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Through epigenetic modifications, specific long-term
phenotypic consequences can arise from environmental
influence on slowly evolving genomic DNA. Heritable
epigenetic information regulates nucleosomal arrangement
around DNA and determines patterns of gene silencing or
active transcription. One of the greatest challenges in the study
of epigenetics as it relates to disease is the enormous diversity
of proteins, histone modifications and DNA methylation
patterns associated with each unique maladaptive phenotype.
This is further complicated by a limitless combination of
environmental cues that could alter the epigenome of specific
celltypes, tissues, organs and systems. In addition, complexities
arise from the interpretation of studies describing analogous
but not identical processes in flies, plants, worms, yeast,
ciliated protozoans, tumor cells and mammals. This review
integrates fundamental basic concepts of epigenetics with
specific focus on how the epigenetic machinery interacts and
operates in continuity to silence or activate gene expression.
Topics covered include the connection between DNA
methylation, methyl-CpG-binding proteins, transcriptional
repression complexes, histone residues, histone modifications
that mediate gene repression or relaxation, histone core
variant stability, H1 histone linker flexibility, FACT complex,
nucleosomal remodeling complexes, HP1 and nuclear lamins.

Introduction

The human genome is composed of billions of sequence arrange-
ments containing a bioinformatics code that controls how genes
are expressed. This code is further dependent upon heritable
non-static epigenetic arrangement of histone scaffolding that sur-
rounds the DNA and comprises the “epigenome.” The historical
transitional evolution of the human genome is believed to have
occurred through a number of processes, one being the altered
sequence and re-arrangement of transposable elements located at
segments of non-coding DNA. It is believed that the greater the
complexity of an organism, the greater amount of non-coding
DNA. In humans, protein-coding regions of DNA account for
<1.6% of the genome.! Transposable elements, also referred to as
“jumping genes,” have accumulated throughout millions of years
as evolutionary ancient DNA in the form of transposons and
retrotransposons, which are reverse transcribed long-terminal
repeat (LTR) retroviruses.” Today, active non-LTR retrotranspo-
sons (i.e., Alu and LINEs) perpetuate transgenerational genetic
diversities through genomic DNA variation among humans.
While the evolution of DNA occurs at a slow pace, expedient
heritable changes to the epigenome allow dynamic and flexible
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modification to suit rapid environmental adaptation.? While the
epigenome has more influence on the temporal phenotype, the
collective effects of change to the genome and the epigenome
contribute to observable physical or biochemical characteristics
of an organism.

Throughout the life cycle, dynamic epigenetic control over
the phenotype is influenced by a time component responsible
for maturation and senescence from conception to adulthood.
Environmental epigenetic factors affecting long-term phenotypic
change are largely initiated during in utero/perinatal periods,
when introduction to the external world is being established.” It
is believed that since epigenetic patterns are inherited through
mitosis, the earlier the stage of development, the more critical the
environmental impact on the resulting phenotype. During fetal
development, environmental cues can induce the modification
of a pliable epigenome, which can result in long-term changes
in gene expression that occur in a self-sustaining manner in the
absence of the original stimulus.’ Adverse gestational conditions
that arise from inadequate healthcare, poor nutrition, socioeco-
nomic disadvantage and racial disparities are often associated
with long-lasting phenotypic consequences in adults, yielding

07 as well as low birth

greater risk of diabetes and heart disease,
weight and congenital defects in progeny.®'° It is now becoming
evident that these effects are inextricably linked to altered epi-
genetic patterns. Offspring exposed to gestational malnutrition
due to extended famine in certain populations also show higher
prevalence of adult onset obesity and schizophrenia, tantamount
to altered DNA methylation patterns for specific genes such as
insulin like growth factor 1/2 and the obesity factor gene leptin.!!
Altered epigenetic patterns acquired during early development
involve changes in DNA methylation patterns, genomic imprint-
ing,"* histone modifications and the establishment of specific
expression profiles of non-coding miRNAs.">!*

Given the enormous impact of early epigenetic programming
and the serious nature of related developmental conditions, such
as Praeder-Willi, Angelman and Beckwith-Wiedemann syn-
dromes, neural tube defects, adult onset psychiatric disorders,

1519 considerable attention is

obesity, cancer and schizophrenia,
given to the “nurture of the epigenome” prior to birth. A num-
ber of community outreach projects such as the CDC’s National
Center on Birth Defects and Developmental Disabilities pro-
mote awareness about reducing the risk of epigenetic related
defects such as spina bifida by suggesting an adequate intake of
1 B6 and
folate) during pregnancy.””* The epigenome appears to remain
pliable after birth and during the first years of life. This is evi-
denced by correlations described in infants exposed to stress or

epigenetic-related nutrients (e.g., choline, vitamin B
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lack of emotional nurturing who show overactive hypothalamic-
pituitary-adrenal stress response, glucocorticoid feedback or
26 Once

established in the offspring, epigenetic marks can become trans-

decreased hypothalamic corticotropin-releasing factor.

generational, continuing transmittance to future descendants—
including the very trait of maternal nurturing in females.”” The
longevity of transgenerational epigenomic inheritance pattern
is further influenced by the severity and repetition of a similar
environmental stimulus among individuals of the same lineage.
If the stimuli are discontinued, phenotypic traits could dissipate

after the first or second generation.??

