
Chromatin Modifications and Their Effects on Gene Expression

The word genome refers to the sum total of all DNA that is found in each cell of a given 
organism; it is related to the word gene because this sum total of all DNA contains all of 
the organism’s genes. In 2003, the Human Genome Project was completed. We now 
know the complete human genome, and we are said to live in the “post-genomic” era of 
modern biology. But the simplistic representation of the genome sequence as a string of 
letters representing the individual nucleotides (a sequence of “A”s, “C”s, “G”s, and “T”s) 
is profoundly misleading. The primary sequence of the DNA, alone, is not sufficient for 
understanding which parts of the DNA are accessible to the DNA-binding proteins that 
are responsible for gene expression. Genomic DNA is tightly compacted, and most of it 
is covered by proteins that must be displaced in order for an RNA polymerase to 
transcribe (express) a gene. The word chromatin refers to DNA in complex with 
proteins, as it naturally exists in the nucleus of eukaryotic cells. Tightly packaged DNA in 
the nucleus is wound around specific proteins called histones. Both DNA and histones 
can be chemically modified to regulate gene expression. Chromatin remodeling is 
essential to the ability to turn on or off thousands of genes in a coordinated fashion in 
order to regulate cellular events, because chromatin remodeling opens up otherwise-
packed chromatin, making it transcriptionally accessible, and compacts DNA whose 
transcription is not needed. The study of how chromatin remodeling affects the activity 
of individual genes and of whole genomes has emerged as one of the most exciting 
areas of modern biology. The dynamic nature of DNA packaging, along with the effect of 
specific chromatin modifications on gene activity, has been well established (Brown 
2002). However, only recently, post-genomic datasets—many of which have been 
generated by the worldwide ENCODE (Encyclopedia of DNA Elements) Consortium and 
released into the public domain—have delivered a global and systematic understanding 
of histone modifications across diverse human cell types.1

Structure of the Eukaryotic Nucleus

Biologists have known since the pioneering 19th-century experiments of Miescher that 
the molecule that came to be called DNA resides in the nucleus, and since the Hershey 
and Chase experiments in 1952 that DNA is the genetic material.2 However, studying 
the nucleus—and the DNA within—is anything but simple. Traditional microscopy 
methods (light and electron) were not successful in elucidating any fine structures within 
the nucleus. Contemporary methods have revealed considerable complexity within the 
nucleus, including subnuclear structures such as speckles and paraspeckles (thought to 
be related to RNA processing and splicing), and the nucleolus (where ribosomal RNA is 
made) (Brown 2002). Here, we focus on chromatin modifications.

Chromatin Remodeling at the DNA Level: DNA Methylation

Specific bases of nucleic acid molecules can be chemically modified. These 
modifications can be reversible. A common type of modification is the covalent addition 
(or removal) of a moiety, onto (or from) a base in a nucleic acid chain, by an enzyme. In 
eukaryotes, cytosine (C) bases in genomic DNA can sometimes be methylated: a 
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methyl (CH3) group is added onto the C base by an enzyme called DNA 
methyltransferase (the enzyme transfers a methyl group, hence the name) (see figure 
1). 

Figure 1. Methylation of a cytosine base in DNA.

Not all cytosines in the genome are equally susceptible to methylation. Rather, in the 
genomes of higher eukaryotes, most DNA methylation occurs at cytosines that are next 
to guanines (CG dinucleotide sequences, also called CpG sequences or CpGs). 
Cytosine methylation at CpGs can be either constitutive or de novo. Maintenance 
methylation occurs after DNA replication: bases that are opposite to methylated sites on 
the parent strand of DNA are methylated on the newly synthesized strand, in order to 
preserve the methylation footprint of the parent strand. De novo methylation is of 
considerably greater interest because it is not related to cell division, but rather, is both 
a consequence and a cause of molecular events that turn genes on and off in cells. In 
accordance with its name, this type of methylation represents new events, which add 
methyl groups onto previously unmethylated cytosines (see figure 2). 

Figure 2. The methylation cycle: the relationship of de novo and maintenance methylation to DNA 
replication and cellular reprogramming.
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The first DNA methyltransferase discovered, Dnmt1, turned out to be a maintenance 
methylation enzyme. Mice in which Dnmt1 is inactivated are still capable of de novo 
DNA methylation. This discovery motivated a search for additional DNA 
methyltransferases in mammals. The second member of this enzyme family, Dnmt2, 
turned out to be an RNA-modifying, rather than a DNA-modifying enzyme. Dnmt3a and 
Dnmt3b, the two additional members, are the DNA methyltransferases responsible for 
de novo methylation.

