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PROSPECT

Chromatin Remodeling, Histone Modifications, and
DNA Methylation—How Does it All Fit Together?

Theresa M. Geiman and Keith D. Robertson*

Epigenetic Gene Regulation and Cancer Section, National Cancer Institute, National Institutes of Health,
Bethesda, Maryland 20892

Abstract DNA methylation is important in the control of gene transcription and chromatin structure. The
complexities of this process are just beginning to be elucidated in relationship to other epigenetic mechanisms. Exciting
new research in the areas of histone methylation and chromatin remodeling make it clear just how important the
connections between these various mechanisms and DNA methylation are for the control of chromosome structure and
gene expression. Emerging evidence suggests that chromatin remodeling enzymes and histone methylation are essential
for properDNAmethylation patterns.Other histonemodifications, such as acetylation andphosphorylation, in turn, affect
histone methylation and histone methylation also appears to be highly reliant on chromatin remodeling enzymes. This
review will summarize what is likely only the beginning of a flood of new information that will ultimately link all
epigenetic modifications of the mammalian genome. A model will also be put forth to account for how chromatin modi-
fications lead to genomicDNAmethylation patterns. J. Cell. Biochem. 87: 117–125, 2002. Published 2002Wiley-Liss, Inc.{

Key words: epigenetics; DNA methylation; histone methylation; chromatin remodeling; gene expression

DNA methylation is an epigenetic process
involved in controlling many cellular func-
tions, such as gene expression, genomic stabi-
lity, X chromosome inactivation, and chromatin
structure [Baylin andJones, 2002]. This process
consists of the covalent addition of a methyl
group to the 5-position of the cytosine base
predominantly when it occurs in the context of
CpG. DNAmethylation occurs non-randomly in
the genome, with certain regions such as re-
petitiveand transposable elementsbeinghyper-
methylated and transcriptionally inactive,while
other regions such as CpG islands in promoters
of house-keeping genes are hypomethylated

and transcriptionally competent [Baylin and

Jones, 2002]. Additionally, DNA methylation
patterns change during development and dif-
ferentiation. In particular, there is a dramatic
demethylation of the genome that occurs after
fertilization, followed by the de novo establish-
ment of methylation patterns following implan-
tation [Reik et al., 2001]. For this reason, it is
essential to tightly regulate the establishment
and maintenance of proper methylation pat-
terns both temporally and spatially. In the
instances inwhichDNAmethylation goes awry,
it is evident just how important and complex
this process is. Disruption of proper DNA
methylation occurs in several human disorders
including ATRX, Fragile X, and ICF syndromes
[Robertson, 2002]. Additionally, alterations in
DNA methylation frequently occur in many
human cancers with normally hypomethylated
regions becoming methylated (such as CpG
island promoters), and regions with high levels
of methylation losing methyl groups (such as
repetitive DNA and transposons) [Baylin and
Jones, 2002]. This reversal of normal DNA
methylation patterns can lead to alterations in
gene expression and genome stability through
changes in chromatin structure.

The process of DNAmethylation inmammals
is carried out by at least three catalytically
active DNA methyltransferase (DNMT) enzy-
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mes.Themammalian family of DNMTs consists
of five known members, DNMT1, DNMT2,
DNMT3A, DNMT3B, and DNMT3L [Bestor,
2000]. While these five proteins are placed in
the DNMT family based on sequence homology,
onlyDNMT1,DNMT3A, andDNMT3B (Table I)
have been shown to exhibit catalytic activity
[Hsieh, 1999]. Of these three enzymes,
DNMT3A and 3B are believed to be the primary
de novo DNMTs that establish new methyla-
tion patterns [Okano et al., 1998; Aoki et al.,
2001; Yokochi and Robertson, 2002]. These en-
zymes are probably responsible for the re-
establishment of methylation patterns during
embryogenesis. Since the process of de novo
methylation is especially critical during em-
bryonic development, the de novo DNMTs are
highly expressed in embryonic cells [Okano
et al., 1998]. In contrast, DNMT1 functions as
themaintenanceDNMTto ensure that theDNA
methylation pattern is faithfully copied to the
newly synthesized DNA strand following repli-
cation [Bestor, 2000; Yokochi and Robertson,
2002]. For this reason, DNMT1 is associated
with replication foci during S phase of the cell
cycle [Leonhardt et al., 1992]. These three
DNMTs consist of a C-terminal catalytic region
and an N-terminal regulatory region. All three
enzymes contain similar catalytic domains,
while they diverge significantly in their regula-
tory regions, consistent with their differing
functions [Okano et al., 1998]. Within the N-
terminal regulatory region,DNMT3AandBare
more similar to each other than to DNMT1.
DNMT3A and 3B contain a ‘PWWP’ domain of
unknown function, as well as a cysteine-rich
ATRX-like plant homeodomain (PHD) region
believed to mediate protein–protein interac-
tions. The DNMT1N-terminal domain contains
a nuclear localization signal, a region for target-
ing to replication foci, and a different type of
cysteine-rich region [Bestor, 2000].

