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PREFACE

The definition of epigenetics has changed a number of times over the past decades,
reflecting our increasingly detailed understanding of regulatory mechanisms in eukary-
otes. The chapters of this book effectively point the way to a contemporary definition.
Epigenetics, as defined in recent years, concerns itself with the transmission through cell
division, and in some cases through the germline, of phenotypic information that is not
contained in the DNA sequence itself. The search for biochemical mechanisms that
could implement an epigenetic program has, reasonably, focused on reactions that lead
to covalent modifications of DNA, and on the identity and biochemistry of proteins and
nucleic acids that might bind to DNA tightly enough to remain attached through cell
division. That search initially focused on DNA methylation, and more recently on the
nucleosome, the octamer histone complex that binds tightly to DNA and packages vir-
tually all of the genome.

DNA methylation provides potentially the most straightforward mechanism for epi-
genetic transmission of information. As first pointed out over 40years ago, cytosine
methylation at CpG sites can be propagated during replication by an enzyme that rec-
ognizes the hemimethylated site and methylates the CpG on the newly synthesized
strand. Subsequent studies, notably at imprinted loci, have shown that DNA methylation
can affect, directly or indirectly, the binding of transcription factors. The DNA methyla-
tion model, in fact, provided the impetus for the present definition of epigenetics,
because it appeared to represent the first plausible pathway for transmission through
DNA replication of information not encoded in DNA sequence. Since then, however,
discovery of the role of chromatin structure in regulation of gene expression, and, during
the last twenty years, of the role of noncoding RNAs, has greatly expanded the scope of
the epigenetic enterprise.

A large number of articles in this book examine the now extensive literature on the
relationship between chromatin structure and gene expression. At the level of individual
nucleosomes, the obvious first question is whether nucleosome stability and placement
play an important regulatory role. One major research direction has addressed the iden-
tity, biochemical consequences, and biological function of histone covalent modifications.
The identified distinct modifications include acetylation, mono-, di-, or trimethylation,
phosphorylation, ubiquitylation, sumoylation, ADP ribosylation, and more. Each modifi-
cation targets specific residues on the individual histones of the nucleosome, but the
effects, it is now clear, cannot be described in terms of a single code. As with other regula-
tory mechanisms in eukaryotes, organisms appear to take advantage of the combinatorial
versatility afforded by the wide variety of modifications. As described in several chapters,
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these modifications are an integral part of mechanisms that control initiation of transcrip-
tion, transcriptional pausing, transcript elongation, termination, and RNA splicing. Other
modifications are involved in DNA replication and DNA damage repair. Some marks are
predominantly associated with transcriptionally active or inactive chromatin. Certain
combinations of marks tend to appear at promoters, others at enhancers. In pluripotent
stem cells, some promoters carry both activating and silencing modifications, in principle
making the cells ready for rapid changes in expression, depending on the developmental
path they take. Histone modifications also play a critical role in transcriptional elongation.
When RNA polymerase II transcribes a gene, it carries with it histone modifying
enzymes, signaling the formation of a chromatin structure that discourages inappropriate
initiation of transcription from within the gene coding region.

All of these reactions are carried out by an array of enzyme complexes specialized to
add or remove the individual modifications at particular sites on the histones. Typically,
these complexes carry, in addition to the subunit containing the active site, a variety of
other protein cofactors that can confer further target specificity. Notable among these
modifying complexes are the Polycomb and Trithorax groups, associated respectively
with transcriptional silencing and activation. Other complexes are devoted to the task of
removing modifications: enzymes and pathways have been identified not only for
deacetylation, but for removal of methyl groups from histone lysine and arginine resi-
dues. Modifications are thus dynamically regulated in response to regulatory signals and
are an essential part of the mechanism by which genetic information contained in DNA
is selectively expressed.

How are these modifications used to transmit that information? Modified histones
can, in some cases, recruit transcription factor complexes to promoters and enhancers.
Other large families of protein complexes use ATP to move nucleosomes away from
important DNA regulatory sites or to position them so that they cover these sites. Some
histone modifications can alter the strength of interaction between histones and DNA.
Certain modified histones can recruit enzymes involved in DNA methylation, and
5-methylcytosine can recruit histone modifying enzymes, thus coupling the two kinds
of potentially epigenetic signals. In every case, the protein complexes involved can vary
in details of subunit content and specificity, making it necessary to study each regulatory
pathway as a separate problem. This has become especially clear as we have begun to
understand the role of noncoding RNAs (ncRINAs) in regulatory processes and espe-
cially in epigenetic mechanisms involving chromatin. In particular, ncRNAs help to
deliver Polycomb or Trithorax group complexes to specific sites, thus guiding the deliv-
ery of silencing or activating marks. Other ncRNAs function as part of regulatory pro-
tein complexes, and are essential for their activity.