CpG dinucleotides in the genome do not occur in isolation. Rather, they occur in large 
CG-rich stretches of DNA known as CpG islands. There are two kinds of CpG islands in 
mammalian genomes: a promoter CpG island resides at the beginning (the promoter) of 
a gene, whereas an intragenic CpG island resides inside the gene. At both types of CpG 
islands, DNA methylation is tightly correlated with gene activity. Specifically, genes 
whose promoters contain mainly methylated CpGs are turned off. Genes whose 
promoters contain mostly unmethylated CpGs are turned on. For intragenic CpG 
islands, this pattern is reversed: methylation of intragenic CpG islands generally 
correlates with gene activation, while demethylation of intragenic CpG islands is 
associated with gene repression (Southwood et al. 2012). Promoter CpG islands are by 
far the more common class of CpG islands. Genes whose products are necessary in all 
tissues have unmethylated promoter CpG islands. Genes whose activity needs to be 
tissue-specific have unmethylated promoter CpG islands in the tissues where they are 
turned on, and those same CpG islands are methylated in all other tissues, to ensure 
that the gene is not active at an inappropriate place or time. Because of maintenance 
methylation, tissue-specific gene expression profiles are preserved even when cells 
inside a tissue die and are replaced. DNA methylation is extremely important in disease, 
particularly in cancer. The DNA at promoters of tumor suppressor genes, those that can 
slow down cell growth or cause cell death, is often abnormally methylated in cancer. 
Since those genes are inactive, cells can proliferate. Similarly, the DNA at promoters of 
oncogenes, those that can increase cell growth and survival, is frequently demethylated 
in cancer, causing an increase in those genes’ activity. Methylated CpG islands are 
bound by methyl-CpG-binding proteins, which further attest to the profound relevance of 
DNA methylation to human disease. For example, the gene for MECP2, a methyl-CpG-
binding protein, is mutated in Rett syndrome, a neurodevelopmental disorder (Moretti 
and Zoghbi 2006).

DNA methylation is directly and globally related to genome silencing—not only to the 
silencing of individual genes—through imprinting and X-chromosome inactivation. 
Imprinting refers to a situation whereby only one of the two alleles (copies) of a gene is 
expressed (active), whereas the other one is silenced, in part by DNA methylation. The 
key property of imprinting is that it is parent-of-origin specific. For example, for a certain 
gene, the maternal allele may be normally silenced, whereas the paternal allele may be 
normally expressed. If both alleles are expressed, or if the paternal allele is silenced, 
the result is frequently a disease. Some genes are normally expressed only from the 
paternal allele, some only from the maternal allele, and others (non-imprinted genes) 
are expressed from both alleles. 
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Female mammalian cells typically possess two X-chromosomes while male cells have 
one X- and one Y-chromosome. X-inactivation refers to the fact that of the two X-
chromosomes in a female cell, normally only one is active. The other X is silenced 
(globally inactivated) and is seen in the nucleus as a unique condensed-chromatin entity 
known as the Barr body. Although X-inactivation has been recently understood to be a 
multifactorial process involving the bidirectional transcription of non-protein-coding RNA 
as well as histone modifications, hypermethylation of specific DNA sequences is also 
important for the maintenance of the inactive X (Brown 2002).

Chromatin Remodeling at the Histone Level: Histone Modifications

As discussed in subunit 3.2.1, DNA is packaged into nucleosomes by DNA-binding 
proteins called histones. This packaging serves two purposes: it compacts the DNA so 
that an enormous amount of DNA can fit tightly into a cell’s nucleus, and it supplies a 
mechanism of regulating gene expression through the ability to structurally relax, and 
re-compact, the DNA. Normally, a nucleosome contains four histones: H2A, H2B, H3, 
and H4, although rare variant histones are found at certain nucleosomes. H1 is a linker 
histone found along DNA between nucleosomes. Within each nucleosome, flexible 
termini of histone proteins—called histone tails—extend outwards from the nucleosome 
core. Post-translational covalent modifications of specific amino acids along these 
histone tails impart epigenetic information, leading to activation, modulation, or 
repression of gene expression from the DNA that is packed into the nucleosomes where 
the histone tails are being modified. Because numerous specific amino acids along all 
histones can be modified, all with specific corresponding effects on gene expression, 
the complex combination of histone modifications is known as the histone code. This 
code defines the transcriptional activity states of DNA regions and genes.

Methylation and acetylation of specific amino acid residues on histone proteins are the 
major means of chromatin modification at the histone level. The major hallmarks of an 
active chromatin configuration (the chromatin state that is permissive for gene 
expression) are the methylation of histone 3 (H3) lysine number 4 (K4), and the 
acetylation of H3 lysine number 9 (K9). H3K9Ac signifies open chromatin and a 
configuration permissive for transcriptional initiation. Generally, acetylated histones are 
conducive to a decreased chromatin condensation and hence to gene expression 
activation: H3K29Ac demarcates open chromatin and transcriptionally active regions 
(similarly to H3K9Ac). The major repressive modifications include H3K27 methylation 
and H3K9 trimethylation. H3K27Me3 is commonly found at promoters of genes that 
have been silenced by a protein complex called Polycomb. H3K27Me3 is prevalent at 
DNA regions that encode developmental genes that are silenced in cell types, or 
developmental states, where these genes are not needed. There are numerous other 
histone modifications, some of which have complex and multiple functions. Less 
common histone modifications, which we shall not pursue further here, include 
phosphorylation, ribosylation, and ubiquitination.

