes, since the sedi-
mentation properties of DNMT3A/3B were strongly influ-
enced by the extent of MNase digestion, which as a DNase,
would not directly alter the sedimentation behavior of a pro-
tein. Also, the fact that ethidium bromide treatment altered
the position of DNMT3A/3B on the gradient without altering
the sedimentation profile of other proteins like EZH2 (which
are not physically bound to nucleosomes at 300 mM salt)
argues for a strong physical association of DNMT3A/3B with
nucleosomes. Since this anchoring does not require the pres-
ence of proteins such as EZH2 or HP1 which have previously
been proposed to mediate the binding of these enzymes to
chromatin (22, 66), it suggests that these enzymes directly
interact with intact nucleosomal structures. Recent studies of
mammalian germ cells have shown that DNMT3A2 and
DNMT3L form a complex in vitro (31) and that DNMT3L
targets nucleosomes, suggesting that the DNMT3A2/DNMT3L
complex may bind to nucleosomes (52). It remains a question
as to whether a similar structure might exist in somatic cells,
where there is no expression of DNMT3L proteins. Indeed, a
single nucleosome reconstituted in vitro can accommodate up
to two molecules of DNMT3AL1, supporting this idea (26, 32).
Separation of the DNMT3A/3B from the histone components
of the nucleosome by EtBr disruption suggests that the en-
zymes may depend on the interaction with DNA as well as with

MoL. CELL. BIOL.

histones for stable anchoring. While we cannot rule out the
possibility that other proteins may have roles in initially re-
cruiting DNMT3A/3B to the target regions, none of those
examined were required for anchoring. DNMT3B seems to
require the N-terminal region of the enzymes for stable bind-
ing to nucleosomes, since ADNMT3B variants were easily
dissociated from mononucleosomes by 300 mM salt. Since
these variants have active de novo methylating activity, this
lack of tethering might play a role in the generation of
spurious methylation patterns such as those found in lung
cancer (67, 68).

Our understanding of the exact mechanisms by which eu-
karyotic cells maintain cytosine methylation patterns still re-
lies, to a large extent, on the seminal ideas of Riggs (54) and
Holiday and Pugh (29). They suggested that patterns are es-
tablished de novo during embryogenesis and then faithfully
copied by a “maintenance” enzyme. DNMT1 clearly can play a
maintenance role in that it has a marked preference for hemi-
methylated DNA (7), is localized to the replication fork (38),
and is assisted in its DNA binding by PCNA (15) and UHRF1
(8). It seems reasonable to hypothesize that it “reads” the
pattern on the parent strand and copies it to the daughter
strand during DNA replication. However, the maintenance of
global DNA methylation seems to require DNMT1 in cooper-
ation with DNMT3A and/or DNMT3B, since knockout of
these enzymes leads to a loss of most of the CpG methylation
(11, 40, 53).

The biochemical approaches outlined in this paper may help
explain how CpG-rich regions such as repeats and CGIs are
kept methylated, since they suggest that DNMT3A/3B are
highly localized to a subset of nucleosomes containing meth-
ylated CpG sites. We and others previously proposed that
DNMT3A and DNMT3B may fill the gaps in the unmethylated
CpG sites missed by DNMT1 (11, 40). We now propose that
DNMT3A/3B associated with nucleosomes containing methyl-
ated CpG sites may have a role in maintaining methylation in
these regions. DNMT1 may not be able to process a large
number of hemimethylated sites generated in some regions
such as CpG islands and some repeats due to the rapidity of
the replication process (59), leaving some unmethylated CpG
sites. DNMT3A/3B may still remain bound to the DNA after
the passage of the replication fork and have the opportunity
for methylating those unmethylated CpG sites as well as for
carrying out their de novo methylation activity, before chro-
matin assembly takes place on the newly synthesized DNA
strands. On the other hand, ADNMT3B variants may be ab-
errantly targeted, contributing to abnormal methylation pat-
terns observed in tumorigenesis (67, 68).
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