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Histone Modifications 
In eukaryotes, chromatin is organized into 
nucleosome core particles that consist of 
approximately 147 bp of DNA and an octamer 
of histones (typically, two each of the core 
histones: H2A, H2B, H3 and H4) (1). The linker 
histone, H1, can further condense chromatin by 
binding to linker DNA between the nucleosome 
core particles. In mammals, chromatin can be 
generally classified as condensed, transcriptionally 
silent heterochromatin, or less-condensed, 
transcriptionally active euchromatin. Most 
genomic DNA is heterochromatin, which 
constitutes telomeres, pericentric regions and areas 
rich in repetitive sequences. 

The core histones consist of a globular C-terminal 
domain and an unstructured N-terminal tail. 
Although a variety of modifications occur 
throughout the histone protein (Table 1), they 
occur primarily on the N-terminal tail. Some 
of these changes are enzymatically reversible. 
In general, the biological significance of all 
these modifications is not well understood, 
but the modifications are known to influence 

transcription, DNA repair, DNA replication 
and chromatin condensation. A “histone code” 
hypothesis is being tested by researchers 
to determine if combinations of histone 
modifications can be used to predict changes 
in gene expression (2-3). A comprehensive list 
of histone-modifying enzymes can be found in 
a review of mammalian epigenetic mechanisms 
by Kim et al (4). New England Biolabs offers 
a selection of unmodified, recombinant human 
histones that function as substrates for histone-
modifying enzymes and can assemble into 
octamers (see page 8).

Approximately 70% to 80% of CpG dinucleotides 
are methylated in somatic cells. However, 5-mC 
at CpA, CpT and CpC sequences have also been 
found in genomic DNA from mouse embryonic 
stem cells, and 5-mC at CpA sequences are 
thought to regulate enhancers in mouse brain. 
Of note, while DNA methylation in mammals 
primarily occurs at CpG dinucleotides, DNA 
methylation in plants may occur at CpG, CpHpG 
and CpHpH sequences, where H is adenine, 
cytosine, or thymine.

Recently, 5-hydroxymethylcytosine (5-hmC) 
was discovered in mouse embryonic stem cells, 
Purkinje neurons and granule neurons (5-6). 
The role of this modified base is not known, 
but it may be involved in demethylation, or it 
may influence chromatin structure and local 
transcriptional activity by either recruiting 
selective 5-hmC-binding proteins or excluding 
proteins that specifically bind 5-mC. The study 
of 5-hmC has been hampered, because it cannot 
be distinguished from 5-mC in many assays (e.g., 
enzymatic digestion, bisulfite treatment). Recently, 
an enzymatic method based on radiolabeled 
glucosylation of 5-hmC by a bacteriophage 
β-glucosyltransferase, was used to detect and 
quantitate 5-hmC in a sequence independent 
manner (7). Scientists at New England Biolabs 
have developed an enzymatic method that does 
not require the use of radioactivity, which is 
based on treatment of the DNA with T4 Phage 
b-glucosyltransferase, followed by cleavage with 
methylation-sensitive restriction enzymes (MspI 
and HpaII). This forms the basis of the EpiMark™ 
5-hmC and 5-mC Analysis Kit (NEB #E3317, see 
page 6 for more information). Additionally, while 
MeCP2 (a methylcytosine-binding protein, MBP) 
and antibodies against 5-mC specifically bind 
to 5-mC, similar reagents with specificities for 
5-hmC are only just being developed.

Role of DNA Methylation in Mammals   
DNA methylation in mammals influences a 
wide range of developmental and pathological 
processes. DNA methylation is required for 
normal embryonic development and survival of 
differentiated cells (8–10). Early in development, 
the paternal genome is actively demethylated, 

Epigenetics – Expanding on Genomic Foundations
Epigenetics is the study of heritable changes in the phenotype of a cell or organism that are not caused by its genotype. The molecu-
lar basis of an epigenetic profile arises from covalent modifications of protein and DNA components of chromatin. The epigenetic 
profile of a cell often dictates cell fate, as well as mammalian development, aging and disease. Epigenetic changes may persist for the 
remainder of a cell’s life, but may also last for multiple generations in a lineage. Here, we provide an overview of the molecular basis 
for epigenetics and methods for studying DNA methylation.

Figure 1: The Epigenetic Code

DNA Methylation 
DNA can be modified by methylation of 
adenine and cytosine bases in a wide variety 
of prokaryotes and eukaryotes (Table 1). In 
prokaryotes, DNA methylation is involved in 
the determination of DNA-host specificity, 
virulence, DNA repair, chromosome replication 
and segregation, cell cycle regulation and 
gene expression. In higher eukaryotes, DNA 
methylation is involved in gene regulation, 
chromatin structure, differentiation, flowering, 
imprinting, mammalian X chromosome 
inactivation, carcinogenesis, complex diseases  
and aging.

DNA methylation in mammals primarily occurs 
on the fifth carbon of the cytosine base (5 
methylcytosine, 5-mC) of CpG dinucleotides. 

