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Preface

Pharmacoepigenetics: A Long Way Ahead

In 1936 Hans Selye (1907-82) postulated the “general adaptation syndrome,” describing how different types of
environmental stressors might affect physiological functions and promote disease development. Then, 20 years later
Conrad Waddington (1905-75) introduced the concept of transgenerational inheritance and epigenetics. Since the pio-
neering ideas of Waddington in 1956 regarding the inheritance of a characteristic acquired in response to an environ-
mental stimulus the field of epigenetics has undergone explosive growth, especially during the last decade. Over 900
papers were published in 2010. These figures tripled in 2015 and quadrupled in 2017. Over 26,000 papers have been
published during the 1958-2018 period. Epigenetics is conceived as a natural progression of genetics to explain gene
expression and the interaction of the genome with the external milieu. However, the conceptual scope of epigenetics
has greatly expanded in parallel with our current understanding of the mechanisms configuring the epigenetic phe-
nomenon. Some genuine features of epigenetics include the following: (i) transgenerational inheritance of particular
phenotypes without apparent structural changes in the genetic code associated with subtle chemical changes in DNA
and RNA; (ii) transcriptional and posttranscriptional regulation of gene expression under the promiscuous control of
the epigenetic machinery (DNA methylation, chromatin/histone modifications, miRNA regulation); and (iii) the
reversibility of epigenetic marks by exogenous intervention.

Considering the plurality of actions in which epigenetics is involved, it is hard to imagine any cellular or biological
function/reaction in which epigenetic regulation is absent. Therefore, this emerging field will transform our concep-
tion of health and disease. Development, maturation, aging, stem cell-dependent differentiation/regeneration, and
disease are largely controlled by the epigenetic status of cells. The impact of early-life environmental exposures on
epigenetic mechanisms may determine the long-term health of an individual and his/her progeny. This postulate
has led to formulation of the “Developmental Origins of Health and Disease” theory.

Medical epigenetics will revolutionize medical practice in three main areas: etiology, diagnosis, and treatment. Only
about 10% of human pathology is reasonably understood by the scientific community in pathogenic terms. It is very
likely in the coming decades that genomics, epigenetics, transcriptomics, proteomics, and metabolomics will help us
to understand the molecular basis of disease, facilitating early (preventive) intervention. In fact, there is clear evidence
that epigenetic aberrations can contribute to the pathogenesis of major problems of health (cardiovascular disorders,
cancer, brain disorders, metabolic disorders). Conceptually, conventional medicine associates a disease with symptoms
(phenotype); without symptoms there is no disease. This is obviously erroneous, as someone may be dying without any
apparent symptomatology. The combination of genomic and epigenetic signatures will allow the identification of risk
many years before the onset of a particular disease. This predictive (presymptomatic) diagnosis is essential for the imple-
mentation of preventive programs, because without prediction prevention is impossible. Likewise, epigenetic marks will
help to define differential diagnosis, disease status and progression, and therapeutic monitorization. Finally, epigenetics
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will contribute to establishing effective personalized treatments based on the experience of pharmacogenetics accumu-
lated over the past 70 years. The discipline of pharmacogenetics was introduced by Vogel in 1959, after the pioneering
studies of Bonicke and Reif, Carson, Kalow and Staron, and Motulsky in the 1950s. Pharmacogenetics accounts for 50%—
80% of the variability in pharmacokinetics and pharmacodynamics; however, it does not explain drug efficacy and safety
in full. The pharmacogenetic outcome results from the bidirectional interaction of drugs with by-products of a cluster of
genes, be they pathogenic, mechanistic, metabolic, transporter, or pleiotropic. The expression of pharmacogenetics-
related genes is regulated by the epigenetic machinery, and the assembly of pharmacogenetics-related effectors with
components of the epigenetic machinery, which regulates the expression of genes involved in the pharmacogenetic net-
work, configures the functional structure of the pharmacoepigenetic apparatus. This complex system may well be
responsible for over 95% of the variability in drug efficacy, toxicity, and resistance.

The pharmacoepigenetic landscape has to be built on the foundations of pharmacogenetics, integrating genomics,
epigenetics, and pharmacology. Genetic defects in genes associated with the pharmacogenetic network, mutations in
epigenes, and epigenetic aberrations in different components of the epigenetic machinery may all contribute to indi-
vidual responses to conventional drugs.

The emerging discipline of pharmacoepigenetics is still in its early infancy with fewer than 50 papers published
during the period 2007-18. However, over 3000 papers have been published on epigenetic drugs (1981-2018). Epi-
drugs are generally recognized as chemicals (or bioproducts) whose main targets are components of the epigenetic
machinery (DNA methyltransferases, DNA demethylases, histone deacetylases, histone methyltransferases, histone
demethylases, and chromatin-associated proteins). The genes encoding these targets are the mechanistic genes in
the pharmacoepigenetic network. Over 90% of epidrugs are focused on cancer, and some have been approved by
the US Food and Drug Administration for the treatment of different forms of neoplastic processes. According to their
primary targets the classification of epidrugs currently includes the following categories: DNA methyltransferase
inhibitors, DNA demethylase modulators, histone deacetylase inhibitors, histone acetyltransferase inhibitors, histone
methyltransferase inhibitors, histone demethylase inhibitors, ATP-dependent chromatin remodelers, polycomb
repressive complex inhibitors, bromodomain inhibitors, and chromodomain inhibitors.

The great variety of epidrugs highlights just how heterogeneous their pharmacokinetic and pharmacodynamic
properties are. Most synthetic compounds are not devoid of side effects and their hydrophilic profile does not allow
some of them to cross physiological barriers (i.e., the blood-brain barrier). This circumstance may limit their applica-
bility for the treatment of brain disorders, although novel drug delivery systems can probably overcome this draw-
back. Despite abundant black holes in the universe of epidrugs, the potential reversibility of epigenetic aberrations
with efficient pharmacological intervention is a promising area of future development in which pharmacoepigenetics
holds a privileged position.

This book is the first attempt to establish the foundations of pharmacoepigenetics. It is the culmination of over 5000
studies reported by many researchers during the past two decades. I would like to thank the contributing authors from
all over the world for their excellent chapters and their attempts at harmonizing still uneven information to construct a
preliminary doctrine on pharmacoepigenetics. I would also like to thank Megan Ashdown and the Elsevier staff
involved in this book for their professional excellence and exquisite care with details.

In science nothing is definitive, and I hope that these initial ideas and postulates on pharmacoepigenetics will be of
help in the construction of a solid discipline in the coming years. Perhaps, the Decalogue of Golden Rules put forward
in this book can be summarized by making the following points: (i) epigenetics is a biological language for fluent com-
munication between the environment and the genome of living creatures; (ii) mutations in genes encoding components
of the epigenetic machinery can lead to epigenetic Mendelian disorders; (iii) prenatal exposure to xenobiotic influences
may affect individual health later in life and its consequences may be transmitted to progeny via transgenerational
inheritance; (iv) epigenetic changes are potentially reversible by means of appropriate endoxenobiotic intervention;
(v) any xenobiotic agent (drugs, nutrients, environmental toxicants) undergoes epigenetic processing via the pharma-
coepigenetic apparatus, yielding positive or negative effects on health conditions; (vi) epigenetic drugs may open up
new horizons for the treatment of complex disorders in which epigenetic aberrations influence pathogenesis; (vii) drug
efficacy and safety depend to a great extent on the functional integrity of the pharmacoepigenetic apparatus and/or
the intrinsic properties of each drug; (viii) in some instances drug resistance may be the result of malfunctioning in
by-products of pathogenic, mechanistic, metabolic, transporter, and pleiotropic genes associated with the pharmacoe-
pigenetic network; (ix) epigenetic drugs, like any other xenobiotic compound, are subject to global pharmacoepige-
netic processing; and (x) all treatments should be personalized according to the pharmacoepigenetic profile of each
patient for therapeutic optimization.

Ramon Cacabelos

Professor of Genomic Medicine, Corunna, Spain
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The Epigenetic Machinery in the Life Cycle
and Pharmacoepigenetics
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*EuroEspes Biomedical Research Center, Institute of Medical Science and Genomic Medicine, Corunna, Spain
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1.1 INTRODUCTION

Epigenetics is a discipline that studies heritable changes in gene expression without structural changes in the DNA
sequence. Epigenetics is one of the most rapidly developing fields in the history of biology. The concept of epigenetics
has evolved since Waddington defined it in the late 1930s, becoming a contextual multifaceted discipline with influ-
ence in evolution, speciation, functional genomics, transcriptomics, proteomics, metabolomics, and obviously in
species-specific health and disease.' Epigenetics plays an important role in phenotypic variation in different species
of the animal and plant kingdoms.” Epigenetic memory can persist across generations. A stress-induced signal can be
transmitted across multiple unexposed generations leading to persistent changes in epigenetic gene regulation.” Epi-
genetic mechanisms contribute to phenotypic variation and disparities in morbidity and mortality.* Epigenetics acts as
an interface between the genome and the environment, and the mechanistic changes associated with the epigenetic
phenomena can also be considered a sophisticated form of intracellular and intercellular communication.” Epigenetics
is an adaptive mechanism of developmental plasticity, a phenomenon of relevance in evolutionary biology and human
health and disease, which enables organisms to respond to their environment based on previous experience without
changes to the underlying nucleotide sequence.’

Genetic variation correlates with phenotypes depending on allele-specific genetic changes linked to gene expres-
sion, DNA methylation, histone marks, and miRNA regulation of proteomic and metabolomic processes.

Epigenomic modifications are involved in a great variety of pathological conditions; of major importance are those
related with age and with major problems of health such as cardiovascular disorders, obesity, cancer, inflammatory
disorders, asthma, allergy, and brain disorders. Pharmaceuticals, pesticides, air pollutants, industrial chemicals, heavy
metals, hormones, nutrition, and behavior can change gene expression through a broad array of gene regulatory mech-
anisms which include regulation of gene translocation, histone modifications, DNA methylation, DNA repair, tran-
scription, RNA stability, alternative RNA splicing, protein degradation, gene copy number, and transposon
activation.® Epigenetic modifications are reversible and can potentially be targeted by pharmacological and dietary
interventions.”’

The effects of drugs (pharmacokinetics and pharmacodynamics) and their therapeutic outcome in the treatment of a
given disease are the result of a network of metabolomic events (genomics-transcriptomics-proteomics) associated
with the binomial interaction of a chemical or biological molecule with a living organism. The clusters of genes cur-
rently involved in a pharmacogenomic process include pathogenic, mechanistic, metabolic, transporter, and pleiotro-
pic genes.'” In practice, the expression of these genes is potentially modifiable (transcriptionally and/or
posttranscriptionally) by epigenetic mechanisms which may alter (i) pathogenic events, (ii) receptor-drug interactions,
(iii) drug metabolism (phase I and II enzymatic reactions), (iv) drug transport (influx-efflux across membranes and
cellular barriers), and (v) pleiotropic events leading to unexpected therapeutic outcomes. Understanding these
mechanisrgllslif the main focus of pharmacoepigenetics to optimize therapeutics and advance toward a personalized
medicine.”

Pharmacoepigenetics 1 © 2019 Elsevier Inc. All rights reserved.
https://doi.org/10.1016/B978-0-12-813939-4.00001-2
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Unfortunately, the molecular mechanisms underlying the assembly, function, and regulation of the epigenetic
machinery are poorly understood, and most information in this regard is fragmented. This restrictive knowledge
on epigenetic mechanisms represents an important limitation for defining the fundamentals of pharmacoepigenetics.
Furthermore, the number of studies on pharmacogenetics and pharmacoepigenetics of current drugs for the treatment
of common pathologies is still very limited; however, the available information is shedding light on the benefits
that these complementary disciplines can provide to physicians and patients for the implementation of an efficient
personalized medicine."” '

1.2 THE EPIGENETIC MACHINERY

The epigenetic machinery is integrated by a cluster of interconnected elements that in a coordinated manner con-
tribute to regulate gene expression at the transcriptional and posttranscriptional level. Classical epigenetic mecha-
nisms include DNA methylation, histone modifications, and microRNA (miRNA) regulation; however, the
execution of these basic mechanisms compromises a pleiad of subsidiary biochemical effectors which contribute to
correctly express or repress gene expression, protein synthesis, and protein degradation. Not only nuclear DNA
(nDNA), but also mitochondrial DNA (mtDNA) may be subjected to epigenetic modifications.'® Therefore, conven-
tional epigenetics can be divided into two major areas: (i) epigenetics of nuclear-encoded DNA, and (ii) epigenetics of
mitochondrial-encoded DNA. DNA methylation, chromatin remodeling and histone modification, and noncoding
RNAs (ncRNAs) are the principal regulators in epigenetics of nuclear-encoded DNA. Mitochondrial epigenetics uses
DNA methylation and ncRNAs in a similar fashion, but it differs to some extent in the role of components coiling
DNA. Nuclear DNA is coiled around histones; in contrast, mtDNA is located in nucleoids, a set of mitochondrial
pseudocompartments. Mitochondrial epigenetics influences cell fate, transcription regulation, cell division, cell cycle,
physiological homeostasis, bioenergetics, and diverse conditions of health and disease.'” Methylation of nuclear genes
encoding mitochondrial proteins is involved in the regulation of mitochondria function. There is debate concerning the
existence of cytosine methylation in the mitochondrial genome and it has been suggested that cytosine methylation is
virtually absent in mtDNA.'® '* mtDNA is differentially methylated in various diseases. The activity of the mitochon-
drial transcription factor A (TFAM), a protein involved in mtDNA packaging, influences gene expression. Several
mechanisms have been suggested to explain mtDNA methylation and epigenetic-like modifications of TFAM, includ-
ing methylation within the noncoding D-loop, methylation at gene start sites (GSS), and posttranslational modifica-
tions (PTMs) of TFAM.?