The importance of these DNMTs in develop-
ment has been clearly established by the gene-
ration of null mice as well as the study of the
human ICF syndrome (Table I). DNMT1 null
mice die early in embryonic development, and
exhibit severe genomic hypomethylation [Li
et al., 1992; Lei et al., 1996]. In contrast,
DNMT3A null mice develop normally until
birth but become runted and die by 4 weeks of
age [Okano et al., 1999].Homozygousdeletion of
DNMT3B,however, resulted in early embryonic
lethality with a pronounced loss of genomic

DNA methylation in pericentromeric hetero-
chromatin repeats [Okano et al., 1999]. This
defect is similar to that seen in lymphocytes of
ICF syndrome patients. In this disorder, which
stands for Immune deficiency, Centromeric
instability, and Facial anomalies, patients have
immune defects that frequently lead to death at
an early age. DNMT3B has been found to be
mutated in the majority of cases of ICF syn-
drome that have been investigated [Hansen
et al., 1999; Okano et al., 1999]. This partial loss
of DNMT3B function leads to hypomethylation
and chromatin decondensation of the repetitive
satellite DNA in pericentromeric heterochro-
matin, as well as changes in gene expression
[Ehrlich et al., 2001]. This indicates that a
particular chromatin structure is essential to
maintain proper gene expression patterns in
mammalian cells and thatDNAmethylation is a
critical player in this process.

HISTONE/DNA METHYLATION
CONNECTION

Gene transcription in mammalian cells does
not occur on naked DNA, but instead occurs in
the context of chromatin (146 bp of DNA
wrapped around a nucleosome composed of
two molecules each of histones H2A, H2B, H3,
and H4). As a result, modifications to the
chromatin and the histones themselves impact
gene expression. The modification of DNA by
the addition of a methyl group can alter the
chromatin by leading to a more compact struc-
ture, and thus silencing gene expression.
Recent studies indicate that there are other
epigenetic processes such as histone modifica-
tions (particularly the N-terminal ‘‘tails’’) and
chromatin remodeling that can cooperate to
control chromatin structure and ultimately
cellular processes such as gene expression and
DNAmethylation itself. Histone H3 andH4 tail
modifications include acetylation, phosphoryla-
tion, ubiquitination, and methylation. While
acetylation and phosphoylation of histone tails
have been extensively researched, studies in
recent years indicate that histonemodifications
other than acetylation and phosphorylation are
also critical to the function of the chromatin in
which they occur. In particular, methylation of
lysine residues on the histone tails ofH3 andH4
appears to provide an additional layer of control
over the chromatin structure, and ultimately
over gene expression. Histone lysine methyla-
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tion is catalyzed by a group of enzymes called
histone methyltransferases (HMTase) [Lach-
ner and Jenuwein, 2002]. Members of this
enzyme family contain a conserved SET domain
that is flanked by cysteine-rich regions [Rea
et al., 2000]. There appears to be intricate
interplay between different modifications on
various sites of the histone tails of H3 and H4,
some of which act antagonistically to regulate
the conversion fromanactive chromatin state to
an inactive one. In particular, methylation of
lysine residues on the histone H3 tail seems to
be intimately connected to the DNA methyla-
tion status of the particular chromatin region in
which it occurs.