In other instances, longer
lasting epigenetic changes adversely affect the phenotype of the
third or fourth generation,” often initiated by environmental fac-
tors adverse to human health that perpetuate aberrant patterns of
transgenerational transmission of phenotype.*

The purpose of this review is to simplify the enormous com-
plexity of epigenetic biochemistry that links nuclear DNA to the
environment. On one hand, the concept of epigenetics is rela-
tively simple in that it describes a means by which genes are either
turned on or off by a heritable epigenome. On the other hand,
the environmental and biological controls that mediate these
events are extraordinary in number, compounded by instances
of similar methylation events that have opposite effects when
occurring at different histone amino acids (e.g., H3K36me3 and
H3K9me3) and by variation in the interpretation of studies per-
formed in diverse organisms such as flies, plants, worms, yeast,
ciliated protozoans, tumor cells and mammals.®'

DNA Methylation

More than 30 million base pairs of the human genome are CG
dinucleotides (CpGs). CpG sites are target platforms for meth-
ylation, which consist of the covalent attachment of a methyl
group to the 5 position of the cytosine (C). CpG methylation
patterns correlate with transcriptional silencing patterns observed
in 60-90% of the human genes.** Methylated CpGs reinforce
silencing by a number of processes including direct ability to
block transcription initiation complexes from binding to DNA
promoter regions, inhibition of RNA polymerase (RNAP) and
recruitment of transcriptional repressor complexes that bind
through Kriippel-like C2H2 zinc fingers, such as Kaiso, and
human zinc finger and BTB domain-containing proteins 4 and
38 (ZBTB4 and ZBTB38).%% Methylation of CpG sites is per-
formed by DNA methyltransferases DNMT3A and DNMT3B,
which carry out de novo methylation, and DNMT1, which
ensures heritable epigenome replication through cell division.*® A
closer look at DNMTT1 shows that this enzyme not only methyl-
ates DNA, but also docks directly to methyl-CpG binding pro-
teins (MBPs), such as MeCP2, MBD2 and MBD3. MBPs can
equally dock to constrictive histone enzymes, such as histone
deacetylases HDAC1 and HDAC2, human H3K9 methyltrans-
ferase (Suv39 hl) and heterochromatin protein 1 (HP1), all syn-
ergistic components of gene silencing.

DNMTT1 ensures that silencing remains heritable during cell
division by binding to the replication fork, through its UHRF1
domain, and to methylated CpGs, through its SRA domain.?’
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UHRF1 and SRA domains function synergistically in the
recruitment of histones that bear constrictive epigenetic marks
(e.g., H3K9me3) and constrictive enzymes, such as G9a and
HDAC1.%%% DNMTT1 is further stabilized by a UHRF1/HDACI1
complex containing USP7 deubiquitinase, also called “herpes
virus-associated ubiquitin-specific protease,” which prevents
DNMTT1 proteosomal degradation.?’ In addition, UHRFI both
reinforces silencing at methylated CpG sites and ensures transcrip-
tion at unmethylated CpG islands. CpG islands are open regions
of DNA that are highly accessible to transcription initiation com-
plexes. At transcription start sites, UHRF1 degrades DNMT1 by

ubiquitin E3 ligase proteosomal targeting®

and ensures gene
expression by interacting with histone expansive enzymes such
as acetyltransferase Tip60, which promotes nucleosomal expan-
sion.**“* The bob and weave nature of UHRF1 contributes to the
replication of DNA methylation patterns. Coordinated histone
scaffold inheritance patterns occur by enabling both DNMT]1
deubiquitination (stability) and DNMT1 ubiquitination (proteo-
somal degradation).?! De novo DNA methylation enzymes, such
as DNMT3a and b, work in a similar way in that they recruit
constrictive silencing elements, such as transcriptional repressor
domains (TRDs), a repression protein of 58 kDa also known
as Zfp238 that is critical for embryonic development, HDACI,
Suv39 hl and HP1.3° All of these enzymes are tightly interwo-
ven within compact nucleosomes surrounding methylated CpG
DNA.# While de novo DNMT3s establish silencing patterns
in response to environmental triggers, silencing inheritance pat-
terns maintained throughout cell replication are carried forward
by DNMTT.

Once silencing expression patterns are established by DNA
methylation, epigenetic inheritance patterns are further solidi-
fied by small non-coding RNAs (miRNAs) that ensure regional
silencing through degradation of unwanted mRNAs, stunt-
ing mRNA maturation or blocking promoter areas associated
with mRNA to be silenced."”* miRNAs can also influence
the epigenome itself. This is exemplified by the fact that GpG
islands are often occupied by miRNAs that specifically degrade
mRNA transcripts that encode for proteins involved in silencing
or histone constriction, such as MeCP2, DNMTs, HDACs and
EZH2 4 (all of which are discussed further below). In other
words, methylation patterns control transcription of non-coding
miRNAs, which, in turn, may assist in silencing by destroying
any potential mRNA that may have eluded repression.