Many new concepts on epigenetics-related gene expression have emerged over the past few years. This vertiginous
progression of epigenetics permanently modifies our perception of genetic regulation and opens new avenues for a
better understanding of health and disease.

1.2.1 DNA Methylation

DNA methylation is a process by which methyl groups are incorporated into cytosine molecules by DNA methyl-
transferases (DNMTs), forming 5-methylcytosine and contributing to the suppression of transcription. Approximately
70% of CpG dinucleotides within the human genome are methylated. CpG islands in promoter regions of genes are
defined as 200-bp regions of DNA where the GC content is greater than 60%. The human genome contains ~ 30,000
CpG islands (CGlIs). CGlIs associated with promoters nearly always remain unmethylated, and most of the ~9000 CGlIs
lying within gene bodies become methylated during development and differentiation. Both promoter and intragenic
CGlIs may become abnormally methylated as a result of genome rearrangements and in cancer. Transcription running
across CGls, associated with specific chromatin modifications, is required for DNA methyltransferase 3B (DNMT3B)-
mediated DNA methylation of many naturally occurring intragenic CGIs.”' Of the ~2.2 million CpGs tested for allele-
specific methylation (ASM), nonallelic methylation (mQTL), and genotype-independent effects, approximately 32%
are genetically regulated (ASM or mQTL) and 14% are putatively epigenetically regulated. Epigenetically driven
effects are strongly enriched in repressed regions and near transcription start sites, whereas genetically regulated CpGs
are enriched in enhancers. Imprinted regions are enriched among epigenetically regulated loci.”

DNA methylation inhibits transcription by interfering with the binding of transcription factors to recognition sites
on promoters or by recruiting and binding transcriptional repressors, methyl-CpG-binding proteins (MBDs), and
altering the chromatin structure into an active state.
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5-Methylcytosines (5mC) can also be oxidized to form 5-hydroxymethylcytosine (5hmC) to reduce the interaction of
DNA with DNA-binding proteins.”> CpG methylation may also cause a dual effect on transcription, repressing tran-
scription when CpG methylation occurs at the promotor level or promoting transcription when CpG methylation
affects the gene sequence.” The transfer of methyl groups from S-adenosyl-methionine (SAM) to cytosine in CpGs
is catalyzed by a family of DNA methyltransferases (DNMTs), which in mammals are represented by two de novo
DNMts (DNMT3A, DNMT3B) and a maintenance DNMT (DNMT1) that is expressed in neurons. DNMT2 methylates
aspartic acid tRNA, and does not methylate DNA** * (Table 1.1). The modification of DNA bases is a classic hallmark
of epigenetics. Four forms of modified cytosine (5-methylcytosine, 5-hydroxymethylcytosine, 5-formylcytosine, and

TABLE 1.1 DNA Methyltransferases
MIM
Gene Name Locus Other names number Phenotype
DNMT1 DNA methyltransferase 1 19p13.2 CXXC9, MCMT, 126375 Cerebellar ataxia, deafness, and
HSN1E, ADCADN narcolepsy, autosomal dominant;
neuropathy, hereditary sensory, type IE

DNMT3A  DNA methyltransferase 3A 2p23.3 TBRS 602769 Acute myeloid leukemia, somatic; Tatton-
Brown-Rahman syndrome

DNMT3B  DNA methyltransferase 3B 20g11.21  ICF1, ICF 602900 Immunodeficiency-centromeric
instability-facial anomalies syndrome 1

DNMT3L  DNA methyltransferase 3-like protein 21q22.3 MGC1090 606588 Embryonal carcinoma

DMAP1 DNMT1-associated protein 1 1p34.1 DNMAP1, 605077

DNMTAP1, EAF2,
FLJ11543,
KIAA1425,
MEAF2, SWC4
MBD1 Methyl-CpG-binding domain protein 1 18q21.1 PCM1 156535 Colorectal cancer; lung cancer
(protein containing methyl-CpG-
binding domain 1)

MBD2 Methyl-CpG-binding domain protein 2~ 18q21.2 603547 Colorectal cancer; lung cancer; primary
immune thrombocytopenia; systemic
lupus erythematosus

MBD3 Methyl-CpG-binding domain protein 3 19p13.3 603573 Glioblastoma

MBD4 Methyl-CpG-binding domain protein 4 3q21.3 MED1 603574 Primary immune thrombocytopenia;
systemic lupus erythematosus

MBD5 Methyl-CpG-binding domain protein 5 2q23.1 KIAA1461, MRD1 611472 Mental retardation, autosomal dominant 1

MBD3L1 Methyl-CpG-binding domain protein 19p13.2 MBD3L 607963

3-like 1
MBD3L2 Methyl-CpG-binding domain protein 19p13.2 607964
3-like 2
MECP2 Methyl-CpG-binding protein-2 Xq28 PPMX, MRX16, 300005 Autism susceptibility, X linked 3;
MRX79, AUTSX3, encephalopathy, neonatal severe; mental
MRXSL, MRXS13 retardation, X linked syndromic, lubs type;
mental retardation, X linked, syndromic
13; Rett syndrome; Rett syndrome,
atypical; Rett syndrome, preserved speech
variant
MGMT Methylguanine-DNA methyltransferase ~ 10q26.3 156569 Neoplasms
N6AMT1 N6 adenine-specific DNA 21g21.3 614553
methyltransferase 1, putative
SMCHD1  Structural maintenance of chromosomes  18p11.32  FSHD2, KIAA0650, 614982 Bosma arhinia microphthalmia syndrome;

flexible hinge domain-containing
protein 1

BAMS

Fascioscapulohumeral muscular
dystrophy 2, digenic
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5-carboxylcytosine) have been discovered in eukaryotic DNA. In addition to cytosine carbon-5 modifications, cytosine
and adenine methylated in exocyclic amine-N4-methylcytosine and N6-methyladenine are other modified DNA bases
discovered even earlier. Each modified base can be considered a distinct epigenetic signal with broader biological
implications beyond simple chemical changes. A structural synopsis of writers, readers, and erasers of the modified
bases from prokaryotes and eukaryotes has been proposed, suggesting that base flipping is a common structural
framegxéork broadly applied by distinct classes of proteins and enzymes across phyla for epigenetic regulation of
DNA.

Currently four regulatory, noncanonical bases with a methyl (CH3)-, a hydroxymethyl (CH2 OH)-, a formyl
(CHO)-, and a carboxyl (COOH)-group are known. 5-Methylcytidine is a classic regulatory base in the genome, while
the other three bases and their enzymatic apparatus have been recently discovered.”” 5-Hydroxymethyl-, 5-formyl-,
and 5-carboxy-2’-deoxycytidine are new epigenetic bases (hmdC, fdC, cadC) that were discovered in the DNA of
higher eukaryotes. The same bases (5-hydroxymethylcytidine, 5-formylcytidine, and 5-carboxycytidine, hmC, fC,
and caC) have now also been detected in mammalian RNA with a high abundance in mRNA. While DNA phosphor-
amidites (PAs) that allow the synthesis of xdC-containing oligonucleotides for deeper biological studies are available,
the corresponding silyl-protected RNA PAs for fC and caC have not been disclosed until recently.”

The epigenetic modification of cytosine and its continuous oxidative products are called the “new four bases
of DNA” (5mC, 5hmC, 5fC, 5caC).”” The synthesis of 2’-O-methyl-5-hydroxymethylcytidine (hm5 Cm),
5-hydroxymethylcytidine (hm5 C), and 5-formylcytidine (f5 C) phosphoramidite monomers has been elucidated.™

5-Hydroxymethylcytosine (ShmC) is a variant of the common covalent epigenetic modification of DNA
5'-methylcytosine (5mC). The role of 5hmC remains elusive. It was proposed that 5hmC is a variant of the 5mC epi-
genetic signal involved in the epigenetic regulation of gene function and in the activation of lineage-specific
enhancers.”' 5-Formylcytosine (5fC) is an endogenous DNA modification frequently found within regulatory elements
of mammalian genes. Although 5fC is an oxidation product of 5-methylcytosine (5mC), the two epigenetic marks show
distinct genome-wide distributions and protein affinities, suggesting that they perform different functions in epige-
netic signaling. A unique feature of 5fC is the presence of a potentially reactive aldehyde group in its structure.
5fC bases in DNA readily form Schiff-base conjugates with Lys side chains of nuclear proteins. These covalent
protein-DNA complexes are reversible, suggesting that they contribute to transcriptional regulation and chromatin
remodeling. 5fC-mediated DNA-protein cross-links, if present at replication forks or actively transcribed regions,
may interfere with DNA replication and transcription.”

Recently discovered cytosine derivatives in the human genome are recognized by specific DNA-binding proteins.™
Cytosine methylation is a well-characterized epigenetic mark that occurs at both CG and non-CG sites in DNA. Cova-
lent modification of DNA via deposition of a methyl group at the 5 position on cytosine residues alters the chemical
groups available for interaction in the major groove of DNA. The information content inherent in this modification
alters the affinity and the specificity of DNA binding. Some proteins favor interaction with methylated DNA, and
others disfavor it. Both methylated CG (mCG)- and mCH (H = A, C, or T)-containing DNAs, especially mCAC-
containing DNAs, are recognized by methyl-CpG-binding protein 2 (MeCP2) to regulate gene expression in neuron
development.

Molecular recognition of cytosine methylation by proteins often initiates sequential regulatory events which impact
gene expression and chromatin structure. Methyl-CpG-binding proteins play an essential role in translating DNA
methylation marks into a downstream transcriptional response. A detailed mechanism explaining this molecular pro-
cess remains to be elucidated. ZBTB38 is an undercharacterized member of the zinc finger (ZF) family of methyl-CpG-
binding proteins. A subset of the C-terminal ZBTB38 ZFs exhibits high-affinity DNA interactions, and preferential
targeting of the consensus DNA site is methyl specific. The C-terminal ZFs of ZBTB38 can directly occupy promoters
harboring the newly identified sequence motif in a methyl-dependent manner and, depending on the gene context,
contribute to modulating transcriptional response.”

The known methyl-DNA-binding proteins have unique domains responsible for DNA methylation recognition,
including (i) the methyl-CpG-binding domain (MBD), (ii) the C2H2 zinc finger domain, and (iii) the SET- and RING
finger-associated (SRA) domain. Each domain has a characteristic methylated DNA-binding pattern, and this differ-
ence in the recognition mechanism renders the DNA methylation mark able to transmit complicated biological infor-
mation.”> DNA methylation is associated with gene silencing in eukaryotic organisms. Several MBDs participate in
this process. The methyl-CpG-binding domain 7 (MBD?7) complex suppresses DNA methylation-mediated gene silenc-
ing.”® Methyl-CpG-binding domains (MBD) of MeCP2 and MBD1-4 bind mCG-containing DNAs independently of
the sequence outside the mCG dinucleotide. Some MBDs bind to both methylated and unmethylated CA
dinucleotide-containing DNAs, with a preference for the CAC sequence motif. In addition to mCG sites, unmethylated
CA or TG sites also serve as DNA-binding sites for MeCP2 and other MBD-containing proteins.””
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Through a genome-wide analysis of DNA methylation across 19 cell types with T-47D as reference,”® 106,252 cell
type-specific differentially methylated CpGs categorized into 7537 differentially (46.6% hyper- and 53.4% hypo-)
methylated regions have been identified; 44% of promoter regions and 75% of CpG islands were T-47D cell type-
specific methylated. DMRs overlapped with 1145 known tumor suppressor genes. Integration of DNA methylation
and transcription factor information revealed interplay patterns between regulators. This integrative analysis shows
cell type-specific and genomic region-dependent regulatory patterns.

