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During the last decades of the past century, unprecedented progress in DNA
sequencing technologies culminated in completion of the hugely ambitious
project to sequence the human genome. In defining the genetic blueprint
of humankind, this clearly represented a landmark in biological endeavour.
Moreover, the immensely rich data that was generated by the human genome
project represents an invaluable resource that allows the prediction of likely gene
products and analysis of gene mutations, which might have a profound impact
for the treatment of disease. However, despite the undisputed importance of this
resource, it is clear that sequence information alone is not sufficient to predict the
conditions under which a particular gene might be transcribed or the cell types
in which transcription might occur. This knowledge demands a highly detailed
insight into the regulatory mechanisms that together control gene expression.
Gene expression in eukaryotes is regulated in a hierarchical fashion. Although
DNA-binding factors and their interactions with the transcription machinery play
a pivotal role in activating gene expression, it is clear that numerous other factors,
such as DNA modifications, chromatin structure and even higher nuclear organization also play a role. Features such as these can pass from mother to daughter
cells during cell proliferation and account for the propagation of information that
determines patterns of gene expression in cells that have identical genetic information. Interestingly, this non-Mendelian inheritance of cell phenotype in cells with
the same genetic heritage is widespread throughout evolution and has been well
characterized in lower eukaryotic cells, such as ciliated protozoa.
The ‘causal interactions between genes and their products, which bring
the phenotype into being’ were first recognized by C.H. Waddington in 1942
and called ‘epigenetics’. Explicitly, epigenetic mechanisms provide a series
of regulatory principles that define potentially stable and heritable changes
in gene expression – and hence cell phenotype – without altering the genetic
information that is encoded within DNA. Since the seminal recognition of the
importance of epigenetic inheritance, numerous studies have explored how epigenetic regulation can be fundamental to the process of cellular differentiation.
But at the same time, it is clear that in understanding how epigenetic regulation
defines cell type it might also define changes in patterns of gene expression that
correlate with alterations in behaviour and the onset of disease.
To this day, the study of epigenetics continues to reveal the complexity of
regulatory mechanisms that control gene expression. Signals that trigger the
early events in epigenetic programming typically involve differentiation cues
that arise as primitive stem cells divide to form descendants that are committed
to a specific developmental lineage. The trigger that drives a commitment to
xiii
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differentiation might in turn result in the expression of DNA-binding factors
or synthesis of non-coding RNA molecules, which initiate a series of events
that ultimately dictate patterns of gene expression in progeny cells. As differentiation proceeds, the required patterns of gene expression are fixed and
maintained by changes in DNA and chromatin that can be perpetuated during
DNA replication and cell division. Mechanisms that contribute to this epigenetic programming of cell phenotype involve numerous pathways, which
include: DNA methylation, post-translational histone modification, formation
of chromatin with specialized histone variants, regulation of nucleosome positioning, as well as features that dictate the folding and organization of DNA
inside the nucleus to facilitate or suppress gene expression.
There is no denying that the characteristic behaviour of all organisms, including humans, is determined by the genetic information that is stored within their
DNA. However, there is a growing realization that the expression of this genotype can be modulated and influenced by external and/or environmental factors.
In addition, because of the complexity of epigenetic mechanisms that control gene
expression, it is clear that the links between genotype and phenotype can be much
more dynamic than was previously thought to be the case. With this in mind, it
was decided to publish a volume of Essays in Biochemistry on epigenetics, disease
and behaviour. In commissioning this special volume, the editors set out to provide an up-to-the-minute perspective on epigenetic research that would appeal to
both experts in related fields of chromatin biology and a more general readership
that finds fascination in the mechanistic intricacies of biological systems.