Methyl-CpG-binding proteins. Once CpG methylation
patterns are established, silencing is continually reinforced by
a series of methyl-CpG-binding proteins that directly dock to
CpGs through their methyl-CpG binding domains (MBD).#
In humans, MBD proteins include MBD1, MBD2, MBD3,
MBD4 and MeCP2. The basic function of MBD proteins is to
secure a primary attachment to methylated CpG and a second-
ary attachment to the surrounding histone scaffolding in order
to enable constriction by further docking of DNMTs, histone
methyltransferases, HDACs and ATPase chromatin remodeling
complexes. These components work together to compress chro-
matin into heterochromatin at transcription start sites through-
out the genome.”’
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MBDI. MBDI forms a primary attachment to methyl-
ated CpG sites, a secondary attachment to histone constriction
enzymes such as SETDB1/Suv39 hl, which methylates H3K9,
a tertiary attachment to DNMT]I, and a quaternary attach-
ment to a TRD protein.®® As a complex, MBD1-TRD further
recruits HP1, HDACs and MCAF1. MCAF1 houses a homeo-
box-containing zinc finger protein that ensures that dominant
transcriptional silencing occurs through the powerful MBD1-
SETDB1-TRD-MCAF1 multi repression complex.¥”' Many
studies corroborate a very important role for MBD1 in establish-
ing DNA areas to be silenced; its capabilities involve bringing
the DNMT1 and the histone methylation enzymes within the
MBDI-SETDBI-TRD-MCAF1 complex in close proximity.?>
Absence of MBDI1 results in loss of heterochromatin formation.”

MBD2-MBD4. MBD2 forms a primary attachment to meth-
ylated CpG and a secondary attachment to the Mi2-NuRD com-
plex. The Mi2-NuRD complex houses the histone constriction
enzymes HDACI and HDAC2, the H4 chaperones RbAp48/
p46, the chromatin remodeling factor Mi-2 and metastasis-
associated MTAIl-like, MTA2, Tpase and p66a/p66f, which
bind directly to histone N-terminal tails.*** The Mi2-NuRD
repression complex is a formidable deacetylation powerhouse®
and, when docked to MBD?2, is capable of adjoining to DNMTT1,
MDBI (via RbAp48) and MBD3.>* MBD4 is unique in that it
functions as a DNA repair enzyme that maintains methylated
CpG motifs via a DNA N-glycosylase. ¢4

MeCP2. MeCP2 is a prominent silencing mark that is heav-
ily embedded in heterochromatin located throughout the lam-
ina circumscribing the nuclear envelope.” Similar to MBDI,
MeCP2 also contains a TRD unit that, in this case, binds to
the pre-initiation transcription machinery (TFIIB) that prevents
transcription by RNAP II and docks to the paired amphipathic
helix protein Sin3A.% Yeast Sin3 (Sin3A and Sin3B) serve as
co-repressors that bring histone deacetylase activity in very close
proximity to genes targeted for silencing.’® Sin3 is a deacetylase
powerhouse that houses HDAC1, HDAC?2, the histone-binding
proteins RbAp46/RbAp48, which anchor the Sin3 complex onto
nucleosomes, the polypeptides SAP30/SAP18, which stabilize
the Sin3A-HDAC interaction to DNA-bound transcription fac-
tors to enable repression, and transcriptional repressors such as
Mad/Max proteins, which recruit mSin3A-HDAC directly to
gene areas to be silenced.””** Paired amphipathic helix domains
within Sin3 serve as a protein-protein glue to ensure association
of HDACI to HDAC2, and of Sin3 to N-CoR and Mad/Max.%®
In addition, mSin3A and Sin3B also interact with histone meth-
yltransferase ESET via a tudor domain that aids in the establish-
ment of the H3K9me3 constrictive histone modifications.®® As
a unit, the MeCP2-Sin3-HDAC complex further serves as plat-
form for CDK2AP1, which enforces nucleosomes to remain in
compact formation.®® MeCP2-Sin3-HDAC complexes also inter-
act with the Mi2-NuRD repression complex and with N-CoR1.
N-CoR1 is a member of the ISW1 class of AT Pase/Snf2 h nucleo-
somal remodeling proteins (discussed below) and contains TIP5,
which is capable of interacting with DNMTs and Sin3 and of
recruiting constrictive HDACs and methyltransferases to silence
promoter regions of DNA 3240486769 N-CoR is also reported to
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bind to un-liganded nuclear hormone receptors, which block the
hormonal activated dissociation of the Sin3 complex (inducing
nucleosomal expansion) and inhibit the recruitment of HATs
(inducing histone relaxation) involved with gene activation.”

Other human MBD proteins. Additional human proteins
that contain MBD domains have been identified, suggesting a
role in collaborative silencing. These include: (1) BAZ2A/TIP5
and BAZ2B; (2) KMT1F/CLLD8, KMTI1E/SETDBI and (3)
KIAA1461/MBD5 and KIAA1887/MBD6.#7! Little is known
about the function of BAZ2B. There is evidence to suggest that it
can dock to methylated DNA through its primary MBD domain,
also having a secondary DNA-binding homeobox and different
transcription factor domain, a tertiary tandem C4HC3 zinc-finger-
like domain and a quaternary AT hook domain, which is capable
of binding to DNA, also being part of the N-CoR complex. BAZ
proteins are likely to be involved in the recruitment of HDACI,
DNMTs and ISWI-ATPase nucleosomal constriction machinery
close to DNA promoter regions targeted for silencing.”>”?