Symmetric CpG methylation can be mitotically propagated over many generations with high fidelity. Heteroge-
neous methylation largely reflects asynchronous proliferation, but it is intrinsic to actively engaged cis-regulatory ele-
ments and cancer.”” Differentially methylated or hydroxymethylated regions (DMRs) in mammalian DNA are often
associated with tissue-specific gene expression.*’

DNA methylation downregulates transcription. However, a large number of genes that are unmethylated in the
promoter region are inactive. A large group of unmethylated promoters is regulated by DNMT1 through DNA
methylation-dependent silencing of upstream regulators such as transcription factor HNF4A.*' DNA methylation
in repetitive elements (RE) suppresses their mobility and maintains genomic stability.**

Our perception of DNA methylation as a dynamic process is strongly moving as a result of daily new findings
on this epigenetic phenomenon.* Initially, it was generally admitted that DNMT3A and DNMT3B are associated with
de novo methylation and DNMT1 is associated with inheritance DNA methylation. Several partners of DNMTs
have been involved in both the regulation of DNA methylation activity and DNMT recruitment on DNA. The
DNMT3L/DNMT3A complex is mainly related to de novo DNA methylation in embryonic states, whereas the
DNMT1/PCNA/UHRF1 complex is required for maintaining global DNA methylation following DNA replication.
Some recently identified DNMT-including complexes are recruited on specific DNA sequences. The coexistence of
both types of DNA methylation suggests close cooperation and orchestration between these systems to maintain
genome and epigenome integrities. According to Hervouet et al.*’ deregulation of these systems can lead to pathologic
disorders.

In mammals three DNA methyltransferases (DNM1, DNMT3A, and DNMT3B) have been identified. DNMT3A and
DNMT3B are responsible for establishing DNA methylation patterns produced through their de novo-type DNA
methylation activity in implantation stage embryos and during germ cell differentiation. DNMT3-like (DNMT3L),
which is a member of the DNMT3 family but does not possess DNA methylation activity, was reported to be indis-
pensable for global methylation in germ cells. Once the DNA methylation patterns are established, maintenance-type
DNA methyltransferase DNMT1 faithfully propagates them to the next generation via replication. All DNMTs possess
multiple domains.**

The functions of the canonical DNMT enzymes (DNMT1, DNMT3A, DNMT3B) go beyond their traditional roles of
establishing and maintaining DNA methylation patterns. Molecular interactions and changes in gene copy numbers
modulate the activity of DNMTs in diverse gene regulatory functions, including transcriptional silencing, transcrip-
tional activation, and posttranscriptional regulation by DNMT2-dependent tRNA methylation.*’

Cytosine methylation is both ubiquitous and a stable regulatory modification, which may potentially stabilize
triple-helix formation. Methylation on both the Hoogsteen and Crick strands yields the largest favorable free energy.
Methylation increases cytosine protonation by shifting the apparent pKa value to a higher pH.*

5meC can be maintained through DNA replication by the activity of “maintenance” DNA methyltransferases. In
evolutive terms DNA methylation coevolved with the DNA alkylation repair enzyme ALKB2 across eukaryotes.
Alkylation damage is intrinsically associated with DNMT activity, and this may promote the loss of DNA methylation
in many species.”’

DNA methylation in promoter regions represses gene expression and is copied over mitotic divisions by DNMT1.
DNMTT1 activity is regulated by its replication foci targeting sequence (RFTS) domain which masks the catalytic
pocket. DNMT1 activity on unmethylated DNA is inhibited in nucleosome cores. DNMT1 fully methylates naked
linker DNA in dinucleosomes, whereas maintenance methylation is repressed at all CpG sites in nucleosome core par-
ticles. Histone H3 tail peptides inhibit DNMT1 in an RFTS-dependent manner and repression is modulated by acet-
ylation or methylation. Mishima et al.*® propose a novel function for RFTS in the regulation of DNMT1 activity in
nucleosomes.

DNA methylation at promoters is largely correlated with inhibition of gene expression. DNA methylation at
enhancers requires a crosstalk with chromatin marks. Studies on the relationship between DNA methylation and
active chromatin marks through genome-wide correlations show an anticorrelation between H3K4mel and
H3K4me3 enrichment at low and intermediate DNA methylation loci. DNA methylation discriminates between
enhancers and promoters, marked by H3K4mel and H3K4me3, respectively. Low-methylated regions are
H3K4me3 enriched, while those with intermediate DNA methylation levels are progressively H3K4mel enriched.
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The decrease in DNA methylation smoothly switches the state of the enhancers from a primed to an active state.
According to Sharifi-Zarchi et al.,*” “In each genomic region only one out of these three methylation marks (DNA
methylation, H3K4mel, H3K4me3) is high. If it is the DNA methylation, the region is inactive. If it is H3K4mel,
the region is an enhancer, and if it is H3K4me3, the region is a promoter.”

DNA methylation can affect tissue-specific gene transcription and is not merely the consequence of changes in gene
expression, but is often an active agent for fine-tuning transcription in association with development. In some tissues
promoter region hypermethylation of defined genes is associated with gene repression, and DNA hypermethylation is
absent in many other repressed cells. In other genes DNA hypermethylation overlaps cryptic enhancers or superen-
hancers and correlates with downmodulated, but not silenced, gene expression. Methylation is absent in both nonex-
pressing genes and highly expressing genes, suggesting that some genes need DMR hypermethylation to help repress
cryptic enhancer chromatin only when they are actively transcribed.”

Loss-of-function mutations of the maintenance methyltransferase DNMT1 in normal human cells is lethal, mainly
affecting promoters and gene bodies in four gene classes: (i) protocadherins, which are key to neural cell identity;
(i) genes involved in fat homeostasis /body mass determination; (iii) olfactory receptors; and (iv) cancer/ testis antigen
(CTA) genes. Hypomethylated regions are associated with Polycomb repression and are derepressed on addition of an
EZH2 inhibitor.”"

1.2.2 DNA Demethylation

1.2.2.1 Ten-Eleven Translocation (TET) Proteins

DNA demethylation can be produced by at least three enzyme families: (i) the ten-eleven translocation (TET) family,
mediating the conversion of 5mC into 5ShmC; (ii) the AID/ APOBEC family, acting as mediators of 5mC or 5ShmC deam-
ination; and (iii) the BER (base excision repair) glycosylase family involved in DNA repair** (Table 1.2). The DNA
demethylation pathway plays a significant role in DNA epigenetics. This pathway removes the methyl group from
cytosine, which is involved in the oxidation of 5-methylcytosine to 5-hydroxymethylcytosine (5-hmC) by ten-eleven
translocation (TET) proteins (Table 1.2). Then 5-hmC can be iteratively oxidized to generate 5-formylcytosine and
5-carboxylcytosine.”

TABLE 1.2 DNA Demethylases

MIM
Gene Name Locus Other names number Phenotype
AICDA Activation-induced cytidine 12p13.31 AID, ARP2, CDA2, 605257  Follicular lymphoma; immunodeficiency with hyper-
deaminase HIGM2 IgM, type 2; leukemia; non-Hodgkin lymphoma; skin
cancer
APEX1 APEX nuclease 14q11.2  APE, APE-1, APEN, 107748  Age-related macular degeneration and other
(multifunctional DNA repair APX, HAP1, REF-1, neovascular diseases; pancreatic cancer
enzyme) REF1
APEX1 Apurinic/apyrimidinic Xpl11.21 APE2, APEXL2, XTH2, 300773
endodeoxyribonuclease 2 ZGRF2
APOBEC1  Apolipoprotein B mRNA- 12p13.31 APOBEC-1, BEDP, 600130  HIV infectivity
editing enzyme, catalytic CDAR1, HEPR
polypeptide 1
APOBEC2  Apolipoprotein B mRNA- 6p21.1  ARCDI1, ARP1 604797  Hepatoblastoma; myopathy
editing enzyme, catalytic
polypeptide 2
APOBEC3A Apolipoprotein B mRNA- 22q13.1 PHRBN, ARP3 607109  Acute myelogenous leukemia (AML); cancer; human
editing enzyme, catalytic papillomavirus (HPV) infection
polypeptide-like 3A
(phorbolin 1)
APOBEC3B Apolipoprotein B mRNA- 22q13.1  FLJ21201, PHRBNL 607110  Breast cancer; chondrosarcoma; HIV infectivity;
editing enzyme, catalytic lymphoma; ovarian cancer

polypeptide-like 3B
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TABLE 1.2 DNA Demethylases—cont’d

MIM

Gene Name Locus Other names number Phenotype

APOBEC3D Apolipoprotein 22q13.1 APOBECSE, 609900  HIV infectivity
B mRNA-editing enzyme APOBEC3DE, ARP6
catalytic subunit 3D

APOBEC3F Apolipoprotein 22q13.1 ARPS, BK150C2.4. 608993  Hepatitis B virus infection; hepatocellular carcinoma;
B mRNA-editing enzyme, MRNA, KA6 HIV infectivity; lung cancer
catalytic polypeptide-like 3F

APOBEC3G Apolipoprotein 22q13.1 MDS019, CEM15, 607113  Hepatitis B virus infection; Hepatocellular carcinoma;
B mRNA-editing enzyme, FLJ12740 HIV infectivity; Uterine cancer
catalytic polypeptide-like 3G

APOBEC3H Apolipoprotein 22q13.1 ARP10 610976  HIV infectivity; lung cancer
B mRNA-editing enzyme,
catalytic polypeptide-like 3H

APOBEC4  Apolipoprotein 1g25.3  FLJ25691, MGC26594, 609908 HIV infectivity
B mRNA-editing enzyme, RP1-127C7.4
catalytic polypeptide-like 4

MBD4 Methyl-CpG-binding domain ~ 3q21.3  MED1 603574
protein 4

PARP1 Poly(ADP-ribose) polymerase 1 1q42.12 PARP 173870  Breast cancer; Lymphoma; Parkinson disease

RNF4 RING finger protein-4 4p16.3  RES4-26, SLX5, SNURF 602850  Breast cancer; Epstein-Barr virus (EBV) infection; lung

cancer; Wilms tumor
TET1 Tet oncogene 1 10q21.3  CXXC6, LCX, 607790  Acute myeloid leukemia; Alzheimer disease
KIAA1676

TET1P1 Tet methylcytosine 13q31.2 CXXCé6P1
dioxygenase 1 pseudogene 1

TET2 TET oncogene family, member 4q24 KIAA1546, MDS 612839  Acute myeloid leukemia; Angioimmunoblastic T cell
2 lymphoma; chronic myelomonocytic leukemia;

Myelodysplastic syndrome, somatic

TET3 TET oncogene family, member 2p13.1 KIAA0401 613555 Head and neck cancer; renal cell carcinoma; systemic
3 lupus erythematosus (SLE); ovarian cancer

TDG Thymine-DNA glycosylase 12q23.3 TNG, TPG, hTDG 601423  Intestinal cancer

XRCC1 X-ray-repair, complementing ~ 19q13.31 SCAR26 617633  Breast cancer; gastric cancer; primary open-angle
defective, repair in Chinese glaucoma; spinocerebellar ataxia, autosomal
hamster cells-1 recessive 26; squamous cell carcinoma; testicular

cancer

The oxidation of 5-methylcytosine can result in three chemically distinct species: 5-hydroxymethylcytosine,
5-formylcytosine, and 5-carboxycytosine. While the base excision repair machinery processes 5-formylcytosine
and 5-carboxycytosine rapidly, 5-hydroxymethylcytosine is stable under physiological conditions. As a stable mod-
ification 5-hydroxymethylcytosine has a broad range of functions, from stem cell pluripotency to tumorigenesis. The
subsequent oxidation products, 5-formylcytosine and 5-carboxycytosine, are involved in an active DNA demethyla-
tion pathway.”