The connection between histone methylation
and DNAmethylation comes most convincingly
from recent studies in Neurospora and Arabi-
dopsis. In Neurospora, mutations in a histone
methyltransferase gene (DIM-5), specific for
histone H3 lysine 9, results in a complete loss
of genomic DNA methylation in Neurospora
[Tamaru and Selker, 2001]. Genomic DNA
methylation is also decreased if wild type
Neurospora histone H3 lysine 9 is replaced by
H3with an altered amino acid at position 9 that
cannot be methylated [Tamaru and Selker,
2001]. Additionally, a partial loss of genomic
DNA methylation was found when a relat-
ed gene, kryptonite (KYP), was mutated in
Arabidopsis [Jackson et al., 2002]. Interest-
ingly, inArabidopsis, theDNMTchromomethy-
lase 3 (CMT3) was shown to interact with the
methyl-lysine binding protein HP1b, thus pro-
vidinganelegantmechanism for targetingDNA
methylation to regions of the genomecontaining
histone methylation [Jackson et al., 2002].
These studies indicate that the establishment
andmaintenance of DNAmethylation is depen-

dent upon histone H3 lysine 9 methylation in
both of these organisms and may be a common
eukaryotic epigenetic mechanism (Table II).
CooperationbetweenhistoneH3lysine9methy-
lation and DNA methylation is further sup-
ported by the fact that both modifications are
generally associated with transcriptionally
silent heterochromatin. Evidence for the invol-
vement of histone methylation in the establish-
ment of a repressive chromatin state with DNA
methylation comes from the observation that
histone H3 methylated at lysine 9 is a binding
site for the heterochromatin protein HP1
[Bannister et al., 2001; Lachner et al., 2001].
Additionally, the histone H3 lysine 9 methyl-
transferase SUV39H1 colocalizes and inter-
acts with HP1 in regions of heterochromatin
[Lachner et al., 2001]. HP1 is a major compo-
nent of heterochromatin and contributes to the
establishment and maintenance of the tran-
scriptionally silent state of heterochromatin.
Interestingly, DNMT3 proteins also co-localize
withHP1 at heterochromatic sites in embryonic
stem cells (Table I) suggesting thatDNAmethy-
lation may be targeted to heterochromatic sites
through HP1 [Bachman et al., 2001]. The exact
relationship between HP1 proteins, DNMT’s,
and HMTases in mammalian cells remains
unclear (Table II), but is currently the subject
of intensive research.

The interplay betweenvarioushistoneH3 tail
modifications particularly on lysines 4, 9, and
14 as well as serine 10, appears to contribute to
the control of the chromatin environment and
thus the status of gene expression. As Figure 1
shows, an active transcriptional state is asso-
ciated with phosphorylation of serine 10 that
precedes and facilitates the acetylation of
lysine 14 as well as the methylation of lysine 4.

TABLE II. Summary of Known and Proposed Links Between DNA Methylation and Histone
Modifications (Methylation and Acetylation) in the Three Most Extensively Studied Systems

Organism
SUV39H1-like

H3, K9 methylase
DNA

methyltransferase

‘‘Targeting module’’
recruiting the DNMT
to H3, K9 methylated

region
Associated HDACs and

their interaction partner(s)

Arabidopsis Kryptonite (KYP) Chromomethylase 3
(CMT3)