In the case of KMTIF/CLLDS, co-existence of a MBD
domain on pre-SET/SET brings together constrictive methylase
SETDBI in conjunction with Suv39 h1.#747¢ MBD5 is unique in
that it harbors a secondary proline-tryptophan-tryptophan-pro-
line domain, which can allow direct docking to chromatin, and
is generally concentrated in areas with DNMT3a/3b, suggesting
a role in newly established patterned heterochromatin.”* All of
these studies clearly show the importance of MBD proteins in
bringing together methylated CpGs and reinforcements that ulti-
mately model and shape the histone scaffold to constrict around
methylated areas of DNA targeted for silencing.

Mutations or defects in any of the above mentioned processes,
including DNMTs or MBPs, can lead to developmental disor-
ders such as Rett syndrome (MeCP2),”” Angelman syndrome,
defects in brain development, autism (MBD1),”%”® or immuno-
deficiency-centromeric instability and facial anomalies syndrome
(DNMT?3b).58" Similarly, a deficiency in MBDS5 is associated
with developmental disorders, specifically within the central ner-
vous system, that manifest themselves as speech difficulties, sei-
zures, microcephaly or behavioral disorders.®

Histone Modifications

Once CpG sites are methylated and associate with MPD-
transcription repression complexes, the next order of macromo-
lecular control is given by the distribution and stability of the
histone units. Each individual histone octamer is comprised of
two copies of H2A/H2B dimer cores and H3/H4 tetramers,
which wrap around 146 base pairs of DNA.*%4 Repeating histone
units make up the composition of nucleosomes and nucleosomes
make up higher order chromatin. Histone octamer components
contain a structured domain and an unstructured N-terminal tail
of varying length that protrudes outward from the nucleosome,
being readily subject to modifications known as “histone marks.”
Histone marks are established by covalent interactions that alter
the electrostatic charge and, therefore, histone shape and DNA-
histone affinity. The compilation of histone marks make up what
is termed “the histone code.” Given that there are at least four
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amino acid residues that are subject to modification (i.e., lysine,
serine, tyrosine and arginine), and more than six types of modi-
fications (i.e., methylation, acetylation, phosphorylation, ubiqui-
tination, biotinylation, sumoylation and proline isomerization),
the number of possible combinations comprising the histone
code is extraordinarily high (Figs. 1 and 2 summarize described
modifications in histone H3 and histone H4, respectively). The
histone code is further reinforced by diverse proteins that contain
a series of domains, such as CHDs, PHDs, tutors or bromodo-
mains, many found in ATP-dependent nucleosomal remodelers
that either (1) disrupt the association between DNA and histones
in a ubiquitin-independent manner (inducing expression) or
(2) constrict the nucleosomes close to methylated CpG in DNA
(inducing silencing).

The most extensively studied modifications to H3/H4 tetra-
mers include (1) hyperacetylation, mediated by histone acetylases
(HATS) such as GNAT/PCAF and (2) deacetylation by HDAC:.
HDACs are docked to transcriptional co-repressor silencing
complexes such as Sin3, N-CoR and Mi2-NuRD, whereas HATs
are in close proximity to CREB protein/p300 co-activators
and transcription initiation complexes, such as TAFII250,%4%
around actively transcribed genes.” A second set of highly inves-
tigated modifications to H3/H4 tails involve (1) the transfer of
methyl groups by histone methyltransferases (HMTs), which
are enzymes that have a highly conserved SET domain and
(2) removal of methyl groups by histone demethylases (HKDMs),
such as jmjC domain-containing histone demethylase LSDI. The
methylation of histones can either provoke gene repression (as
in the case of H3K9me3) or gene expression (as in the case of
H3K4me3). A complete examination of known histone modi-
fications is outside the scope of this review but, in brief, histone
modifications create histone marks that are recognized by diverse
supporting elements to perpetuate nucleosomal constriction or
relaxation. A good example of this would be the case of DNMTs,
which play a role in silencing by binding to unmethylated H3K4,
and H3K9 methyltransferase enzyme SETDB1. DNMTs and
SETDBI interact with MBDI, which, in turn, dock to methyl-
ated CpGs.® In contrast, gene expression involves the phosphor-
ylation of H3S10, which leads to the displacement of constrictive
HP1 from H3K9me3-marked chromatin, methylation of H3K4,
acetylation of H3K9 and dissociation of DNMT3a, all events
that facilitate chromatin decondensation in stable euchromatin.”
It is also reported that, in some cases, histone residues can be
modified in ways that promote transcription or silencing, as in
the case of H3K9, which can be trimethylated (to promote gene
repression) or acetylated (to promote transcriptionally active
genes).* Additionally, a number of other modifications such as
sumoylation of H4 and biotinylation of H4K8 and H4K12 are
generally believed to be associated with transcriptional repres-
sion, although this may not always be the case and needs to be

investigated further.5”%

Nucleosomal Positioning

The nucleosomal structure is predicted by the characteristics
of the collective assembly of individual histone octamers that
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Figure 1. H3 histone modifications. Slice numbers represent residue
positions. Green denotes histone marks typically associated with gene
activation; red represents histone marks generally associated with
transcriptional repression. Modifications are denoted at specific histone
residues as Iso, isomerated; Ac, acetylated; Me*, methylated (variable
methylation can include mel, me2, me3); P, phosphorylated; me-, de-
methylated and Ac-, de-acetylated. Residues are K, lysine; R, Arginine;