The full-length TET1 isoform (TET1e) is restricted to early embryos, embryonic stem cells (ESCs), and primordial
germ cells (PGCs). A short isoform (TET1s) is preferentially expressed in somatic cells, which lacks the N-terminus
including the CXXC domain, a DNA-binding module that often recognizes CpG islands (CGIs). TET1s can bind CGlIs
despite the fact that its global chromatin binding is significantly reduced. Global chromatin binding correlates with
TET1-mediated demethylation. Mice with exclusive expression of Tetls fail to erase imprints in PGCs and display
developmental defects in progeny, suggesting that isoform switch of TET1 regulates epigenetic memory erasure
and mouse development.” The biological roles of TETs/oxi-mCs may differ among species.”
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Studies on the interplay of the 5-methylcytosine reader Mbdl and modifier Tetl revealed that Mbd1 enhances
Tetl-mediated 5-methylcytosine oxidation due to enhancing the localization of Tetl, but not of Tet2 and Tet3 at het-
erochromatic DNA. The recruitment of Tet1 leads to the displacement of Mbd1 from methylated DNA. Increased Tet1
heterochromatin localization and 5-methylcytosine oxidation are dependent on the CXXC3 domain of Mbd1, which
recognizes unmethylated CpG dinucleotides. The Mbd1 CXXC3 domain deletion isoform, which retains only binding
to methylated CpGs, blocks Tetl-mediated 5-methylcytosine to 5-hydroxymethylcytosine conversion, indicating
opposite biological effects of Mbd1 isoforms.™

Aberrant DNA methylation and demethylation are associated with developmental defects and cancer.”” *® TET1 is
a novel target of miR-21-5p in colorectal cancer.”

1.2.2.2 AID/APOBEC Family Cytidine Deaminases

Cytidine deaminases of the AID/APOBEC family (Table 1.2) catalyze C-to-U nucleotide transitions in mRNA or
DNA. APOBECS is involved in antiviral defense and AID contributes to diversification of antibody repertoires in
jawed vertebrates via somatic hypermutation, gene conversion, and class switch recombination. In lampreys, an extant
jawless vertebrate, two members of the AID/APOBEC family are implicated in the generation of somatic diversity of
the variable lymphocyte receptors (VLRs)."

Activation-induced cytidine deaminase (AID) triggers antibody diversification in B cells by catalyzing deamination
and subsequently mutating immunoglobulin (Ig) genes. The association of AID with RNA Pol Il and the occurrence of
epigenetic changes during Ig gene diversification suggest participation of AID in epigenetic regulation. AID is mutated
in hyper-IgM type 2 (HIGM2) syndrome. AID binding to the IgH locus promotes an increase in H4K20me3. In 293F
cells Rodriguez-Cortez et al.”" demonstrated the interaction between cotransfected AID and the three SUV4-20 histone
H4K20 methyltransferases. SUV4-20H1.2, bound to the IgH switch (S) mu site, is replaced by SUV4-20H2 upon AID
binding. The AID truncated form W68X is impaired to interact with SUV4-20H1.2 and SUV4-20H2 and is also unable
to bind a?ld target H4K20me3 to the Smu site. AID deficiency associates with decreased H4K20me3 levels at the
Smu site.

1.2.2.3 BER (Base Excision Repair) Glycosylases

DNA glycosylases represent a new category of base excision repair proteins for hydrolytic deamination of DNA
bases with exocyclic amino groups. Hydrolytic deamination of 5-methylcytosine leads to the formation of G/T
mismatches which are corrected to G/C basepairs by a mismatch-specific DNA-binding glycosylase (Table 1.2).

1.2.3 Chromatin Remodeling and Histone Modifications
1.2.3.1 Chromatin

Genomic DNA is compacted in chromatin, which suppresses transcription, replication, repair, and recombination.
The fundamental unit of chromatin is the nucleosome. Nucleosomes containing histone variants often have subtle
but clear differences in their structural and functional characteristics, as compared to the canonical nucleosome.
The overlapping dinucleosome is a new structural unit of chromatin.”” Communication between distantly spaced
genomic regions is one of the key features of gene regulation in eukaryotes. Chromatin can stimulate efficient
enhancer-promoter communication (EPC). Nucleosome spacing and the presence of nucleosome-free DNA regions
can modulate chromatin structure/dynamics and affect the rate of EPC.”> Chromatin is composed of DNA (with
genetic instructions for cell phenotype), and histone proteins (Table 1.3), responsible for providing the scaffold for
chromatin folding and a portion of the epigenetic inheritance. Histone writers/erasers flag chromatin regions by cat-
alyzing/removing covalent histone posttranslational modifications (PTMs). Histone PTMs contribute to chromatin
relaxation or compaction and recruit histone readers to modulate DNA readout.®*

CpG islands (CGIs) are critical genomic regulatory elements that support transcriptional initiation and are associ-
ated with the promoters of most human genes. CGIs are distinguished from the bulk genome by their high CpG den-
sity, lack of DNA methylation, and euchromatic features. While CGIs are canonically known as strong promoters,
thousands of “orphan” CGlIs lie far from any known transcript, leaving their function an open question. Most orphan
CGlIs display the chromatin features of active enhancers (H3K4mel, H3K27Ac) in at least one cell type. Relative to
classical enhancers these enhancer CGls (ECGlIs) are stronger, as gauged by chromatin state, and are more broadly
expressed and more highly conserved. ECGIs engage in more genomic contacts and are enriched for transcription fac-
tor binding relative to classical enhancers. ECGIs define a class of highly active enhancers, strengthened by the broad
transcriptional activity, CpG density, hypomethylation, and chromatin features they share with promoter CGIs.*
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TABLE 1.3 Histone Proteins

Gene Name Locus Other names MIM number
HIF0 H1 histone family, member 0 22q13.1 H1FV, H10, H1.0, H1(0), H1-0 142708
HIFX H1 histone family, member X 3q21.3 H1X, MGC15959, MGC8350 602785
H2AFB H2A histone family, member B Xq28 H2ABBD 300445
H2AFX H2A histone family, member X 11g23.3 H2AX 601772
H2AFY H2A histone family, member Y 5q31.1 MH2A1, macroH2A1.2 610054
H2AFY?2 H2A histone family, member Y2 10g22.1 macroH2A2 616141
H2AFZ H2A histone family, member Z 4q23 H2AZ 142763
H2BFWT H2B histone family, member W, testis-specific Xq22.2 300507
H3F3A H3 histone, family 3A 1q42.12 H3F3 601128
H3F3B H3 histone, family 3B (H3.3B) 17q25.1 H3.3B 601058
H3F3C H3 histone, family 3C 12p11.21 H3.5 616134
HIST1HIA Histone 1, Hla 6p22.2 H1F1, H1.1, Hla 142709
HIST1HI1B Histone 1, H1b 6p22.1 H1F5, H1.5, H1b, H1s-3 142711
HIST1HIC Histone 1, Hlc 6p22.2 H1F2, H1.2, Hlc, Hls-1 142710
HIST1H1D Histone 1, H1d 6p22.2 H1F3 142210
HISTIHIE Histone 1, Hle 6p22.2 H1F4, RMNS 142220
HISTIHIT Histone 1, H1t 6p22.2 HI1FT, H1t 142712
HIST1H2AA Histone gene cluster 1, H2A histone family, member A 6p22.2 H2AFR, H2AA, bA317E16.2 613499
HISTIH2AB  Histone 1, H2ab 6p22.2 H2AFM 602795
HISTIH2AC  Histone 1, H2ac 6p22.2 H2AFL 602794
HISTIH2AD  Histone 1, H2ad 6p22.2 H2AFG 602792
HISTIH2AE  Histone 1, H2ae 6p22.2 H2AFA, H2A.1, H2A/a 602786
HIST1H2AG Histone gene cluster 1, H2A histone family, member 6  6p22.1 H2AG, H2AFP, H2A.1b, H2A /p, pH2A/f 615012
HISTIH2AH  Histone gene cluster 1, H2A histone family, member H =~ 6p22.1 H2AH, H2A /S, H2AFALii 615013
HIST1H2AI Histone 1, H2ai 6p22.1 H2AFC, H2A/c 602787
HIST1H2A] Histone 1, H2aj 6p22.1 HISTIH2AK, H2AFE 602791
HISTIH2AK  Histone 1, H2ak 6p22.1 HIST1H2AI H2AFD 602788
HISTIH2AL  Histone 1, H2al 6p22.1 H2AFI, H2A /i 602793
HISTIH2AM  Histone 1, H2am 6p22.1 H2AFN, H2A.1, H2A/n 602796
HISTIH2BA  Histone 1, H2ba 6p22.2 TSH2B, H2BFU, STBP 609904
HIST1IH2BB  Histone 1, H2bb 6p22.2 H2BFF 602803
HISTIH2BD  Histone 1, H2bd 6p22.2 H2BFB, H2B/b 602799
HISTIH2BE  Histone 1, H2be 6p22.2 H2BFH, H2B.h, H2B/h 602805
HISTIH2BF ~ Histone 1, H2bf 6p22.2 H2BFG, H2B/g 602804
HISTIH2BG  Histone 1, H2bg 6p22.2 H2BFA 602798
HIST1H2B] Histone gene cluster 1, H2B histone family, member ]  6p22.1 H2BJ, H2B/r 615044
HISTIH2BH  Histone 1, H2bh 6p22.2 H2BF] 602806
HIST1H2BI Histone 1, H2bi 6p22.2 H2BFK 602807
HISTIH2BK  Histone gene cluster 1, H2B histone family, member K 6p22.1 H2BK, H2BFAiii 615045

Continued
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TABLE 1.3 Histone Proteins—cont’d

Gene Name Locus Other names MIM number
HIST1H2BL Histone 1, H2bl 6p22.1 H2BFC 602800
HISTIH2BM  Histone 1, H2bm 6p22.1 H2BFE 602802
HISTIH2BN  Histone 1, H2bn 6p22.1 H2BFD, H2B/d 602801
HIST1IH2BO  Histone 1, H2bo 6p22.1 H2BFN 602808
HIST1H3A Histone 1, H3a 6p22.2 H3FA, H3/A 602810
HIST1H3B Histone 1, H3fl 6p22.2 H3FL 602819
HIST1H3C Histone 1, H3c 6p22.2 H3FC, H3.1, H3/c 602812
HIST1H3D Histone 1, H3d 6p22.2 H3FB, H3/b 602811
HIST1H3E Histone 1, H3e 6p22.2 H3FD, H3.1 602813
HIST1H3F Histone 1, H3f 6p22.2 H3/i 602816
HISTIH3G Histone 1, H3g 6p22.2 H3FH 602815
HIST1H3H Histone 1, H3h 6p22.1 H3FK 602818
HIST1H3I Histone 1, H3i 6p22.1 H3FF 602814
HIST1H3] Histone 1, H3j 6p22.1 H3F] 602817
HIST1H4A Histone 1, H4a 6p22.2 H4FA 602822
HIST1H4B Histone 1, H4b 6p22.2 H4FI 602829
HIST1H4C Histone 1, H4c 6p22.2 H4FG, H4/g 602827
HIST1H4D Histone 1, H4d 6p22.2 H4FB 602823
HIST1H4E Histone 1, H4e 6p22.2 H4F] 602830
HIST1H4F Histone 1, H4f 6p22.2 H4FC, H4, H4/c 602824
HIST1H4G Histone 1, H4g 6p22.2 H4FL, H4/1 602832
HIST1H4H Histone 1, H4h 6p22.2 H4FH, H4/h 602828
HIST1H4] Histone 1, H4j 6p22.1 HA4FE, H4/e, H4F2iv 602826
HIST1H4K Histone 1, H4k 6p22.1 H4FD 602825
HIST1H4L Histone 1, H41 6p22.1 H4FK, H4.k, H4/k 602831
HIST2H2AA  Histone 2, H2aa 1q21.2 H2AFO, H2A 142720
HIST2H2AB  Histone gene cluster 2, H2A histone family, member B 1q21.2 H2AB 615014
HIST2H2AC  Histone 2, H2ac 1q21.2 H2AFQ, H2A/q 602797
HIST2H2BE ~ Histone 2, H2be 1q21.2 H2B, H2B.1, H2B/q 601831
HIST2H3C Histone 2, H3c 1q21.2 H3F2, H3, H3.2, H3/m, H3/M, MGC9629 142780
HIST2H4A H4 histone, family 2 1g21.2 H4FN, H4F2, HIST2H4 142750
HIST3H2A Histone gene cluster 3, H2A histone 1g42.13 MGC3165 615015
HIST3H2BB  Histone gene cluster 3, H2B histone family, member B 1g42.13 H2Bb 615046
HIST3H3 Histone 3, H3 1q42.13 H3FT, H3T 602820
HIST4H4 Histone gene cluster 4, H4 histone 12p12.3 MGC24116 615069

To date, four methods to change chromatin structure and regulate gene expression have been well documented:
(i) histone modification, (ii) histone exchange, (iii) ATP-dependent chromatin remodeling, and (iv) histone tail
cleavage.”® Chromatin regulators (CRs) can dynamically modulate chromatin architecture to epigenetically regulate
gene expression in response to intrinsic and extrinsic signaling cues. Somatic alterations or misexpression of CRs might
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reprogram the epigenomic landscape of chromatin, which in turn leads to a wide range of common diseases.””
Chromatin regulators, which are indispensable in epigenetics, mediate HMs to adjust chromatin structures and func-
tions. Stable heterochromatin is necessary to silence transposable elements (TEs) and maintain genome integrity. ATP-
dependent chromatin-remodeling complexes use ATP hydrolysis to move, destabilize, eject, or restructure nucleo-
somes, allowing the accessibility of transcription factors to DNA. These complexes can be classified into four families:
(i) the SWI/SNF (switching defective/sucrose nonfermenting) family (Table 1.4); (ii) the ISWI (imitation SWI) family;
(iii) the CHD (chromodomain, helicase, DNA binding) family (Table 1.5); and (iv) the INO (inositol requiring 80 family)
(Table 1.6).°® Their transcriptional effects (activation or repression) depend on the recruitment of coactivators or
corepressors.”