Table 1: Epigenetic Modifications

Types of Amino Acid Modifications  
of Core Histones

Lysine
Methylation, Acetylation, Ubiquitina-
tion, Sumoylation, ADP-Ribosylation

Arginine Methylation

Serine Phosphorylation

Threonine Phosphorylation

Types of Methylated DNA Bases

C5-methylcytosine

C5-hydroxymethylcytosine

N4-methylcytosine (bacteria)

N6-methyladenine (not found in mammals)
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and the maternal genome is subsequently 
demethylated, potentially through a passive 
mechanism. Methylation then increases in the 
blastocyst to generate the methylation patterns 
observed in adults. In addition, genomic 
imprinting, which is the specific expression of a 
paternal or maternal gene in placental mammals 
and is necessary for normal embryonic, neonatal 
and neurological growth, is mediated by DNA 
methylation and noncoding RNAs. These imprints 
are established during sperm and egg development 
by DNA methyltransferase Dnmt3A and are 
maintained by Dnmt1 isoforms. X inactivation, 
which is the process of mammalian dosage 
compensation of X-linked genes, is also mediated 
by DNA methylation and noncoding RNA.

Many cancers involve generalized, genomewide 
hypomethylation and local hypermethylation 
of CpG islands associated with promoters 
(reviewed in 4, 11). Demethylation of long 
interspersed nuclear elements (LINEs), which 
is a family of repetitive DNA sequences, occur 
early in some cancers, and the degree of LINE 
methylation is often correlated with the degree 
of malignancy. Cancer patients can vary in the 
frequency of methylation changes, and those with 
hypermethylation of multiple genes are proposed 
to have a CpG island methylator phenotype 
(CIMP), which could impact diagnosis, treatment 
and outcomes. In cancer, epigenetic changes are 
more frequent than genetic mutations and have 
resulted in cancer-specific biomarker discovery 
(e.g., Septin 9 for colorectal cancer). Although 
the significance of each epigenetic change is not 
clear, hundreds to thousands of genes can be 
epigenetically silenced by DNA methylation.

Increasing evidence suggests that epigenetic 
and genetic abnormalities also contribute to the 
development of other complex diseases such 
as type II diabetes, schizophrenia, autoimmune 
disease, hypertrophic cardiomyopathy, long QT 
syndrome and autism. Epigenetic mechanisms may 
help explain some features of complex diseases, 
including late onset, gender effects, parent-of-
origin effects, phenotypic differences between 
monozygotic twins and fluctuation of symptoms.

Epigenetics in Clinical Applications   
Epigenetic modifications and enzymes have the 
potential to be the basis of new therapeutics 
and diagnostic tests for diseases or syndromes 
with epigenetic components. So far, a 
histone deacetylase inhibitor and two DNA 
methyltransferase inhibitors (azanucleoside drugs) 
have been approved by the United States Food 
and Drug Administration to treat T cell cutaneous 

but is more amenable to high throughput applica-
tions. Other downstream methylation detection 
methods include end-point PCR, real-time PCR, 
primer extension, single-stranded conformational 
polymorphism assays, blotting, microarrays, and 
sequencing. Choosing which method(s) to use 
largely depends on the experimental sample size 
and the goals of the experiments (19). For more 
information about several of these methods, visit 
www.neb.com/epigenetics.

Future Prospects and Challenges    
The epigenetic code is hypothesized to be the 
combined effects of histone modifications and 
DNA methylation on gene expression (Table 1). 
While the genetic code in an individual is the 
same in every cell, the epigenetic code could be 
tissue- and cell-specific and may change over time 
because of aging, disease or environmental stimuli 
(e.g., nutrition, life style, toxin exposure) (reviewed 
in 20). Cross-talk between histone modifications, 
DNA methylation or RNAi pathways are being 
studied in such areas as cancer, X inactivation and 
imprinting.

Studying the timing and changes in epigenetic 
modifications during development and disease has 
many challenges. In addition, epigenome maps 
are still being assembled for most organisms. 
Advances in research methodologies must 
address issues such as the reduction in sample 
size requirements for histone modification studies 
and biomarker detection, development of better 
antibodies, development of more reagents and 
methods that can distinguish 5-mC and 5-hmC, 
improving highly parallel DNA analyses, and 
developing computational tools to organize and 
integrate diverse epigenomic data.

lymphoma and myelodysplastic syndrome, 
respectively. Additional drug candidates 
that inhibit histone deacetylases and DNA 
methyltransferases are in development (12–14), 
as are histone methyltransferase inhibitors and 
DNA methylation inhibitors that do not require 
incorporation into DNA like the azanucleoside 
drugs. The utility of combination therapies 
and development of more specific, targeted 
therapies remain areas of interest. In addition, 
because cancers are frequently associated with 
hypermethylated tumor suppressor genes and 
because tumor-derived DNA is present in various, 
easily accessible body fluids, methylated DNA 
could be a biomarker for detecting some cancers 
(15–18). Epigenetic therapies and biomarkers 
have also been studied and developed for systemic 
lupus erythematosis.