S, Serine; T, Threonine; P, Proline.
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Figure 2. H4 histone modifications. Slice numbers represent residue
positions. Green denotes histone marks typically associated with gene
activation; red represents histone marks generally associated with
transcriptional repression. Modifications are denoted at specific histone
residues as Bio*, biotinylated; Ac*, acetylated; Me*, methylated (variable
methylation can include mel, me2, me3); Ac-, de-acetylated and SUMO,
sumoylated.

circumscribe 146 base pairs of DNA, which are further adjoined
by a piece of 15 base pairs of DNA woven through the connec-
tive linker histone H1. Constricted nucleosomes are packaged
tightly around DNA, serving as a multi-composite mechanical
barricade by which transcription initiation complexes are denied
access to DNA.Y In the opposite manner, expansive, nucleosome-
free, non-methylated CpG islands are associated with active gene
expression. In these regions, biochemical forces eject nucleosomes
(by sliding and twisting) away from DNA to ensure an open
unmethylated loop of DNA is highly accessible by transcriptional
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complexes and RNAP II at 5' promoter gene regions.* The three
most recognized events associated with how nucleosomes twist
and slide involve (1) the stability of the histone cores H2A/H2B;
(2) the integrity of the H1 linker and (3) the supporting tortional
movement enabled by the ATPase-driven chromatin remodeling
machinery.

Histone core stability. Nucleosomal ejection is initiated by a
destabilized H2A histone core that occurs through an exchange
process with an unstable dimer. The unstable dimer is collapsible,
highly acetylated and enables chromatin expansion and nucleo-
some ejection at areas of unmethylated DNA targeted for active
expression.® Unstable histone variants such as H2A.Z most often
coincide with transcription start sites’”! and are highly concen-
trated in euchromatin marked with acetylated H3K9, H3K18,
H3K27 and H4 tails circumscribing open 5' promoter regions of
genes.”>?? While methylation of histone tails is primarily associ-
ated with silencing, triple methylation at H2AR at serine residues
within the H3 tail by enzymes such as PRMTS5 are also associ-
ated with H2A.Z core exchange, unit collapse, nucleosomal ejec-
tion and active gene expression.””

While there are many questions as to the sequence of events
that initiate core exchange, it has been suggested that H2A cores
are subject to modification both before and after core exchange.
Mammalian H2A contains two lysine residues (K5 and K9) that
are subject to acetylation by Tip60 and CBP/300, respectively,
and initiate instability.” Moreover, a serine residue (S1) that can
be phosphorylated by MSK1 kinase and an arginine residue (R3)
that can be methylated by PMTS5 are also thought to play a role in
triggering core exchange. Modifications to the core variants, such
as phosphorylation of H2Av in flies, can lead to active recruit-
ment of HATs and proteins containing bromodomains (BRDs),
such as Tip60/ATPase/helicases (in eukaryotes) and the NuA4
acetyltransferase/Swrl complex (in yeast).”*?? Collectively, these
forces serve to relax histones through core exchange. Core vari-
ant acetylation and any subsequent recognition by BRDs located
on reposition machinery assist to move nucleosomes away from
DNA to allow transcription. A number of studies support this
model in diverse organisms. For example, BRDs on SWI/SNF
ATPase nucleosomal repositioning complexes, such as Swrl/Bdf1
in yeast and BRG/SNF5/BAF47 in mammals, recognize acety-
lated unstable H2A cores and assist in driving the nucleosomes
away from unmethylated areas of DNA.”” Moreover, energy
driven ATPase chromatin-remodeling complexes can aid in core
dimer exchange, such as in the case of SNF2-related CBP acti-
vator protein, the human ortholog of Swrl, TIP60 TIP48 and
TIP49 HAT complex, which enhances acetylation to facilitate
H2A.Z-H2B dimer exchange into the nucleosome and its sub-
sequent ejection.”® SNF2-related CBP activator protein seems to
provide the energy to displace the core, as knockdown via siRNA
decreases deposition of H2A.Z and acetylated H2A.Z at gene
promoter regions.'"

A number of complementing molecular events contribute to
core exchange and instability. It has been reported that acety-
lation of the nucleosomal ATPase subunit within chromatin
remodeling proteins may create stability for the entire unit, such
as that observed for acetylated BAF (stabilized by BAFI155),
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which blocks TRIP12/E3 ubiquitin proteosomal degradation.
Histone chaperones, such as FACT, nucleoplasmin and NAP-
1, also assist in this process.'”” FACT subunits facilitate phos-
phorylation of H2A, which is required for core exchange, as
well as dimer ejection, nucleosomal collapse!®'** and activation
of RNAPs.' The function of FACT can be likened to a zipper
effect that ejects nucleosomes along transcription start sites occu-
pying unmethylated areas of DNA.