TABLE 1.4 ATP-Dependent Chromatin-Remodeling Complexes (SWI/SNF Family)

Gene Name Locus Other names OMIM Phenotype
SMARCA1 SWI/SNF-related, matrix-associated, Xq25-q26 SNF2L1, hSNF2L, 300012  Smith-Fineman-Myers syndrome (SEMS);
actin-dependent regulator of ISWI, NURF140, Schizophrenia; X-linked mental retardation
chromatin, subfamily a, member 1 SNF2LB, SWI
SMARCA2 SWI/SNF-related, matrix-associated, 9p24.3 SNF2L2, NCBRS, 600014  Gastric cancer; Nicolaides-Baraitser sindrome;
actin-dependent regulator of BRM, hBRM, hSNF2a, Schizophrenia; lung cancer
chromatin, subfamily a, member 2 SNF2, SNF2LA,
Sthlp, SWI2
SMARCA3 SWI/SNF-related, matrix-associated, =~ 3q24 SNF2L3, HIP116, 603257  Colorectal cancer; gastric cancer; uterine
actin-dependent regulator of HLTF, HIP116A, cancer
chromatin, subfamily a, member 3 HLTF1, RNF80
SMARCA4  SWI/SNF-related, matrix-associated, 19p13.2  BRG1, RTPS2, 603254  Coffin-Siris syndrome 4; hypertrophic
actin-dependent regulator of MRD16, CSS4 cardiomyopathy; lung cancer; prostate cancer;
chromatin, subfamily A, member 4 rhabdoid tumor predisposition syndrome 2;
rhabdoid tumors (RTPS2)
SMARCA5 SWI/SNF-related, matrix-associated, 4q31.21 SNF2H 603375 Breast cancer; gastric cancer
actin-dependent regulator of
chromatin, subfamily A, member 5
SMARCAD1 SWI/SNF-related, matrix-associated, 4q22.3 KIAA1122, ETL1, 612761  Adermatoglyphia; Basan sindrome; breast
actin-dependent regulator of HEL1, ADERM, cancer
chromatin, subfamily A, DEAD/H BASNS
box-containing, 1
SMARCAL1 SWI/SNF-related, matrix-associated, 2q35 HARP, SIOD 606622  Schimke immunoosseous dysplasia
actin-dependent regulator of
chromatin, subfamily A-like
SMARCB1 SWI/SNF-related, matrix-associated, 22q11.23 SNF5, INI1, RDT, 601607 Chromic myeloid leukemia; epithelioid
actin-dependent regulator of RTPS1, MRD15, sarcoma; familial schwannomatosis;
chromatin, subfamily b, member 1 SWNTS1, CSS3 meningioma; Coffin-Siris syndrome 3;
rhabdoid tumors, somatic; rhabdoid tumor
predisposition syndrome 1;
Schwannomatosis-1, susceptibility to
SMARCC1 SWI/SNF-related, matrix-associated, 3p21.31 BAF155, CRACC1, 601732  Cancer; prostate cancer
actin-dependent regulator of Rsc8, SRG3
chromatin, subfamily C, member 1
SMARCC2 SW1/SNF-related, matrix-associated, 12q13.2 BAF170, CRACC2, 601734  Colorectal cancer; gastric cancer
actin-dependent regulator of Rsc8
chromatin, subfamily ¢, member 2
SMARCD1 SW1/SNF-related, matrix-associated, 12q13.12 BAF60A, CRACD]1, 601735 Gastric cancer; ovarian cancer
actin-dependent regulator of Rscép
chromatin, subfamily d, member 1
SMARCD2  SWI/SNF-related, matrix-associated, 17q23.3  BAF60B, SGD2 601736  Specific granule deficiency 2

actin-dependent regulator of
chromatin, subfamily d, member 2

Continued
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TABLE 1.4 ATP-Dependent Chromatin-Remodeling Complexes (SWI/SNF Family)—cont'd

Gene Name Locus Other names OMIM Phenotype
SMARCD3 SWI/SNF-related, matrix-associated, 7q36.1 BAF60C 601737 Inflammation
actin-dependent regulator of
chromatin, subfamily D, member 3
SMARCEI1 SWI/SNF-related, matrix-associated, 17q21.2 BAF57, CSS5 603111  Coffin-Siris syndrome 5; meningioma,

actin-dependent regulator of

chromatin, subfamily E, member 1

familial, susceptibility to; prostate cancer

TABLE 1.5 ATP-Dependent Chromatin-Remodeling Complexes (CHD Family)

Gene Name Locus Other names OMIM  Phenotype

CHD1 Chromodomain helicase 5q15- PILBOS 602118  Pilarowski-Bjornsson syndrome
DNA-binding protein-1 q21

CHD1L Chromodomain helicase 1q21.1 ALC1 613039 Breast cancer; hepatocellular carcinoma;
DNA-binding protein ovarian cancer
1-like

CHD2 Chromodomain helicase 15q26.1 DKFZp54711315, DKEZp686E01200, 602119  Developmental delay; epileptic
DNA-binding protein-2 DKFZp781D1727, EEOC, FLJ38614 encephalopathy, childhood onset

CHD3 Chromodomain helicase 17p13.1 Mi-2a, Mi2-ALPHA, ZFH 602120  Dermatomyositis
DNA-binding protein-3

CHD4 Chromodomain helicase 12p13.31  Mi-2b, Mi2-BETA, SIHIWES 603277 Sifrim-Hitz-Weiss syndrome
DNA-binding protein-4

CHD5 Chromodomain helicase 1p36.31 KIAA0444, MI2R 610771 Neuroblastoma
DNA-binding protein 5

CHD6 Chromodomain helicase 20q12 CHD5, RIGB 616114 Acute myeloid leukemia; Influenza virus
DNA-binding protein 6 infection

CHD7 Chromodomain helicase 8ql2.2 HH5 608892 CHARGE syndrome; Hypogonadotropic
DNA binding protein 7 hypogonadism 5 with or without anosmia

CHDS8 Chromodomain helicase 610528 DUPLIN, KIAA1564, AUTS18 610,528  Autism, susceptibility to
DNA-binding protein 8

CHD9 Chromodomain helicase 16q12.2 BC022889, CREMM, FLJ12178, 616936
DNA-binding protein 9 PRIC320, KIAA0308

TABLE 1.6 ATP-Dependent Chromatin-Remodeling Complexes (INO Family)

Gene Name Locus Other names OMIM Phenotype

INOS0A INO80 complex subunit A 15q15.1 INOC1, INO80A, KIAA1259 610169 Colorectal cancer; thyroid cancer

INO80OB INO80 complex, subunit B 2p13.1 PAPA1, HMGA1L4 616456 Preeclampsia; retinitis pigmentosa

INO80C INO80 complex subunit C 18q12.2 FLJ38183, hles6, IES6

INO80OD INOB80 complex subunit D 2q33.3 FLJ20309

INOSOE INOB80 complex subunit E 16p11.2 CCDC95, FLJ90652

Controlled modulation of nucleosomal DNA accessibility via posttranslational modifications (PTMs) is a critical
component to many cellular functions. Charge-altering PTMs in the globular histone core (including acetylation, phos-
phorylation, crotonylation, propionylation, butyrylation, formylation, and citrullination) can alter the strong electro-
static interactions between oppositely charged nucleosomal DNA and histone proteins and thus modulate accessibility
of the nucleosomal DNA, affecting processes that depend on access to genetic information, such as transcription.®’
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Novel nuclear structures such as 10 to 100-nm nuclear lipid islets (NLIs), are rich in phosphatidylinositol
4,5-bisphosphate. NLI periphery is associated with RNA polymerase II (Pol II) transcription machinery, including
the Pol II largest subunit, transcription factors, and NM1. The PtdIns(4,5)P2-NM1 interaction is important for Pol
I transcription.”’

Pioneer transcription factors have the unique role of unmasking chromatin domains during development to allow
the implementation of new cellular programs. Pioneer factors can recognize their target DNA sequences in so-called
compacted or “closed” heterochromatin and can trigger remodeling of the adjoining chromatin landscape to provide
accessibility to nonpioneer transcription factors. The several steps of pioneer action include rapid but weak initial bind-
ing to heterochromatin, stabilization of binding, followed by chromatin opening and loss of CpG methylation that
provides epigenetic memory. Whereas CpG demethylation is dependent on replication, chromatin opening is not.”"

Inheritance of the DN A sequence and its organization into chromatin is fundamental for genome stability and func-
tion, cell fate and self-renewal. Propagation of genetic information and chromatin-based information in cycling cells
requires genome-wide disruption and restoration of chromatin, coupled to strict DNA replication. Specialized
replication-coupled mechanisms assemble newly synthesized DNA into nucleosomes, and the complete restoration
of chromatin organization with histone marks is a continuous process during the cell cycle. Failure to reassemble nucle-
osomes at replication forks blocks DNA replication progression and leads to genomic instability.””

Cells need to coordinate the expression of their genes to maintain homeostasis. DNA methylation and posttrans-
lational modifications of histones affect the architecture of chromatin and create “docking platforms” for multiple
binding proteins. According to Nieborak and Schneider” these modifications can be dynamically set and removed
by various enzymes that depend on the availability of key metabolites derived from different intracellular pathways.
Therefore, small metabolites generated in anabolic and catabolic processes can integrate multiple external and internal
stimuli and transfer information on the energetic state of a cell to the transcriptional machinery by regulating the activ-
ity of chromatin-modifying enzymes. Many chromatin-modifying enzymes respond to alterations in the levels of their
cofactors, cosubstrates, and inhibitors; however, the detailed molecular mechanisms and functional consequences of
such processes are largely unresolved.

Chromatin is traditionally viewed as a nuclear entity that regulates gene expression and silencing. However, Dou
et al.”* discovered the presence of cytoplasmic chromatin fragments that pinch off from intact nuclei of primary cells
during senescence, a form of terminal cell cycle arrest associated with proinflammatory responses. Cytoplasmic chro-
matin activates the innate immunity cytosolic DNA-sensing cyclic GMP-AMP synthase linked to stimulator of inter-
feron genes (cGAS-STING) pathway, leading both to short-term inflammation to restrain activated oncogenes and to
chronic inflammation that associates with tissue destruction and cancer. The cytoplasmic chromatin/cGAS-STING
pathway promotes the senescence-associated secretory phenotype in primary human cells; this pathway is activated
in cancer cells, and correlates with proinflammatory gene expression in human cancers.”*