Many intriguing and exciting research topics are covered in this volume
and we are delighted that so many outstanding scientists working in the field of
epigenetics each agreed to contribute. The early chapters of the volume give an
overview of fundamental epigenetic mechanisms. The volume begins with two
chapters that explore how the nuclear architecture of higher eukaryotes might
have evolved to provide an environment that was amenable to epigenetic programming (Postberg et al. and Jackson). Given the complexity of their genomes
and the huge variety of different cell types that they contain, it is no surprise
that advanced eukaryotes have evolved a complex hierarchy of mechanisms to
regulate the expression of their genes. The concept of spatial or architectural epigenetics describes how the folding and packaging of DNA inside nuclei contributes to the regulation of gene expression by defining environments that allow
or suppress gene function. Three chapters that follow explore how very local
features of chromatin architecture can be imposed on this global nuclear organization. The first (Winter and Fischle), looks in detail at how post-translational
histone modifications and DNA methylation provide complex, combinatorial
mechanisms for fixing patterns of gene expression that define cell fate. However,
even when heritable epigenetic patterning has been established, mechanisms
must exist to ensure that the appropriate genes can be accessed to facilitate
their expression. During this process, the dynamic properties of chromatin
xiv
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are defined by the activity of nucleosome remodelling enzymes (Korber and
Becker), which allow nucleosomes to reposition along the DNA. Interestingly,
while nucleosome repositioning might appear to contradict the basic premise of
epigenetic programming, the mechanisms of regulation have been shown to control differential folding of the chromatin fibre and maintain the organization of
heritable epigenetic structures. The incorporation of specialized histone variants
into chromatin provides an additional mechanism for stabilizing the epigenetic
code (Ray-Gallet and Almouzni) and recent studies are beginning to explain
how specialized histone H3 variants can be deposited on to DNA by histone
chaperones and transmitted or removed during epigenetic programming.
Following on from the discussion of chromatin-based mechanisms, two
chapters discuss the relevance of RNA for epigenetic regulation. While Mochizuki
describes the function of snRNA (small nuclear RNA) in the regulation of DNA
rearrangements in a ciliate model system, Cuzin and Rassoulzadegan discuss
the role of gametic RNAs as epigenetic regulators. Finally, epigenetic markers
are very dynamic and this is most relevant for the control of the cell cycle (Bou
Kheir and Lund). Crucially, cell-cycle progression demands the structured timing of events that control the activity of gene transcription and epigenetic mechanisms that dictate the accessibility of DNA. Chromatin modifiers are known to
regulate cell-cycle progression by controlling temporal gene expression and local
chromatin structure in order to ensure that daughter cells, which form during cell
division, inherit the correct epigenetic information.
In recent years it has become clear that epigenetic mechanisms play a major
role in many serious human diseases (Hajji and Joseph, Ye et al., Silahtaroglu
and Stenvang, Hirasawa and Feil, and Rudenko); key examples are described
here in order to emphasize fundamental features of epigenetic programming.
The development of cancer, for example, is known to involve multiple changes
in gene expression, which might often involve defects in epigenetic regulation.
Cell death by apoptosis provides a regulatory failsafe that restricts the early stages of tumour formation, and defects in the epigenetic regulation of these pathways correlate with the emergence of cancer, allowing the exciting possibility of
developing epigenetic therapies (Hajji and Joseph). In addition, defects in telomere function and related early stages of chromosome instability (Ye et al.) and
alteration in microRNA-based epigenetic regulatory mechanisms (Silahtaroglu
and Stenvang) can also be discussed in the context of the initiation and progression of human diseases, but most notably cancer. Defects in epigenetic programming correlate with the wide-spread alterations in gene expression that are seen
in many cancers. However, much more specific diseases arise from profound
defects in epigenetic programming. Perhaps the most extreme examples arise
from defects in genomic imprinting (Hirasawa and Feil). Imprinting provides
a mechanism of regulating gene expression during development and imprinted
genes are controlled so that the expression from either the male or female gamete
is dramatically restricted. The regulatory mechanism involves DNA methylation
xv
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within genetically defined imprinting control regions and defects in the process
are known to be causally involved in several human diseases.
Many other model systems also provide paradigms for exploring the
importance of epigenetic mechanisms in regulating gene expression. The
trypanosome Trypanosoma brucei is a unicellular parasite which causes African
sleeping sickness. Many aspects of the biology of this organism have unusual
features with epigenetic control and it is clear that much more detailed understanding of epigenetic regulation will be needed to understand how the different regulatory layers contribute to the spread of disease. The multi-layered
characteristic of epigenetic regulation is also evident in the control of V(D)J
recombination (Johnson et al.), a process that breaks, rearranges and repairs
specific genetic loci to generate a vast repertoire of antigen receptor proteins.
The formation of double-strand breaks in DNA is inherently risky and, to
mitigate disaster, recombination is carefully controlled at various levels, which
include chromatin conformation and nuclear architecture.
To complete the volume, three chapters discuss how epigenetic programming is involved in different aspects of development. In the first of these chapters, Melcer and Meshorer discuss how chromatin plasticity in pluripotent cells
contributes to the process of cell commitment and differentiation. At much
later stages of human development, the post-translational modification of
chromatin proteins and DNA methylation, which regulate gene activity in the
central nervous system, provide a pivotal role in synaptic plasticity and memory formation (Roth et al.). Finally, the influence of the environment on the
epigenome is discussed (McGowan and Szyf) and models developed to explore
whether changes in epigenetic programming could mimic the behaviour of
genetic polymorphisms and how these might have an impact on the development of disease, with particular focus on mental health in adulthood.