In contrast, core variant exchange with an H2A of greater
stability is often associated with gene silencing,'*® such as in the
case of H2ABbd or macroH2A-H2AB, which evoke inhibition
of p300-dependent histone acetylation, attenuation of RNAP II
and gene silencing.'””'%® Modifications to the H2B core are also
involved in transcription control and include sumoylation, acety-
lation and ubiquitination.*

H1-the histone linker. Disruption of the HI linker is evi-
dent along transcription start sites that are aligned in proximity
to unstable histone core variants such as H2A.Z' and hyper-
acetylated H3 and H4 tails. In mammals, these modifications
occur alongside high mobility group (HMG) proteins, which
serve to loosen tension of the HI linker, enabling nucleosomal
expansion.'*"! HMGB1-4 proteins are believed to dock to the
H1 linker via nucleosomal binding domains causing a break of
integrity in association with nucleosomal ejection around pro-
moter gene regions."'>'"> HMGNI is associated not only with
disruption of the H1 linker, but also with increased acetylation
of H3K14 and with increased HAT/PCAF within the vicinity of
where it docks to nucleosomes, events all associated with tran-
scription. HMGs have dynamic capability as they can also bind
DNA through an HMG-box, a feature that is likely to stabilize
and facilitate ejection of DNA from nucleosomes.""' Other
identified HMG proteins include HMGN3a/3b and HMGNS5,'®

which are present in euchromatin !¢

There is very little informa-
tion at this point about the regulatory roles of post-translational
modifications to the H1 linker, such as ADP-ribosylation or
methylation,'” but there is some indication that phosphoryla-
tion of H1 increases the dissociation rate of unstable cores within
nucleosomes.'® However, most studies allude to the importance
of histone HI linker elasticity in regulating gene expression
through loss of nucleosomal integrity.

Nucleosomal remodeling complexes. SWI-SNF. ATD-
dependent chromatin remodeling complexes were first discovered
in yeast and named SWI (after yeast mating-type switching)-
SNF (after sucrose non fermenting) nucleosome remodeling
complexes. The SWI-SNF complexes in yeast contain a Swi2/
Snf2 ATPase subunit. A similar complex in yeast, the RSC, con-
tains an Sth1 ATPase subunit; the mammalian SWI-SNF com-
plex contains a hBrm ATPase subunit (also known as SNF2a/
SMARCA?2), a Brgl ATPase subunit (also known as SNF2[3/
SMARCAA4) or a collective unit referred to as mammalian BAF.*
SWI/SNF BRGI! and hBRM ATPases are typically associated
with gene expression and reportedly present in the vicinity of
unmethylated CpG islands and heavily acetylated histone tails.