1.2.3.1.1 Genome-Wide Chromatin Conformation, Spatial Organization, and 3D Genomics

The genome is segmented into hierarchically organized spatial compartments. There is a dynamic coupling between
chromatin organization and epigenetic regulation. It has been postulated that chromosome folding may contribute to
the maintenance of a robust epigenomic identity via the formation of spatial compartments like topologically associ-
ating domains.”” Three-dimensional (3D) compartmentalization leads to the spatial colocalization of epigenome reg-
ulators, contributing to increasing their local concentration and enhancing their ability to spread an epigenomic signal
at long range in different species.”” The dynamic three-dimensional chromatin architecture of genomes and its coevo-
lutionary connection to its function (storage, expression, and replication of genetic information) is still one of the cen-
tral issues in biology. The genome is compacted into a chromatin quasifibre with ~5 £ 1 nucleosomes/11 nm, folded
into stable ~30 to 100-kbp loops forming stable loop aggregates/rosettes connected by similar-sized linkers. Minor
variations in the architecture are seen between cell types and functional states. The architecture and the DNA sequence
show very similar fine-structured multiscaling behavior confirming their coevolution.”® Eukaryotic genomes are spa-
tially organized within the nucleus by chromosome folding, interchromosomal contacts, and interaction with nuclear
structures. The arrangement of the genome within the nucleus has been shaped and conserved through evolutionary
processes, probably playing an adaptive function. The spatial organization of the genome is likely to be genetically
encoded by binding sites for DNA-binding proteins and might also involve changes in chromatin structure, potentially
through nongenetic mechanisms.”” Mammalian development depends on the linear genome sequence that embeds
millions of cis-regulatory elements and on the three-dimensional (3D) chromatin architecture that orchestrates the
interplay between cis-regulatory elements and their target genes.”® Sequence-based profiling technologies such as
high-throughput sequencing to detect fragment nucleotide sequence (Hi-C) and chromatin interaction analysis by
paired end tag sequencing (ChIA-PET) have revolutionized the field of three-dimensional (3D) chromatin architecture.
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The human genome functions as folded 3D chromatin units and the looping paradigm is the basic principle of gene
regulation.”” The DNA microstates that regulate transcription include sequence-specific transcription factors (TFs),
coregulatory complexes, nucleosomes, histone modifications, DNA methylation, and parts of the three-dimensional
architecture of genomes, which could create an enormous combinatorial complexity across the genome. The complex-
ity of TFs, coregulators, and epigenetic marks at eukaryotic genes is highly redundant and the information present can
be compressed onto a much smaller subset of marks.”” Topologically associating domains (TADs), CTCF loop
domains, and A/B compartments have been identified as important structural and functional components of 3D chro-
matin organization. Chromatin is organized into compartmental domains that correspond with A/B compartments at
high resolution. The transcriptional state is a major predictor of Hi-C contact maps in several eukaryotes. Architectural
proteins insulate compartmental domains by reducing interaction frequencies between neighboring regions. In mam-
mals compartmental domains exist alongside CTCF loop domains to form topological domains. Compartmental
domains are responsible for domain structure in all eukaryotes, with CTCF playing an important role in domain for-
mation.®’ The 3D structure of the genome plays a key role in regulatory control of the cell. High-throughput chromo-
some conformation capture (Hi-C) has been developed to probe the 3D structure of the genome. However, it is
important to differentiate chromosome regions that are colocalized and coregulated. With integrative approaches it
might be possible to identify functional interchromosomal interactions. Intermingling regions generally fall into either
active or inactive clusters based on the enrichment for RNA polymerase II (RNAPII) and H3K9me3, respectively.
Active clusters are hotspots for transcription factor binding sites.” Mammalian genomes are folded into unique topo-
logical structures that undergo precise spatiotemporal restructuring during healthy development. These folding
patterns are miswired during the onset and progression of disease states.”

1.2.3.2 Histones

Histones (Table 1.3) are nucleosomic proteins integrated in the nuclear chromatin. Nucleosomes are formed by 147
DNA basepairs wrapped around an octamer of histones, assembled by two copies of each of the four core histones,
H2A, H2B, H3, and H4 (Table 1.3). Histone H1 is the linker binding DNA between the nucleosomal core particles to
stabilize chromatin structures. Histones are formed by a central globular domain and an N-terminal tail with multiple
sites for modification of nucleosomal organization, leading to ATP-dependent chromatin-remodeling complexes
(Tables 1.4-1.6) and posttranslation aminoacid modifications on histone tails (histone acetylation, methylation, phos-
phorylation, sumoylation, ubiquitylation, glycosylation, ADP ribosylation, biotinylation).”* ** Histone modifications
(HMs) are essential epigenetic features, with fundamental roles in biological processes such as transcription, DNA
repair, and DNA replication. Histone acetylation is achieved by the action of histone acetyltransferase (HAT), which
adds an acetyl group to a lysine residue, resulting in chromatin/transcriptional activation; histone deacetylation is
produced by histone deacetylases (HDACs) that remove the acetyl groups, and is related to chromatin inactivation
and transcriptional repression.** *°

Histones organize DNA into chromatin through a variety of processes,”® and histone modifications play a vital role
in gene regulation and cell identity.”” By regulating the accessibility of the genome, epigenetic regulators (i.e., histone
proteins, chromatin-modifying enzymes) control gene expression. Proper regulation of this “histone code” is essential
for the precise control of transcriptional networks to establish and maintain cell fate and identity.*® Histone modifi-
cations are associated with transcriptional regulation by diverse transcription factors. The presence of broad
H3K27me3 domains at transcriptionally active genes reflects the heterogeneous expression of major cell identity
regulators.”

Histones (Table 1.3) are evolutionarily conserved DNA-binding proteins that, as scaffolding molecules, regulate
DNA packaging into the nucleus of all eukaryotic cells. Canonical histones H3.1 and H3.2 are synthetized and loaded
during DNA replication. The histone variant H3.3 is expressed and deposited into the chromatin throughout the cell
cycle. H3.3 replaces the majority of canonical H3 in nondividing cells, reaching almost saturation levels in a time-
dependent manner. H3.3 plays an important function in age-related processes throughout evolution and is required
for proper neuronal function and brain plasticity.”

Histone H1 consists of a family of related proteins, including five replication-dependent (H1.1-H1.5) and two
replication-independent (H1.10 and H1.0) subtypes, all expressed in somatic cells. Dynamic changes in H1 subtype
expression and localization are tightly linked with chromatin remodeling and might be crucial for transitions in chro-
matin structure during reprogramming. Somatic H1 subtypes can distinguish male and female chromatin upon sex
differentiation in developing germ cells.”’

Histone H3.Y is conserved among primates. Exogenous H3.Y accumulates in transcription start sites, suggest-
ing its potential involvement in transcription regulation. The H3.Y nucleosome forms a relaxed chromatin con-
formation with flexible DNA ends. The H3.Y-specific Lys42 residue is partly responsible for enhancing the
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flexibility of nucleosomal DNA. H3.Y stably associates with chromatin and nucleosomes. The H3.Y C-terminal
region including amino acid residues 124-135 is responsible for its stable association with DNA. Among the H3.
Y C-terminal residues the H3.Y Met124 residue contributes to stable DNA association with the H3.Y-H4 tetramer.
The H3.Y M1241 mutation reduces the H3.Y-H4 association in the nucleosome, and the H3.Y K42R mutation affects
nucleosome stability and contributes to the flexible DNA ends of the nucleosome.”

Histone variants are chromatin components that replace replication-coupled histones in a fraction of nucleosomes
and confer particular characteristics to chromatin. H2A variants are the most frequent among histone protein families.
H2A-H2B dimers are removed and exchanged more easily than the stable H3-H4 core. The unstructured N-terminal
histone tails and the C-terminal tails of H2A histones protrude out of the compact structure of the nucleosome core
where they are the preferential target sites for posttranslational modifications (PTMs). Some PTMs are shared between
replication-coupled H2A and H2A variants, and many modifications are limited to a specific histone variant. H2A.Z
primarily acts as an oncogene and macroH2A and H2A.X as tumor suppressors.”

The centromere is the specialized chromatin region that directs chromosome segregation. The kinetochore assem-
bles on the centromere, attaching chromosomes to microtubules in mitosis. The centromere position is usually main-
tained through cell cycles and generations. Neocentromeres can occasionally form on ectopic regions when the original
centromere is inactivated or lost due to chromosomal rearrangements. Centromere repositioning can occur during
evolution. De novo centromeres can form on exogenously transformed DNA in human cells at a low frequency, which
then segregates faithfully as human artificial chromosomes (HACs). A conserved histone H3 variant, CENP-A, epi-
genetically marks functional centromeres, interspersing with H3. Several histone modifications enriched at centro-
meres are required for centromere function. Acetylated histones on chromatin and transcription can create an open
chromatin environment, enhancing nucleosome disassembly and assembly, and potentially contribute to centromere
establishment. Alternatively, acetylation of soluble H4 may stimulate the initial deposition of CENP-AHCP-3-H4
nucleosomes.”

CENP-A (centromere protein A) is a histone H3 variant that epigenetically determines the centromere position.
CENP-A ubiquitylation, which is inherited through dimerization between rounds of cell division, is a candidate
for the epigenetic mark of centromere identity.”> Phosphorylation at Ser68 was proposed to have an essential role
in CENP-A deposition at centromeres. Blockage of ubiquitination at Lys124 was proposed to abrogate localization
of CENP-A to the centromere. CENP-A mutants that cannot be phosphorylated at Ser68 or ubiquitinated at Lys124
assemble efficiently at centromeres during G1, mediate early events in centromere establishment at an ectopic chro-
mosomal locus, and maintain centromere function indeﬁnitely.%

1.2.3.3 Posttranslational Modifications

Chromatin is the physiological template of genetic information, integrating a highly organized complex of DNA
and histone proteins for regulating gene expression and genome organization. A great number of histone posttrans-
lational modifications (PTMs) have been identified with synthetic and chemical biology techniques, including genetic
code expansion, histone semisynthesis, and posttranslational chemical mutagenesis.”” Posttranslational modifications
of histones and the dynamic DNA methylation cycle are finely regulated by a myriad of chromatin-binding factors and
chromatin-modifying enzymes. Epigenetic modifications ensure local changes in the architecture of chromatin, thus
controlling accessibility of the machinery of transcription, replication, or DNA repair to the chromatin. Histone PTMs
are fundamental players of chromatin regulation, as they contribute to editing histone chemical properties and recruit-
ing proteins for gene transcription and DNA repair.”® The most relevant posttranslational changes on histone tails
include acetylation; ubiquitylation; sumoylation at K (lysine) residues; methylation at K, R (arginine), or
H (histidine) residues; and phosphorylation at S (serine), T (threonine), or Y (tyrosine) residues; which affect transcrip-
tion, DNA replication, and DNA repair.”” Proteins with domains that recognize and bind PTMs of histones are col-
lectively termed epigenetic readers. Numerous interactions between specific reader protein domains and histone
PTMs and their regulatory outcomes have been reported.

The Roadmap Epigenomics Consortium generated a reference catalog of several key histone modifications across
>100 human cell types and tissues, and Wang et al.”” characterized cell type-specific regulatory elements (CSREs) and
their histone modification codes in the human epigenomes of five histone modifications across 127 tissues or cell types.

1.2.3.3.1 Histone Methylation-Demethylation

Histone methylation is catalyzed by histone lysine methyltransferases (HKMT) (Table 1.7) and histone demethyl-
ation by histone lysine demethylases (Table 1.8). Some histone methylations (H3K4, H3K36, H3K79) are associated
with transcription activation and an open euchromatin structure, whereas other histone methylations (H3K9,
H3K27, H4K20) associate with gene silencing and a close heterochromatin structure.”” Enhancers act to regulate cell
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TABLE 1.7 Histone Methyltransferases
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MIM
Gene Name Locus Other names number Phenotype
ASHIL Ash1 (absent, small, or 1g22 KIAA1420, ASH1, 607999 Autoimmune diseases; beta thalassemia; brain
homeotic), Drosophila, MRD52, ASH1L1, cancer; breast cancer; developmental disorders;
homolog of huASH1, KMT2H leukemia; lung cancer; mental retardation,
autosomal dominant 52
ASH2L ASH2, Drosophila, homolog 8p11.23 ASH21.2, ASH2L.1 604782 Leukemia
of
CARM1 Coactivator associated 19p13.2 PRMT4 603934 Breast cancer; prostate cancer
arginine methyltransferase 1
DOTIL Dotl, yeast, homolog of 19p13.3 DOT1, KIAA1814, 607375 Colorectal cancer; dilated cardiomyopathy;
KMT4 leukemia
DPY30 DPY30, Caenorhabditis 2p22.3 Cps25, HDPY-30, 612032 Gastric cancer
elegans, homolog of Saf19
EED Embryonic ectoderm 11q14.2 WAIT1, COGIS 605984 Cohen-Gibson syndrome
development protein, mouse,
homolog of
EHMT1 Euchromatic histone 9q34.3 EUHMTASE], 607001 Kleefstra syndrome 1
methyltransferase 1 DEL9q34, GLP,
KLEFS1, KMT1D
EHMT?2 Euchromatic histone lysine 6p21.33 KMTI1C, BATS, 604599 Autism spectrum disorders (ASD); bladder cancer;
N-methyltransferase 2 Co6orf30, GATS, G9A, lung cancer
NG36
EZH1 Enhancer of zeste, Drosophila,  17q21.2 KIAA0388, KMT6B 601674 Leukemia; thyroid cancer
homolog of, 1
EZH2 Enhancer of zeste, Drosophila, ~ 7q36.1 ENX-1, EZH1, 601573 Endometrial carcinoma; Ewing tumors; Melanoma;
homolog of, 2 KMT6, KMT6A, primary myelofibrosis; prostate cancer; Weaver
MGC9169, WVS syndrome
KMT2A Lysine methyltransferase 2A°  11q23.3 ALL-1,CXXC7,HRX, 159555 Leukemia, myeloid/lymphoid or mixed lineage;
HTRX1, MLL1, Wiedemann-Steiner syndrome
MLL1A, TRX1
KMT2B Lysine (K)-specific 19q13.12  CXXC10, MLL4, 606834 Dystonia 28, childhood onset; pancreatic carcinoma;
methyltransferase 2B KIAA0304, DYT28, spindle cell sarcoma
HRX2, RX2, WBP7
KMT2C Lysine (K)-specific 7q36.1 MLL3, KIAA1506, 606833 Kleefstra syndrome 2
methyltransferase 2C KLEFS2
KMT2D Lysine (K)-specific 12q13.12 MLL2, ALR, 602113 B cell lymphoma; Kabuki syndrome 1
methyltransferase 2D CAGL114, KABUK1
KMT2E Lysine (K)-specific 7q22.3 FLJ10078, FLJ14026, 608444 Leukemia
methyltransferase 2E HDCMC04P, PMCB,
MGC70452, MLL5
KMT5A Lysine methyltransferase 5A  12q24.31  SETDS, PR-Set7, 607240 Breast cancer
SET07, SET8
KMT5B Lysine methyltransferase 5B 11q13.2 SUV420H1, CGIS85, 610881 Mental retardation, autosomal dominant 51
MRD51
KMT5C Lysine methyltransferase 5C ~ 19q13.42  SUV420H2, 613198 Pancreatic cancer
MGC2705
NSD1 Nuclear receptor binding SET ~ 5q35.3 ARA267, STO, 606681 Leukemia, acute myeloid; Sotos syndrome 1
domain protein 1 SOTOS1
PAGR1 PAXIP1-associated 16p11.2 Cl6orf53, PA1, GAS 612033