In summary, the present Essays in Biochemistry volume provides an up-todate appraisal of the fundamental principles that facilitate the epigenetic regulation of chromatin function. In describing the key molecular principle, particular
attention has been placed on the use of appropriate model systems that emphasize the relevance of epigenetics in human diseases and behaviour. The study of
epigenetic regulation is clearly relevant to our understanding of basic biological
processes that dictate chromatin function. But in addition, we are deeply convinced that, in the future, a detailed understanding of epigenetic principles will be
essential for the treatment of human diseases and for developing safe and reproducible gene and stem cell therapies. Thinking esoterically, it is even exciting to
imagine how future developments in epigenetic research might inform such disparate socio-economic disciplines as pedagogics, economic and even politics.
The editors would like to thank Portland Press staff, in particular Clare
Curtis, for their efficient work in producing this volume.
Hans Lipps, Jan Postberg and Dean Jackson
June 2010
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A-gene
AHO
ALL
ALS
ALT
AML
Apaf-1
Arp4
ART
AS
ATM
ATR
AUF1
Bcl-2
B-CLL
BCR
Bdnf
BH
BRG1
BWS
CBP
Cbs
CDK
CENP-A
c-FLIP

Chd1
ChIP
CHK2
CNS
CRC
CRE
CREB
CST

antigen gene
Albright’s hereditary osteodystrophy
acute lymphoblastic leukaemia
amyotrophic lateral sclerosis
alternative lengthening of telomeres
acute myeloid leukaemia
apoptotic protease-activating factor 1
actin-related protein-4
assisted reproduction technology
Angelman syndrome
ataxia telangiectasia mutated
ataxia telangiectasia mutated- and Rad3-related
ARE (AU-rich element)/poly(U)-binding/
degradation factor 1
B-cell lymphoma protein-2
B-cell chronic lymphocytic leukaemia
B-cell receptor
brain-derived neurotrophic factor
Bcl-2 homology
brahma-related gene 1
Beckwith–Wiedemann syndrome
CREB [CRE (cAMP-response element)-binding
protein]-binding protein
chromosome breakage sequence
cyclin-dependent kinase
centromere protein-A
cellular FLICE [FADD (Fas-associated death
domain)-like IL (interleukin)-1␤-converting
enzyme]-inhibitory protein
chromodomain-helicase-DNA-binding protein 1
chromatin immunoprecipitation
checkpoint kinase 2
central nervous system
colorectal cancer
cAMP-response element
CRE (cAMP-response element)-binding protein
Cdc13-Stn1-Ten1
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CTCF
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D
DAPK
DcR1
DISC
DMR
DN
DNA-FISH
DNMT
DP
DSB
DSD
DSI
ER
ERK
ES
ESAG
ESB
ESC
Ezh2
FADD
FasL
FDA
FISH
FRAP
GFP
GI
GNAT
GR
GRB10
GWAS
HAT
HDAC
HDACi
HDM
HIC1
HKMT
HJURP
HMT
HOMedU
HP1
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CCCTC-binding factor
chromosome territory
diversity
death-associated protein kinase
decoy receptor 1
death-inducing signalling complex
differentially methylated region
double-negative
DNA fluorescence in situ hybridization
DNA methyltransferase
double-positive
double-strand break
DNA-synthesis-dependent
DNA-synthesis-independent
endoplasmic reticulum
extracellular-signal-regulated kinase
expression site
expression-site-associated gene
expression site body
embryonic stem cell
enhancer of zeste homologue 2
Fas-associated death domain
Fas ligand
Food and Drug Administration
fluorescence in situ hybridization
fluorescence recovery after photobleaching
green fluorescent protein
gastro-intestinal
Gcn5 N-acetyltransferase
glucocorticoid receptor
growth-factor-receptor-binding protein 10
genome-wide association studies
histone acetyltransferase
histone deacetylase
HDAC inhibitor
histone demethylase
hypermethylated in cancer 1
histone-lysine N-methyltransferase
Holliday junction-recognizing protein
histone methyltransferase
hydroxymethyluridine
heterochromatin protein 1
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HPA
HRMT
hSWI/SNF