HP1b Unknown, possibly
KYP–HDACx

Neurospora DIM5 Unknown, possibly
DIM2

Unknown Unknown

Mammals Unknown, likely
SUV39H1

Unknown, likely
DNMT3A,
DNMT3B

Unknown, likely an HP1
family member

DNMT1, 3A, 3B–HDAC1,2
SUV39H1–HDAC1

Future studies will fill-in the ‘unknowns’ in this table and will likely show that multiple epigenetic chromatin regulatory mechanisms
are directly linked.
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The methylation of lysine 4 is catalyzed by a
different histone methyltransferase family
member, SET9/SET7 [Wang et al., 2001].
Alternatively, a repressive transcriptional state
is associated with deacetylation of lysines 9 and
14, dephosphorylation of serine 10, andmethyla-
tion of lysine 9. The phosphorylation of serine 10
appears to facilitate acetylation of lysine 9 and
14, which in turn prevents methylation of lysine
9 of histone H3 [Rea et al., 2000]. Acetylation of
lysine 14 leads to an active gene status since this
modification blocks the methylation of lysine 9.
Conversely, evidence from Drosophila and fis-
sion yeast indicate that histone deacetylases act
to allow histone H3 lysine 9 specific methyl-
transferases to bind and methylate their target
[Czermin et al., 2001; Nakayama et al., 2001]. In
Drosophila cells, Su(VAR)3-9, the histone H3
lysine 9 methyltransferase homologous to mam-
malian SUV39H1, interacts with histone deace-
tylase to remove acetyl groups from neighboring
residues [Czermin et al., 2001]. Additionally,
evidence from fission yeast shows that a histone
deacetylase specific for lysine 14 (Clr3) is neces-
sary for Clr4, a homologue of the SUV39H1
histone methyltransferase, to methylate the H3
lysine 9 residue [Nakayama et al., 2001]. This
group also found that the histone deacetylase
Clr3 is necessary for the localization of the yeast

HP1 homologue to heterochromatin. It seems,
therefore, thatmethylation of lysine 4 and lysine
9 of histone H3 are antagonistic modifications
signifying opposing chromatin and gene expres-
sion states.

CHROMATIN REMODELING AND
DNA METHYLATION

While DNA methylation and histone modifi-
cations are clearly important for the control of
gene expression, it now appears that chromatin
remodeling proteins also play a role in the
regulation of this process. The SNF2 family of
chromatin remodeling proteins acts in various
cellular processes such as gene expression,
replication, DNA repair, and recombination
[Vignali et al., 2000; Havas et al., 2001]. SNF2
familymembers contain sevenhelicasedomains
but do not exhibit the classical strand separat-
ing activity of helicases. Instead, these proteins
utilize ATP to alter the structure of chromatin
through disruption of the histone/DNA con-
tacts. In the context of gene expression, SNF2
family members are believed to function in
transcriptional activation as well as repres-
sion depending on the SNF2 factor and the pro-
teins with which it interacts. Recent evidence
implicates several of these family members in

Fig. 1. Histone H3 N-terminal tail modifications in transcrip-
tionally active or repressed chromatin. Arrows indicate one
modification facilitating the occurrence of another modification
(e.g., phosphorylation of serine 10 facilitates acetylation of K9
and K14). Blocked arrows indicate the inhibition of a modifica-

tion by the presence of another modification. Modification
abbreviations: M, histone methylation; Ac, histone acetylation;
P, histone phosphorylation. Key amino acid residues subject to
modification: K (lysine) 4, 9, and 14; S (serine) 10.

Chromatin Remodeling, Histone Modifications, and DNA Methylation 121



the process of maintaining proper DNA methy-
lation patterns in organisms as diverse as
Arabidopsis thaliana and humans.