BAF type remodeling proteins contain BRDs, which bind
to acetylated lysines with high specificity."” It is now becoming
more apparent that the human genome encodes for dozens of
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BRD-containing proteins, many of which play a role in promot-
ing transcription. These include the HAT enzymes PCAF and
GCNS5, the Tip60 acetyltransferase, the co-activator CBP, the
transcriptional protein TAF1, BRD2, BPTF, SNF2L4, BAZ2A,
BAZ2B, and the nuclear proteins Sp100, Sp110 and Sp140.'"™
12 Moreover, many proteins that contain BRDs also have other
domains including PHD, PW WP, B-box type zinc finger, Ring
finger, SAND, FY Rich, SET, TAZ zinc finger, helicase, ATPase,
BAH, WD40 repeat and MBDs.'® The complexity of BRD-
containing proteins role in the regulation of gene expression can
be exemplified by the BRDs in human SWI/SNF BRGI and
hBRM AT Pases, which have dynamic capacity to bind H3K14ac,
H4K8ac, H4K5ac and H4K122ac, as well as DNA, via AT-hook
or zinc finger binding motifs.'**'* This is also exemplified by
the Brg-1 component of remodeling complex BAF, which con-
tains two bromodomains (BD, and BD,) with capacity to trig-
ger transcription through association with transcription factor
E2F, transcription mediators such as CDK8 and TRAP220,
RNAP II," and with ability to dock to acetylated histone tails.'®
Other human BRD proteins, such as Brd4, are also recruited to
acetylated H3/H4 tails or phosphorylated H3S10 and, in turn,
recruit enzymes that phosphorylate RNAP IT and recruit P-TEFb
to transcriptional start sites.'”” The nucleosomal reposition
machinery, therefore, not only enforces ejection of histones, but
also recruits transcriptional machinery and provides the torsional
stress on chromatin required to open a DNA loop out of the
helix, which is further mediated in part by RAD54 in Swi2/Snf2
(yeast) in co-operation with Rad51, which destabilizes nucleo-
somes along stretches of DNA associated with eviction.'?®
SWI/SNFE Swi2/Snf2 complexes are also known to contain
actin-related proteins Arp7p and Arp9, which are the human
equivalent of B-actin/BAF53a/BAF53. These subunits assist in
the ability of euchromatin to build scaffolding between neigh-
boring chromatin fibers or proteins, possibly involved in main-
taining the open and distant location of nucleosomes away from
DNA to allow for gene expression. For example, BAF53 is usu-
ally associated with active transcription and has the capability
to form direct complexes with TIP49, TIP48 (which is neces-
sary for the assembly and functional activity of the TIP60 acet-
yltransferase complex), TRRAP and several HATs.'"” Mutations
in nucleosomal reposition complexes are associated with serious
developmental problems including mental retardation, facial
dimorphism, urogenital abnormalities and a-thalassemia.'®’
ACF. Other remodeling complexes are involved in gene silenc-
ing, such as human ATP-dependent chromatin assembly and
remodeling factor, hACF, or its yeast counterpart, ISW2, which
arrange nucleosomes by a sliding motion toward formation of
organized heterochromatin.’®'** Human ACF and yeast ISW2
bring nucleosomes toward a state of compaction in close prox-
imity to methylated CpGs, HDACs, TRD-Sin3A/Rpd3 and
MeCP2. ACF docks solidly to the nucleosome via PHD fingers
in the core histones.!*® Deletion of PHD modules abolishes ACF
subunit Acfl-directed nucleosome repressive mobilization.'®
ACF is a member of the SF2 family of ISWI-class of ATPases,
which includes DExx-box proteins such as helicases and nucleic
acid translocases, SNF2 h and CHRAC. Acf1 is involved in the
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strategic deposition of histones in periodic nucleosome arrange-
ment around methylated CpG DNA targeted for silencing and
is assisted by the chaperones NAP-1 and CAF-1.® The CHRAC
complex serves primarily as a lubricant to enable nucleosomes
to slide with little friction along DNA; the Acfl subunit pro-
vides a slipping sliding motion by which nucleosomal silencing
arrays are fashioned.?*'* CHRAC subunits also include NUREF,
topoisomerase'?®'*” and HMGBI, which are believed to lubricate
areas of distorted DNA to allow smooth entry along a compact
nucleosome,!?®
DNA repair.’”’

CHD/Mi2-NuRD. Repressive remodeling complexes of the
SNF2-like DNA helicase/ATPase category also include NuRD,
which contains Mi-2 subunits and histone deacetylases HDAC1
and HDAC2. Mi-2 subunits of the NuRD complex belong to
the CHD family of proteins that includes CHD1, CHD2,
CHD3/Mi-2ac and CHD4/Mi-23, the latter of which comprise
the catalytic ATP hydrolyzing subunits in the complex. CHD3
and CHD4 contain PHD-zinc finger domains, two chromo-
domains and a SWI2/SNF2-type ATPase/helicase domain.
While the PHD fingers and chromodomains within this com-
plex have the ability to bind repressive histone marks H3K9me3
and H3K4me3, respectively,' !
act as an autonomous repressor complex when separated from
HDAC/NuRD in Drosophila melanogaster.*> Current research is
now suggesting a dual co-repressor/co-activator nature of Mi2-
NuRD, given the ability of its Mi-2 PHD-zinc finger domain
to affiliate with constrictive histone marks (e.g., H3K9me) and
expansive histone marks (e.g., H3K9ac); nevertheless, the latter

working collectively with Acfl, which assists in

each of these subunits can

has not been fully explored®®'¥3"'® In general, this complex was
found associated with nucleosomal constriction and transcrip-
tional repression in the majority of the research literature.

Heterochromatin Proteins

Heterochromatin proteins HPlaw and HP1P are the major teth-
ering elements that bring together most, if not all, silencing ele-
ments by adjoining Suv39 hl, H3K9me3 by a HP1 N-terminal
chromodomain, MeCP2, methylated CpGs, MBD1/SETDB1/
CAF-1 and human Swi/Snf ATPases, via their chromoshadow
PXVXL motif.»"61% HP1 proteins are involved in nucleoso-
mal constriction and counteract expansive chromatin remodel-
ing complexes such as Brgl and Brm.""® Moreover, HP1 can also
interact with BAHDI1, which interacts directly with MBDI and
HDACS, allowing for organized heterochromatin that lacks acet-
ylated H4 and is enriched in H3K27me3.""” The histone mark
H3K9me3 seems to be of utmost importance in the stability of
constrictive HP1, which, if lost by phosphorylation of H3S10, can
lead to nucleosomal expansion and formation of euchromatin.”
As previously mentioned, H3S10 is a general histone expansive
mark and signals recruitment of bromodomain proteins (which
recognize acetylated H3/H4) and RNA initiation and elonga-
tion factors toward transcriptional start sites.'”” HP1 is dynamic,
having ability to interact with constrictive HDACs, a number of
repression complexes and DNMTT, bringing together a plethora
of silencing agents into position.”® While HPla and HP1{ are
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associated with silencing, other forms of HP1, such as HP1-type
C, are found in euchromatin interacting with FACT subunit
SSRP1, which is responsible for guiding FACT toward active
genes to promote nucleosomal instability by H2AX exchange
and RNAP activation,!03-10>151.152