Methods to Study DNA Methylation   
There are three main approaches for studying 
DNA methylation today. These are based on 
pretreating genomic DNA with either sodium 
bisulfite, restriction enzymes or a methylated 
DNA-binding affinity matrix (Table 2, page 
5). Briefly, using sodium bisulfite to convert 
unmethylated cytosines to uracil, as opposed to 
5-mC, which is refractory to bisulfite-mediated 
deamination, is the gold standard for assessing 
DNA methylation. This is partly because this 
technique can reveal the methylation status 
of every cytosine residue and is amenable 
to massively parallel sequencing methods. 
Differential enzymatic cleavage of DNA relies on 
methylation-sensitive or methylation-dependent 
restriction enzymes fragmenting genomic DNA 
for subsequent analysis. Reaction conditions used 
for restriction enzyme-based methods are easy-to-
use and not as harsh as those required for bisulfite 
methods; however, the resolution of the data is 
limited by the availability of enzyme recognition 
sequence. Finally, affinity-based methods use 
methylated DNA binding proteins or antibodies 
to enrich the experimental DNA sample for 
subsequent analysis. 

A wide variety of analytical and enzymatic 
downstream methods can be used to characterize 
genomic DNA. Analytical methods, such as high-
performance liquid chromatography (HPLC) and 
matrix-assisted laser desorption/ionization-time 
of flight mass spectrometry (MALDI-TOF MS), 
have been used to quantify modified nucleobases 
in complex DNA. While HPLC is quantitative 
and reproducible, it requires large amounts of 
DNA and is often unsuitable for high throughput 
applications. MALDI-TOF MS is also quantitative, 

New England Biolabs offers a suite of 
validated products for epigenetics research. 
These solutions to study DNA and histone 
modifications are designed to address some 
of the challenges of current methods.

EpiMark™ validated reagents include:

•	 New methylation-dependent  
restriction enzymes

•	 A novel 5-hmC and 5-mC analysis kit

•	 Methyltransferases (DNA and Protein)

•	 Histones

•	 Genomic DNAs

For more information, see page 8 or 
visit www.neb.com/epigenetics
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METHOD DESCRIPTION ADVANTAGES DISADVANTAGES

Sodium Bisulfite 
Conversion

Treatment of denatured DNA (i.e., single-stranded DNA) with sodium 
bisulfite leads to deamination of unmethylated cytosine residues to uracil, 
leaving 5-mC intact. The uracils are amplified as thymines, and 5-mC 
residues are amplified as cytosines in PCRs. Comparison of sequence 
information between the reference genome and bisulfite-treated DNA  
can provide single-nucleotide resolution information about cytosine  
methylation patterns.

• �Resolution at the 
nucleotide level

• �Works on 5-mC-
containing DNA

• �Automated analysis

• Requires micrograms of DNA input
• �Harsh chemical treatment of DNA 

can lead to its damage
• �Potentially incomplete conversion 

of DNA
• �Cannot distinguish 5-mC and 

5-hmC
• Multi-step protocol

Sequence-Specific 
Enzyme Digestion

Restriction enzymes are used to generate DNA fragments for methylation 
analysis. Some restriction enzymes are methylation-sensitive (i.e., digestion 
is impaired or blocked by methylated DNA). When used in conjunction 
with an isoschizomer that has the same recognition site but is methylation 
insensitive, information about methylation status can be obtained. 
Additionally, the use of methylation-dependent restriction enzymes (i.e., 
requires methylated DNA for cleavage to occur) can be used to fragment 
DNA for sequencing analysis.

• High enzyme turnover
• Well-studied
• Easy-to-use
• �Availability of 

recombinant enzymes

• �Determination of methylation  
status is limited by the enzyme 
recognition site

• Overnight protocols
• Lower throughput

Methylated DNA  
Immunoprecipitation

Fragmented genomic DNA (restriction enzyme digestion or sonication) is 
denatured and immunoprecipitated with antibodies specific for 5-mC.  
The enriched DNA fragments can be analyzed by PCR for locus-specific 
studies or by microarrays (MeDIP-chip) and massively parallel sequencing 
(MeDIP-seq) for whole genome studies.

• Relatively fast
• �Compatible with array-

based analysis
• �Applicable for high 

throughput sequencing

• �Dependent on antibody specificity
• �May require more than one 5-mC 

for antibody binding
• Requires DNA denaturation
• �Resolution depends on the size of 

the immunoprecipitated DNA and 
for microarray experiments, depends 
on probe design

• �Data from repeat sequences may be 
overrepresented

Methylated  
DNA-Binding 
Proteins

Instead of relying on antibodies for DNA enrichment, affinity-based assays 
use proteins that specifically bind methylated or unmethylated CpG sites in 
fragmented genomic DNA (restriction enzyme digestion or sonication).  
The enriched DNA fragments can be analyzed by PCR for locus-specific 
studies or by microarrays and massively parallel sequencing for whole 
genome studies.

• Well-studied
• �Does not require 

denaturation
• �Compatible with array-

based analysis
• �Applicable for high 

throughput sequencing

• May require high DNA input
• May require a long protocol
• Requires salt elutions
• �Does not give single base 

methylation resolution data

Table 2. Brief comparison of current methods to pretreat genomic DNA for methylation analysis.
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