The first member of the SNF2 helicase/
ATPase family to be connected to DNA methy-
lation was the A. thaliana protein DDM1
(decrease in DNAmethylation) [Jeddeloh et al.,
1999]. This gene, when mutated, results in a
70% reduction in global DNA methylation
levels. The decrease in DNA methylation be-
comes more pronounced with successive gen-
erations. Repetitive elements are the first DNA
sequences to exhibit a reduction in DNAmethy-
lation, and a decrease is only observed in low
copy number genes following successive gen-
erations of self-pollination. This loss of DNA
methylation must disrupt the formation of
silent heterochromatin since expression and
mobility of transposable elements is altered in
DDM1mutants [Miura et al., 2001]. TheDDM1
gene is highly related to the mammalian
lymphoid specific helicase (Lsh) (Hells, PASG)
gene. Lsh was first identified as an SNF2
helicase family member highly expressed in
fetal thymus and activated lymphocytes [Jarvis
et al., 1996]. It has since been found to be
expressed ubiquitously in embryonic tissues
[Geiman et al., 2001], and has been linked to cell
proliferation [GeimanandMuegge, 2000;Raabe
et al., 2001]. The Lsh knockout mouse develops
fairly normally but dies within a few hours of
birth [Geiman et al., 2001]. Additionally, these
mice have renal lesions and defects in lymphoid
development and proliferation [Geiman and
Muegge, 2000; Geiman et al., 2001]. One of
the most interesting findings in the study of
these mice comes from the discovery that while
Lsh �/� mice develop fairly normally until
birth, they have global defects in the level of
DNA methylation, both in repetitive elements
and single copy genes [Dennis et al., 2001]. The
substantial loss of methylation in both DDM1
and Lsh mutants indicates that these chro-
matin remodelers have important roles in the
control of genomic DNA methylation levels.
Surprisingly, it also appears from these studies
that the proper DNA methylation levels con-
trolled by SNF2-like ATPases are not essential
until birth.Lshmaybe required for accessibility
of DNMTs to DNA in chromatin or protection
against DNA demethylation. This connec-
tion between chromatin remodeling and DNA
methylation supports the notion that there are

multiple layers of epigenetic modifications to
modulate gene expression.

Another member of the SNF2 family of
chromatin remodeling proteins is ATRX. This
gene is mutated in a human disorder called
ATRX (alpha thalassemia and mental retarda-
tion, X-linked) syndrome [Gibbons et al., 2000].
The ATRX gene resides on the X chromosome
and when mutated leads to an unusual form of
thalassemia, presumably resulting from a 30–
60% decrease in alpha globin gene expression
levels [Gibbons et al., 2000]. Although ATRX
patients have no alterations in the methylation
pattern of the alpha globin gene, there are both
hyper and hypomethylation changes in highly
repetitive elements such as satellite DNA
[Gibbons et al., 2000]. This is in contrast to the
defects seen with loss of Lsh in that the total
level of 5-methyl cytosine in the genome
appears unchanged in ATRX syndrome, while
those of Lsh �/� mice are dramatically de-
creased (�50%) [Gibbons et al., 2000; Dennis
et al., 2001]. Additionally, loss of Lsh leads to
hypomethylation only, whereas mutation of
ATRX confers both increases and decreases in
DNAmethylation.A thirddifference is that only
repetitive DNA regions have altered methyla-
tion patterns inATRX,whileLsh�/�mice have
loss of methylation in single copy genes as well
as repeats. These differences could indicate that
while both of these chromatin remodeling
family members are necessary for proper DNA
methylation, the mechanisms may differ, per-
haps due to a different complement of interact-
ing proteins.

A recent exciting report demonstrates a link
between chromatin remodeling, DNA methy-
lation, and histone H3 lysine 9 methylation
[Gendrel et al., 2002]. It had been shown
previously that mutation of DDM1 leads to
a loss of genomic DNA methylation, partic-
ularly in repetitive elements and transposons
[Jeddeloh et al., 1999]. In this report, the
authors observe that loss of DDM1 function
leads to loss of histone H3 lysine 9 methylation
in addition to DNAmethylation [Gendrel et al.,
2002]. In fact, they observed that heterochro-
matic histone H3 methylation patterns change
from having predominantly methylated lysine
9 in wild type Arabidopsis strains, to having
methylated lysine 4 in mutant DDM1 strains.
This data indicates that an SNF2 chromatin
remodeling factor suchasDDM1 functionsprior
to, or coincidentally with, histone H3 lysine
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9methyltransferases, and provides evidence for
how the hypomethylated state of genomic DNA
in DDM1 mutants is inherited.