glutamate-rich protein 1
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MIM
Gene Name Locus Other names number Phenotype
PRMT1 Protein arginine 19q13.33 ANMI, HCP1, 602950 Breast cancer; head and neck cancer; Hirschsprung
methyltransferase 1 HRMT1L2, IR1B4 disease; liver cancer
PRMT?2 Protein arginine 21q22.3 HRMTI1L1, 601961 Breast cancer; dyslexia; endometriosis
methyltransferase 2 MGC111373
PRMT3 Protein arginine 11p15.1 HRMT1L3 603190
methyltransferase 3
PRMT5 Protein arginine 14q11.2 HRMT1L5, SKBI, 604045 Breast cancer; gastric cancer; lung cancer
methyltransferase 5 SKB1Hs
PRMT6 Protein arginine 1p13.3 ANM6, HRMT1L6, 608274 Colorectal cancer; prostate cancer
methyltransferase 6 FLJ10559
PRMT7 Protein arginine 16q22.1 KIAA1933, FLJ10640, 610087 Short stature, brachydactyly, intellectual
methyltransferase 7 SBIDDS developmental disability, and seizures
PRMTS8 Protein arginine 12p13.32 HRMTILS3, 610086 Colorectal cancer; Intellectual developmental
methyltransferase 8 HRMT1L4 disability
PRMT9 Protein arginine 4q31.23 PRMT10, FLJ46629 616125 Liver cancer; Osteosarcoma
methyltransferase 9
SETD1A SET domain-containing 16p11.2 SET1A, SET1, 611052 Leukemia
protein 1A KIAA0339, KMT2F
SETDI1B SET domain-containing 12q24.31  SET1B, KIAA1076, 611055 Breast cancer; intellectual disability, epilepsy and
protein 1B KMT2G autism
SETD2 SET domain-containing 3p21.31 SET2, HYPB, 612778 Luscan-Lumish syndrome
protein 2 HBP231, KIAA1732,
LLS
SETD3 SET domain-containing 14q32.2 FLJ23027 615671 Liver cancer
protein 3
SETD6 SET domain-containing 16q21 FLJ21148 616424 Bladder cancer; colorectal cancer
protein 6
SETD7 SET domain-containing 4q31.1 KIAA1717, KMT7?, 606594 Breast cancer; prostate cancer
protein 7 SET7, SET7/9, Set9,
SET9
SETDB1 SET domain protein, 1q21.3 ESET, KGIT, 604396 Breast cancer; hepatocellular carcinoma;
bifurcated, 1 KIAA0067, KMTI1E, Huntington disease; nonsmall-cell lung cancer;
TDRD21 small-cell lung cancer; ovarian cancer
SETDB2 SET domain protein, 13q14.2 CLLDS, CLLLS, 607865 Leukemia
bifurcated, 2 KMT1F
SETMAR  SET and Mariner transposase ~ 3p26.1 METNASE 609834 Glioblastoma; leukemia
domains-containing protein
SMYD?2 SET and MYND domain- 1g32.3 HSKM-B, KMT3C, 610663 Breast cancer; liver cancer
containing protein 2 ZMYND14
SMYD3 SET and MYND domain- 1g44 KMT3E, ZMYNDI1, 608783 Breast cancer; colorectal cancer; esophageal
containing protein 3 ZNFN3A1 squamous cell carcinoma; liver cancer
SUV39H1  Suppressor of variegation Xp11.23  KMT1A, SUV39H 300254 Inflammation; melanoma
3-9, Drosophila, homolog of, 1
SUV39H2  Suppressor of variegation 10p13 FLJ23414, KMT1B 606503 Lung cancer
3-9, Drosophila, homolog of, 2
SUuzi12 Suppressor of zeste 17q11.2 KIAA0160, CHET9, 606245 Chronic myeloid leukemia; endometrial stromal

12 homolog (Drosophila)

JIAZ1

sarcoma; epithelial ovarian cancer;
neurofibromatosis type 1



omim:602950
omim:601961
omim:603190
omim:604045
omim:608274
omim:610087
omim:610086
omim:616125
omim:611052
omim:611055
omim:612778
omim:615671
omim:616424
omim:606594
omim:604396
omim:607865
omim:609834
omim:610663
omim:608783
omim:300254
omim:606503
omim:606245
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TABLE 1.8 Histone Demethylases

Gene Name Locus Other names OMIM  Phenotype
HIF1IAN Hypoxia-inducible factor 1 subunit  10q24.31 = DKFZp762F1811, 606615  Breast cancer; liver cancer
alpha inhibitor FIH1, FLJ20615,
FLJ22027
HR HR, lysine demethylase and 8p21.3 AU, ALUNC, APL, 602302  Alopecia; Atrichia with papular lesion
nuclear receptor corepressor HSA277165, HYPT4,
MUHH, MUHH1
HSPBAP1  HSPBl-associated protein 1 3q21.1 FLJ22623, FL]39386, 608263  Renal cancer
PASS1
JARID2 Jumonji and AT-rich interaction 6p22.3 JM], HY, SMCY, 601594  Heart diseases; Schizophrenia
domain containing 2 KIAA0234
JMJD1C Jumonji domain-containing 10q21.3 TRIPS, KIAA1380 604503  Breast cancer; intellectual disability;
protein 1C leukemia; Rett syndrome
JMJD4 Jumonji domain containing 4 1q42.13 FLJ12517, MGC129896
JMJD6 Jumonji domain containing 6 17925.1 PSR, KIAA0585, 604914  Breast cancer; neuroglioma; preeclampsia
(phosphatidylserine receptor) PTDSR1
JMJD7 Jumonji domain containing 7 15q15.1 Head and neck cancer
JMJD8 Jumonji domain containing 8 16p13.3 Cl160rf20, PP14397
KDM1A Lysine-specific demethylase 1* 1p36.12 LSD1, AOF2, BHC110, 609132  Cleft palate, psychomotor retardation, and
KIAA0601, CPRF distinctive facial features; Multiple myeloma;
Neurodegenerative diseases
KDM2A Lysine demethylase 2* 11q13.2 CXXCS8, 605657  Breast cancer; colorectal cancer
DKFZP434M1735
KDM1B Lysine-specific demethylase 1B 6p22.3 LSD2, AOF1 613081 Breast cancer
KDM2B Lysine-specific demethylase 2B 12q24.31  FBXL10, FBL10, 609078  Colorectal cancer; leukemia; prostate cancer;
CXXC2, JHDM1B ovarian cancer
KDM3A Lysine-specific demethylase 3° 2pl1.2 JMJD1A, JHDM2A, 611512 Bladder cancer; Ewing sarcoma; renal cancer
TSGA, KIAA0742
KDM3B Lysine-specific demethylase 3B 5q31.2 Cborf7, KIAA1082, 609373  Myelodysplasia; myeloid leukemia
JMJD1B, NET22
KDM4A Lysine-specific demethylase 4 1p34.2- JMJD2A, JHDMB3A, 609764  Squamous cell cancer
p34.1 KIAA0677
KDM4B Lysine-specific demethylase 4B 19p13.3 JMJD2B, KIAA0876 609765  Prostate cancer; renal cancer
KDM4C Lysine-specific demethylase 4C 9p24.1 JMJD2C, GASC1, 605469  Breast cancer; esophageal squamous cell
KIAA0780 cancer
KDM4D Lysine demethylase 4D 11q21 JMJD2D, FLJ10251 609766  Hodgkin lymphoma; pancreatic cancer
KDM4E Lysine-specific demethylase 4E 11q21 JMJD2E 616581
KDM5A Lysine (K)-specific demethylase 5°  12p13.33  JARID1A, RBP2, 180202  Acute myeloid leukemia; acute
RBBP2 megakaryoblastic leukemia (AMKL)
KDM5B Lysine-specific demethylase 5B 1q32.1 JARID1B, PUT], 605393  Breast cancer; melanoma; prostate cancer
PLU1, RBBP2HIA
KDM5C Lysine-specific demethylase 5C Xp11.22 JARID1C, SMCX, 300534  Mental retardation, X linked, syndromic,
(Jumonji, AT-rich interactive DXS1272E, XE169, Claes-Jensen type; prostate tumors and
domain 1C) MRXSC]J seminomas
KDM5D Lysine-specific demethylase 5D Yql11.223  JARID1D, SMCY, 426000  Prostate cancer; renal cancer
HYA
KDM6A Lysine (K)-specific demethylase 6°  Xp11.3 UTX, KABUK2 300128  Kabuki syndrome 2
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TABLE 1.8 Histone Demethylases—cont’d

Gene Name Locus Other names OMIM  Phenotype

KDM6B Lysine-specific demethylase 6B 17p13.1 JMJD3, KIAA0346 611577  Autoimmune diseases

KDM7A Lysine demethylase 7A 7q34 JHDM1D, KDM?7, Systemic lupus erythematosus
KIAA1718

KDM8 Lysine demethylase 8 16p12.1 JMJD5 611917  Adrenal cancer; bladder cancer; breast cancer;

liver cancer; thyroid cancer; uterine cancer

PHF?2 PHD finger protein-2 9q22.31 CENP-35, JHDMI1E, 604351 Colorectal cancer; gastric cancer; obesity;
KDM7C, KIAA0662 renal cancer

PHF8 PHD finger protein 8 Xp11.22 JHDM1F, ZNF422, 300560  Mental retardation syndrome, X linked,
KIAA1111, MRXSSD, Siderius type
KDM7B

RIOX1 Ribosomal oxygenase 1 14q24.3 FLJ21802, ]IMJD9, 611919  Colorectal cancer
MAPJD, NO66

RIOX2 Ribosomal oxygenase 2 3ql1.2 MINA, FLJ14393, 612049  Breast cancer; gastric cancer; glioblastoma;
JMJD10, mdig, heart diseases; liver cancer; multiple
MINA53, NO52 myeloma

ury Ubiquitously transcribed TPR gene  Yq11.221 = KDM6AL, KDM6C 400009  Bladder cancer; hypogonadism

on 'Y chromosome

type-specific gene expression by facilitating the transcription of target genes. Active or primed enhancers are com-
monly marked by monomethylation of histone H3 at lysine 4 (H3K4mel) in a cell type-specific manner. Studies in
mononucleosomes identified multiple H3K4mel-associated proteins, including many involved in chromatin remodel-
ing. H3K4mel enhances the association of the chromatin-remodeling complex BAF to enhancers and H3K4mel-
marked nucleosomes are more efficiently remodeled by the BAF complex. Monomethylation is accommodated by
BAF45C’s H3K4-binding site. H3K4mel has an active role at enhancers by facilitating binding of the BAF complex
and other chromatin regulators.'” Trimethylation of histone 3 at lysine 27 (H3K27me3) is a repressive mark that asso-
ciates with developmental gene regulation during differentiation programs.'’’ Methylation of histone H3 lysine 4 is
linked to active transcription and can be removed by LSD1 or the JmjC domain-containing proteins by aminooxidation
or hydroxylation, respectively. Its deamination can be catalyzed by lysyl oxidase-like 2 protein (LOXL2). By regulating
H3K4me3 deamination, LOXL2 activity is linked with transcriptional control of the CDH1 gene.'"”