Macromolecular Chromatin

Euchromatin. At the macromolecular level, transcriptionally
active euchromatin is housed at the inner nucleoplasm/center
of chromosome territories, while silenced heterochromatin is
arranged at the outer circular perimeter of the nuclear mem-
brane. Euchromatin contains a combination of unstable core
variants, HATs, G9a, HMG proteins and a low occupancy of
linker H1.11®1¢ While euchromatin may contain both activa-
tion marks (e.g., H3K4me3 and H3K36me3) and some silenc-
ing marks (e.g., H3K9me2 or HP1a), a hallmark component of
active genes is the loss of H3K9 methylation at transcription start
sites.” In euchromatin, abundant ribosomal unit transcription
factories called nucleoli are easily visualized, which synthesize
ribosomal subunit proteins that will be assembled later into the
small and large subunits of ribosomes.!*

Heterochromatin and lamins. Silenced heterochromatin is
comprised of two categories. Constitutive heterochromatin is
considered to be static and irreversible through the lifetime of
the organism, whereas facultative heterochromatin can change
patterns through epigenetic alteration.” At the nuclear periph-
ery, silenced heterochromatin contains a combination of MBD
proteins, repression complexes, H3K9me2, H3K9me3, HP1a,
Suv39 hl and methylated DNA."? Within heterochromatin,
Suv39 hl can become a target of the SIRT enzyme, which
maintains deacetylation at H4K16, contributing toward the
reinforced silencing within heterochromatin.’”® DNA methyla-
tion within heterochromatin must be sustained, as its loss could
initiate the dismantlement of chromatin, acetylation of histone
H4, and H3K4 di- and trimethylation, all events associated with
relaxation of nucleosomes.”® The nuclear lamina is required
to lock the peripheral position of heterochromatin within the
nuclear envelope to maintain silencing.** The nuclear lamina
itself is a type of glue that secures heterochromatin organization
into position and in organized fashion to sustain gene silenc-
ing. Lamins directly interact with H3K9me3 and MeCP2/
Sin3A, which bind to lamin B, HP1y and HP1a.>>" Lamins
also adhere to lamin-associated polypeptides and, at the inner
membrane, bind with emerin, Sunl and Sun2, which anchor
nesprin-3 on the outer side, where it binds to cytoskeletal actin
via a Klarsicht/ANC-1/Syne homology domain. Moreover, on
the outside membrane, nesprin-2 forms complexes with kine-
sin-1 motor protein apparatus by associating with and recruiting
KLCI to the outer nuclear membrane, which requires lamin A
and C. Ultimately, the kinesin-1/nesprin-2/SUN complex spans
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the entire nuclear envelope in order to anchor cytoskeletal struc-
tures to nuclear lamina."”®

Given the important role of lamins in these processes, it is not
surprising that lamin A and lamin C mutations are associated
with severe disorganization of chromatin and degenerative dis-
eases, collectively termed as laminopathies. One example is the
Hutchinson-Gilford progeria syndrome, which corresponds to a
loss of coordinated transcriptional control of the progerin pro-
tein.””" In addition, more than 200 pathogenic mutations are
associated with the LMNA gene, most of which result in devel-
opmental disorders of skeletal, heart, muscle and neurological
systems, such as Emery-Dreifuss muscular dystrophies, AD-limb
girdle muscular dystrophy, lipodystrophy, neuropathy, cardiomy-
opathy, dermopathy, Atypical Werner Syndrome, hepatic steno-
sis, hyperpigmentation, fertility problems and accelerated aging

syndromes.!6%16!

Summary

While there are few absolutes in the field of epigenetics, a general
line of thought to simplify a very complex matter could include
the following. Epigenetics may be conceptualized as control over
how genomic DNA is expressed. This control is initiated by
DNMTs that methylate CpGs, which are then tagged by MBD
proteins attached to potent repression complexes. Repression
complexes, in turn, control modifications to histones H3 and H4
tails, which perpetuate constriction and make stable modifica-
tions to the histone cores H2A and H2B to prevent histone unit
ejection/nucleosomal displacement. These collective events are
associated with stabilized tension of the histone HI linker. HP1at
and HP1P proteins tether silencing elements—f{rom methylated
CpGs to ATPase remodeling machinery—together, in order to
tightly crowd methylated DNA close to the nucleosomes, thereby
blocking transcription elements. The positioning of silenced
heterochromatin along the nuclear envelope is carried on by
lamins; centrally positioned euchromatin remaining transcrip-
tionally active. Within euchromatin, unmethylated CpG islands
remain open to transcription initiation complexes by opposing
processes such as hyperacetylation of histone tails, H2A core
variant exchange, HMG proteins binding, which disrupt the H1
linker, and the FACT complex and ATPase reposition machin-
ery, which promotes continual nucleosomal expansion. Silencing
and transcription patterns are altered by environmental cues and
the transmittance of epigenetic information is heritable through
mitosis and meiosis. While this describes a very basic model, the
complexities of epigenetic control in regulating the phenotype
seem infinite.
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