H3K4 can be mono-, di-, or trimethylated. H3K4Me3, the trimethylation, is the most 
commonly recognized key hallmark of active promoters. But the two other methylation 
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states of H3K4 are also functional. H3K4Me1 is found at enhancers (elements that 
regulate gene expression from distant sites), and in gene bodies downstream of (after) 
promoters. H3K4Me2 marks both promoters and enhancers, and commonly occurs at 
CpG islands, underscoring the connection between DNA methylation and histone 
modifications.

Among the repressive modifications, the exact histone, residue, and methylation states 
combine within the histone code to signal distinct transcriptional outcomes. This 
signaling paradigm is similar to that of the activating modifications, although the 
molecular states are different. For instance, while H3K9Me3 is a key repressive 
modification associated with silenced DNA and heterochromatin, H3K9Me1 marks 
active, open chromatin. H3K36Me3 is a unique modification that paints gene bodies, 
marking entire regions where RNA polymerases are carrying out transcriptional 
elongation.3

How do we know which histone modifications are found where along the genome? A 
very useful technique, ChIP-seq (chromatin immunoprecipitation followed by 
sequencing), has been instrumental in deciphering the histone code. In brief, a chemical 
such as formaldehyde is used to reversibly cross-link the DNA with the proteins in 
chromatin isolated from cells. Cross-linked chromatin is sonicated or mechanically 
sheared to yield protein-coated DNA fragments that are of short enough size for DNA 
sequencing. Then, specific antibody molecules—which bind to only one particular kind 
of protein, such as a specific modified histone—are added. The chromatin is 
immunoprecipitated by using these antibodies. As a result, chromatin fragments where 
the histone modification of interest (recognized by the antibody) is present are 
separated from the rest of the chromatin. Finally, de-crosslinking separates DNA from 
proteins in the immunoprecipitated fragments. The DNA is sequenced and its 
sequences are computationally mapped onto the genome. The genomic positions of 
these sequences reveal where, along the DNA, the queried histone modification was 
present.4

Summary

• DNA in the cell nucleus is packaged into chromatin, a tight complex where DNA 
is wound around histone proteins. Chromatin remodeling is the process that tightens 
or relaxes DNA packaging, thereby controlling the access of other regulatory 
proteins to the DNA, and modulating gene expression.

• The eukaryotic nucleus is structurally complex. Post-genomic biology has 
empowered us to rationally analyze this complexity through genomewide, high-
throughput experimental studies of precisely how chromatin is configured and 
remodeled. ChIP-seq is an example of a post-genomic approach that can study 
specific chromatin changes throughout the nucleus.
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• The two major types of chromatin modifications are the methylation of cytosines 
along the DNA itself, and the multiple chemical modifications of the histone proteins 
that package the DNA.

• DNA methylation mainly occurs at CpG dinucleotides and is essential for the 
correct functioning of imprinted genes and for female X-chromosome inactivation. 
CpG methylation at promoters is a negative regulator of gene expression. Specific 
proteins, whose functions have been traced to diseases as diverse as cancer and 
Rett syndrome, bind methylated DNA.

• Four types of histone proteins package DNA in chromatin. Post-translational 
covalent modifications (such as methylation and acetylation) of specific amino acids 
of the histone proteins lead directly to chromatin remodeling, and serve as powerful 
positive and negative regulators of gene expression. Each of the many known types 
of histone modifications has a specific effect on chromatin and genes, and together 
the histone modifications and their many potential combinations are known as the 
histone code.

Notes

1. Encyclopedia of DNA Elements (ENCODE), http://www.encodeproject.org/. 
 
2. “The DNA Story” Chemistry World, Royal Society of Chemistry, 
http://www.rsc.org/chemistryworld/Issues/2003/April/story.asp. 

3. “Histone Modifications by ChIP-seq from ENCODE/Broad Institute,” Encyclopedia of 
DNA Elements (ENCODE),
http://genome.ucsc.edu/cgi-bin/hgTrackUi?
hgsid=332885739&c=chr14&g=wgEncodeBroadHistone, and the individual histone 
modification links along the top of the matrix.

4. Frank Horodyski, “Chromatin” (lecture, Ohio University, Athens, OH, Fall 2012). 
http://www.ohio.edu/plantbio/staff/showalte/MCB%20720/Chromatin%202012.ppt 
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