hTERT
IAP
IC
ICD
ICM
ICN
ICR
IES
IFN-␥
Ig
IGF2
IL
IMS
ING
INM
iPSC
J
JMJD
KDM
LCR
LG
LOH
LSD1
LTP
MAPK
MBD
MCL1
MeCP2
MEF
miRNA
MLS
MOMP
MSK1/2
Mst1
Nap1
NASP
NF-B
NFR
NGFI-A

hypothalamic–adrenal–pituitary
histone-arginine N-methyltransferase
human switch/sucrose non-fermentable
human TERT
inhibitor of apoptosis
interchromatin compartment
interchromosome domain
inner cell mass
interchromatin network
imprinting control region
internal eliminated sequence
interferon ␥
immunoglobulin
insulin-like growth factor 2 (gene)
interleukin
intermembrane space
inhibitor of growth
inner nuclear membrane
induced pluripotent stem cell
joining
JmjC-domain-containing demethylase
lysine demethylase
locus control region
licking/grooming
loss of heterozygosity
lysine-specific demethylase 1
long-term potentiation
mitogen-activated protein kinase
methyl-DNA binding protein
myeloid cell leukaemia sequence 1
methyl CpG-binding protein 2
mouse embryonic fibroblast
microRNA
multi-loop subcompartment
mitochondrial outer membrane permeabilization
mitogen- and stress-activated kinase 1/2
mammalian sterile twenty 1
nucleosome assembly protein 1
nuclear autoantigenic sperm protein
nuclear factor B
nucleosome-free region
nerve growth factor-inducible protein A
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NHEJ
NoRC
NPC
Npm1
Pax5
PBA
P-bodies
PCD
PCH
PCNA
PDAC
PHD
PHP
PML
Pol
POT1
PP1
PR
pRb
PRC
PRMT
pRNA
PTEN
PTH
PTM
PWS
Rad21
RAG
(h)Rap1
RbAp48
RCC1
rDNA
RHPS4
RISC
RNAi
RNAPII
RNP
Rpd3
RPS6K
rRNA
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non-homologous end-joining
nucleolar remodelling complex
neuronal progenitor cell
nucleophosmin 1
paired box gene 5
4-phenylbutyric acid
processing bodies
programmed cell death
pericentromeric heterochromatin compartment
proliferating-cell nuclear antigen
pancreatic ductal adenocarcinoma
plant homeodomain
pseudohypoparathyroidism
promyelocytic leukaemia
polymerase
protection of telomeres protein 1
protein phosphatase 1
perichromatin region
retinoblastoma protein
Polycomb repressive complex
protein arginine methyltransferase
promoter RNA
phosphatase and tensin homologue deleted on
chromosome 10
parathyroid hormone
post-translational modification
Prader–Willi syndrome
radiation-sensitive mutant 21
recombination-activating gene
(human) repressor activator protein
retinoblastoma-associated protein 48
regulator of chromosome condensation 1
ribosomal DNA
3,11-difluoro-6,8,13-trimethyl-8Hquino[4,3,2-kl]acridinium methosulfate
RNA-induced silencing complex
RNA interference
RNA polymerase II
ribonucleoprotein
reduced potassium dependency 3
ribosomal S6 kinase
ribosomal RNA
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RSS
SAHA
SAM
scn
SET
siRNA
SIRT1
SRA
SRS
ssDNA
STAT
SWI/SNF
TbISWI
TBP
TbRAP1
TCR
TERC
TERRA
TERT
TGF␤
TNDM
TNF
TNM
TOPO I
TPE
TPP1
TRAIL
TRF
TRFH
tRNA
TSA
UPD
UTR
V
VRK1
VSG
XAF1
YY1

recombination signal sequences
suberoylanilide hydroxamic acid
S-adenosyl-l-methionine
scan
Su(var)3–9, Enhancer of Zeste, Trithorax
small interfering RNA
sirtuin 1
SET and RING finger-associated
Silver–Russell syndrome
single-stranded DNA
signal transducer and activator of transcription
switch/sucrose non-fermentable
Trypanosoma brucei ISWI (imitation-SWI protein)
TATA-binding protein
Trypanosoma brucei RAP1
T-cell receptor
telomerase RNA component
telomeric repeat-containing RNA
telomerase reverse transcriptase
transforming growth factor ␤
transient neonatal diabetes mellitus
tumour necrosis factor
tumour, node, metastasis
topoisomerase I
telomere position effect
three-prime phosphatase 1
TNF-related apoptosis-inducing ligand/Apo2L
telomeric-repeat-binding factor
TRF homology
transfer RNA
trichostatin A
uniparental disomies
untranslated region
variable
vaccinia-related kinase 1
variant surface glycoprotein
XIAP (X-linked inhibitor of apoptosis)-associated
factor 1
Yin Yang 1
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