Although much of this work has focused on epigenetic effects at the level of indi-
vidual genes or gene families, recent studies have revealed the importance of large scale
organization within the nucleus in the control of gene expression. It has long been
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known that enhancers can in some instances act over very great distances to activate
specific promoters. It has not been clear how the enhancer chooses its target. Chromatin
conformation capture technology (3C, 4C, 5C, and Hi-C) has revealed the presence of
large scale organization of the genome into loop domains, with interactions within loops
favored over those between loops. How such loops are established and maintained
through cell division is a question that remains to be explored and may well be an
important part of the epigenetic machinery.

One question raised by all these mechanisms is the extent to which they fit the pres-
ent definition of epigenetics. There is, at least in principle, a way for DNA methylation
patterns to be transmitted through cell division, as described above. Patterns of histone
modifications could also be preserved: for example, the Polycomb complex, PRC2,
which methylates lysine 27 on histone H3, can be recruited specifically to histones car-
rying that mark, and could then modify adjacent histones newly deposited at the replica-
tion fork. Similarly, one could propose that some part of the loop domain organization of
the genome is maintained, although it is known that many features of this higher order
structure are not preserved during mitosis. Demonstrating the actual use of such mecha-
nisms in vivo has, however, been difficult, particularly for those mechanisms involving
chromatin structure. To qualify according to the strict definition, chromatin structure at a
gene should be preserved through cell division and should be determinative of the state
of activity of that gene in the daughter cells. From one point of view, changes in histone
modifications or nucleosome position could be viewed simply as a part of the mechanism
of gene expression—a consequence, rather than a cause of the activity state. For example,
an active gene could be maintained in that state because relevant transcription factors
remain at high concentrations through mitosis. Afterward, these factors might be suffi-
cient to reestablish activity, and appropriate histone modifications could be regenerated.

Because it is difficult to distinguish between cause and effect, there has been resis-
tance to the idea that chromatin structure and histone modifications convey epigenetic
information. Given their evident significance for cell function, this is perhaps not such
an important objection. As has been suggested before, it may be more appropriate to
revise the definition of epigenetics, which in earlier times referred to the developmental
processes that led from a single fertilized egg to a complete organism. There can be no
doubt about the role of histones, chromatin, and DNA methylation in those processes.
At the same time, it should be clear that mechanisms do exist for inheritance of informa-
tion that is not carried in the DNA sequence. Position effect variegation in Drosophila
provided the first evidence for a change in phenotype that was connected with location
of a gene within a chromosome, rather than with changes in the gene itself. A clear
example exists even in Saccharonyces, where genes located near telomeres can be main-
tained in a silent state through many generations, then switch to an active state, which is
likewise stable through many cell divisions. In neither case is there any change in the
DNA sequence itself; changes in chromatin structure provide the necessary signals.
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Although other examples of transmission through cell division exist, epigenetic inher-
itance through the germline has been more difficult to demonstrate. A clear example is
provided by the agouti mouse, in which coat color, determined by DNA methylation
patterns of a retrotransposon inserted near the agouti gene, is transmitted to offspring.
Other examples exist in plants. There is also evidence for multigenerational epigenetic
transmission of phenotypes in flies, mice, and humans. It should be noted that the fidelity
of transmission is not as high as for genetic inheritance. However to the extent that these
phenotypic changes help to stabilize certain mutations, they may contribute to more per-
manent changes marked directly in the genome. Because DNA methylation and probably
chromatin chemistry can be influenced by environment (e.g., diet), epigenetically con-
trolled phenotypes can reflect environmental signals. The old arguments about heredity vs.
environment can now be seen in a new light. But whatever the contribution of these
epigenetic signals to inherited phenotype, their importance transcends definitions. They
are the manifestations of the array of biochemical pathways that modulate all DNA func-
tion in eukaryotes and make possible the enormous variety of cell behaviors required for
the success of multicellular organisms.

Gary Felsenfeld

Laboratory of Molecular Biology

National Institute of Diabetes and Digestive and Kidney Diseases
National Institutes of Health, Bethesda, MD, USA
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