MODEL FOR HOW EPIGENETIC FACTORS
REGULATE GENE EXPRESSION

From these observations, we propose a model
in which DNA methylation, histone methyla-
tion and deacetylation, as well as chromatin
remodeling by an SNF2 family protein, coop-
erate in establishing and maintaining multiple
layers of epigenetic gene regulation. In this
scheme of how epigenetic mechanisms affect
gene expression (Fig. 2), chromatin remodeling
and histone modifications act to enable DNMTs
to efficiently gain access to the DNA sequence.
In our model, histone deacetylation is the first
step in the switch from active to repressive
chromatin status. As mentioned previously,
this step is necessary prior to histone tail
methylation at lysine 9, since acetyl groups
must be removed from the histone tails. We
propose that a chromatin remodeler such as
DDM1/Lsh acts next to alter the chromatin
structure so that proteins such as HMTase can
modify the histone tails, specifically on lysine
9 of histone H3. It has been shown for other

chromatin remodeling enzymes that deacetyla-
tion of lysines 12 and 16 on histone H4 greatly
facilitates nucleosome mobilization [Clapier
et al., 2002] and a similar mechanismmay exist
for histone H3. The recent report by Gendrel
et al. [2002] supports the action of an SNF2
family member preceding the histone methyl-
transferase step. The DDM1/Lsh chromatin
remodeler may function to open the chromatin
structure to allow histone and DNA modifying
proteins to gain access to the DNA, or may
create a DNA/histone configuration that is
recognized by DNMTs or their associated pro-
teins. Following this chromatin structure alte-
ration and histone methylation, DNMTs can
gain access to the DNA sequence that was
previously packaged into an inaccessible con-
firmation. With the methylation of DNA, other
proteins acting alone, or as complexes, can bind
the methylated DNA and contribute to a
‘tightening’ of the chromatin structure thus
ensuring long-term and heritable gene silen-
cing. In this scenerio, histone deacetylases may
act at several stages of this process—prior to
histone H3 lysine 9 methylation, possibly with
DNMTs, and finally with the repressive methyl
cytosine binding proteins. The requirement of
HDAC’s at multiple points in the pathway from

Fig. 2. Model for how multiple epigenetic modifications can convert unmethylated, ‘‘open’’ chromatin
into methylated, ‘‘closed’’ chromatin. Arrows indicate the possible sites of each epigenetic action. HP1,
heterochromatin protein 1; MBD, methyl-CpG-binding domain protein.

Chromatin Remodeling, Histone Modifications, and DNA Methylation 123



transcriptional competence to silence is further
emphasized by the findings that HDAC’s inter-
act with all major components of the pathway,
HMTase (SUV39H1), DNMT, and chromatin
remodeling enzyme [Vignali et al., 2000; Czer-
min et al., 2001; Nakayama et al., 2001; Clapier
et al., 2002; Robertson, 2002] (Tables I and II).
Additionally, one or more SNF2 family mem-
bers may act to allow proteins such as histone
deacetylases, histone methylases, and DNMTs
to gain access to the chromatin, as well as
function in the establishment of a compact,
repressive chromatin state. As a final step in
maintaining a repressive chromatin state such
as that seen in heterochromatin, HP1, and per-
haps methyl-CpG-binding proteins such as
MeCP2 or the NuRD complex, may bind the
altered chromatin structure and reinforce tran-
scriptional silencing.

It is clear that these exciting new observa-
tions point to the importance of multiple layers
of epigenetic modifications in the control of
chromatin structure and gene expression.
Future studies will be needed to elucidate
the complex interplay between these various
epigenetic mechanisms. Specifically, a better
understanding of how these modifications are
targeted to specific regions of the genome, how
they are altered during the cell cycle and upon
differentiation, and how these signals can be
manipulated pharmacologically will be essen-
tial. Additionally, investigation into the pro-
teins that interact with DNMTs, HMTase, and
chromatin remodelers will aid in better under-
standing the regulation of these enzymes
(Table II). Finally, it will be important to
determinewhether these epigeneticmodulators
directly interact with one another or whether
their connection is indirect. The area of epige-
netics has surely becomemuchmore complex in
recent years, but investigation of this complex-
ity has the potential to shed new light on the
fundamentals of gene regulation and chromatin
structure, and its deregulation as it pertains to
inherited human disorders and cancer.
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