Histone Lys-to-Met (K-to-M) mutations act as gain-of-function mutations to inhibit a wide range of histone
methyltransferases and are thought to promote tumorigenesis. In Arabidopsis thaliana a transgene exogenously ex-
pressing histone 3 Lys-36 to Met mutation (K36M) acts in a dominant-negative manner to cause global reduction
of H3K36 methylation. This dominant repressive activity is dosage dependent and causes strong developmental
perturbations.'””

Histone lysine methylation participates in diverse mechanisms associated with health, disease, early development,
aging, and cancer. Recent studies in red-eared sliders (Trachemys scripta elegans), which tolerate anoxic conditions for
months by reducing their overall metabolic rate by 90%, demonstrated the presence of histone lysine methyltrans-
ferases (HKMTs) and corresponding histone H3 lysine methylation in the liver of this species. H3K4mel, a histone
mark associated with active transcription and two corresponding histone lysine methyltransferases that modify
H3K4mel, increase in response to anoxia; H3K27mel, another transcriptionally active histone mark, decreases during
anoxia; and H3K9me3, a transcriptionally repressive histone mark, and corresponding KMTs increase with anoxia.
These results reported by Wijenayake et al.'”* suggest dynamic regulation of histone lysine methylation in the liver
of this anoxia-tolerant species for selective upregulation of the genes necessary for anoxia survival, and repression of
other genes for energy conservation.

The euchromatic G9a histone methyltransferase (G9a) (KMT1C, EHMT2) is a lysine methyltransferase (KMT)
whose primary function is to dimethylate lysine 9 of histone H3 (H3K9me2). G9a-dependent H3K9me?2 is associated
with gene silencing and acts primarily by recruiting H3K9me2-binding proteins that prevent transcriptional activa-
tion. Gene repression via G9a-dependent H3K9me? is critically required in embryonic stem (ES) cells for the devel-
opment of cellular lineages by repressing the expression of pluripotency factors. G9a also plays an important role
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in the immune system where lymphoid cells and innate lymphoid cells (ILCs) can differentiate from a naive state into
one of several effector lineages that require both activating and repressive mechanisms to maintain the correct gene
expression program.'®”

The dysregulation of G9a in catalyzing histone H3 methylation on lysines 9 and 27 has been linked to uncontrolled
proliferation of tumor cells and silencing on cell proliferation of microvascular endothelial cells, a process necessary to
sustain tumor growth through the formation of a vascular capillary network. BIX-01294 and chaetocin are effective
inhibitors of G9a HMT activity in human microvascular endothelial cells (HMEC-1), inducing attenuation of
HMEC-1 proliferation, nuclear localization of phosphorylated Chkl, cell cycle arrest in the G1 phase, increased gene
expression of the cyclin-dependent kinase (CDK) inhibitor p21, and also of Rb1. G9a HMT plays a central role in the
promotion of endothelial cell proliferation.'*

Lysine methyltransferases (KMTs) mediate methylation marks on histone and nonhistone proteins to regulate gene
expression in cycling and noncycling cells. The SUV39 subfamily of KMTs (SUV39H1, SUV39H2, G9a, GLP, SETDB1,
and SETDB2) (Table 1.7) is involved in cell cycle regulation, differentiation programs, and cellular senescence.'”’

SET and MYND domain-containing proteins (Smyd) are a special class of lysine methyltransferases whose catalytic
SET domain is split by an MYND domain (Table 1.7). The hallmark feature of this family is the methylation of histone
H3 on lysine 4. The role of the Smyd family is dynamic, targeting unique histone residues associated with both tran-
scriptional activation and repression. Smyd proteins also methylate several nonhistone proteins to regulate various
cellular processes in development, cell growth, and differentiation and disease conditions.'””

The H3K4 methyltransferase Setl, which is commonly linked to transcriptional activation, has been implicated in
telomere silencing. Set5 is an H4 K5, K8, and K12 methyltransferase that functions with Setl to promote repression at
telomeres. Setl and Set5 promote a Sir protein-independent mechanism of repression that may primarily rely on reg-
ulation of H4K5ac and H4K8ac at telomeric regions. Cells lacking both Set1 and Set5 have highly correlated transcrip-
tomes to mutants in telomere maintenance pathways and display defects in telomere stability, linking their roles in
silencing to protection of telomere.'”” Histone methylation at H3K4 and H3K36 is commonly associated with genes
actively transcribed by RNA polymerase II (RNAPII) and is catalyzed by Saccharomyces cerevisiae Setl and Set2, respec-
tively. Setl is strongly bound to the SET1 mRNA, Tyl retrotransposons, and noncoding RNAs from the ribosomal
DNA (rDNA) intergenic spacers, consistent with its silencing roles. Setl lacking RNA recognition motif 2 (RRM2)
shows reduced cross-linking to RNA and reduced chromatin occupancy. RNA binding by Setl contributes to both
chromatin association and methyltransferase activity.''’ H3K36 methylation is a common epigenetic mark that is
thought to be associated with the activities of the RNA polymerase 2C-terminal domain. A novel silencing mechanism
regulated by Set2-dependent H3K36 methylation involving exosome-dependent RNA processing has been
identified.""'

The Suv39h1 and Suv39h2 histone lysine methyltransferases are hallmark enzymes at mammalian heterochromatin.
The mouse Suv39h2 enzyme differs from Suv39h1 by containing an N-terminal basic domain that facilitates retention at
mitotic chromatin and provides an additional affinity for major satellite repeat RNA. Suv39h1 and Suv39h2 exclusively
associate with poly-nucleosomes. Major satellite repeat transcripts remain chromatin-associated and have a secondary
structure that favors RNA-DNA hybrid formation. This is an RNA-mediated mechanism for the stable chromatin inter-
action of the Suv39h KMT, suggesting a function for major satellite noncoding RNA in the organization of an RNA-
nucleosome scaffold.'"”

The presence of H3K9me3 and heterochromatin protein 1 (HP1) are hallmarks of heterochromatin conserved in
eukaryotes. The spreading and maintenance of H3K9me3 is affected by the functional interplay between the
H3K9me3-specific histone methyltransferase Suv39hl and HP1. The three HP1 isoforms, HP1e, B, and y, may play
a redundant role in Suv39hl-dependent deposition of H3K9me3 in pericentric heterochromatin (PCH). HP1a and,
to a lesser extent, HP1y have a closer functional link to Suv39h1, compared to HP1p. HP1a and y preferentially interact
in vivo with Suv39h1, regulate its dynamics in heterochromatin, and increase Suv39hl protein stability by inhibiting
MDM2-dependent Suv39h1-K87 polyubiquitination. The interplay between Suv39h1 and HP1 isoforms appears to be
relevant under genotoxic stress. Loss of HP1a and y isoforms inhibits the upregulation of Suv39h1 and H3K9me3 that
is observed under stress conditions. Suv39h1 deficiency abrogates stress-dependent upregulation of HP1la and y and
enhances HP1p levels.'"?

Genome-wide correlation studies have revealed that histone activation marks and repression marks are associated
with activated and repressed gene expression, respectively. Histone H3 K79 methylation is carried out by only a single
methyltransferase, disruptor of telomeric silencing-1-like (DOT1L). Studies of thyroid hormone (T3)-dependent
amphibian metamorphosis in the pseudotetraploid Xenopus laevis and diploid Xenopus tropicalis, as models for post-
embryonic development, showed that H3K79 methylation levels are induced at T3 target genes during natural and
T3-induced metamorphosis and that Dot1L is itself a T3 target gene. T3 induces Dot1L expression, and DotlL in turn
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functions as a T3 receptor (TR) coactivator to promote vertebrate development. Overexpression of Dot1L enhances
gene activation by TR in the presence of T3. Endogenous Dot1L is critical for T3-induced activation of endogenous
TR target genes, while transgenic Dot1L enhances endogenous TR function in premetamorphic tadpoles in the pres-
ence of T3.""*

Histone methyltransferase DOT1L is implicated in various biological processes including cell proliferation, differ-
entiation, and embryogenesis. Gene ablation of Dot1L results in embryonic lethality and cardiovascular defects includ-
ing decreased vasculature. DOTIL is required for angiogenesis. Silencing of DOTIL in human umbilical vein
endothelial cells (HUVECs) leads to decreased cell viability, migration, tube formation, and capillary sprout formation.
DOT1L cooperates with transcription factor ETS-1 to stimulate the expression of VEGFR2, thereby activating the
ERK1/2 and AKT signaling pathways and promoting angiogenesis.' '

Monomethylation of histone H3 at lysine 4 (H3K4mel) and acetylation of histone H3 at lysine 27 (H3K27ac) are
correlated with transcriptionally engaged enhancer elements. Loss of H3K4me1 from enhancers in M113 /4 catalytically
deficient cells causes partial reduction of H3K27ac, with minor effects on transcription from either enhancers or pro-
moters. In contrast, loss of M113/4 proteins leads to strong depletion of enhancer Pol Il occupancy and eRNA synthesis,
concomitant with downregulation of target genes.''®

The KMT2A /MLL1 lysine methyltransferase complex is an epigenetic regulator of selected developmental genes, in
part through SET domain-catalyzed methylation of H3K4. It is essential for normal embryonic development and
hematopoiesis and frequently mutated in cancer. KMT2A /MLL1 and Msk1 (RPS6KA5) coimmunoprecipitate in var-
ious cell types. KMT2A/MLL1 and Mskl knockdown demonstrate that the great majority of genes whose activity
changed on KTM2A/MLL1 knockdown respond comparably to Mskl knockdown, as did levels of H3K4 methylation
and H3510 phosphorylation at KTM2A target genes HoxA4 and HoxA5. KMT2A/MLL1 is required for the genomic
targeting of Msk1l. The KMT2A /MLL1 complex is associated with, and functionally dependent on, the kinase Msk1,
part of the MAP kinase signaling pathway. Wiersma et al.''” proposed that Msk1-catalyzed phosphorylation at H3
serines 10 and 28 supports H3K4 methylation by the KMT2A /MLL1 complex both by making H3 a more attractive
substrate for its SET domain, and improving target gene accessibility by prevention of HP1- and Polycomb-mediated
chromatin condensation.

ESET protein (SETDB1) catalyzes methylation of histone H3 at lysine 9 (H3-K9). The ESET gene also exhibits alter-
native splicing variants encoding truncated proteins capable of retaining interaction with other epigenetic enzymes.
Mesenchyme-specific knockout of exon 4 completely eliminates full-length ESET and its truncated protein products,
leading to bone defects, ectopic hypertrophy of growth plate chondrocytes, and downregulation of Indian hedgehog
protein. Exon 4 deletion also results in reduced thickness of articular cartilage in E17.5 embryos, whereas deletion of
exons 15-16 fails to do so. These data reported by Yang et al."'® indicate that ESET plays a critical role in the control of
chondrocyte hypertrophy and skeletal development.

SETDS8/SET8/Pr-SET7 /KMT5A is the only known lysine methyltransferase (KMT) that monomethylates lysine 20
of histone H4 (H4K20). Lysine residues of nonhistone proteins including proliferating cell nuclear antigen (PCNA) and
p53 are also monomethylated. The methyltransferase activity of the enzyme is implicated in many essential cellular
processes including DNA replication, DNA damage response, transcription modulation, and cell cycle regulation."”

Methylation of arginine residues is an important modulator of protein function involved in epigenetic gene regu-
lation, DNA damage response, RNA maturation, and cellular signaling. The enzymes catalyzing this posttranslational
modification are called protein arginine methyltransferases (PRMTs) (Table 1.7), of which PRMT1 is the predominant
enzyme. Arginine methylation on histones is a central player in epigenetics and in gene activation and repression.
Protein arginine methyltransferase (PRMT) activity, associated with PRMT1-9 enzymes, is implicated in stem cell plur-
ipotency, cancer metastasis, and tumorigenesis. PRMT5 affects the levels of symmetric dimethylarginine (SDMA) at
Arg-3 on histone H4, leading to the repression of genes that are related to disease progression in lymphoma and leu-
kemia. PRMT7 also affects SDMA levels at the same site despite its unique monomethylating activity and the lack of
any evidence for PRMT7-catalyzed histone H4 Arg-3 methylation. PRMT7-mediated monomethylation of histone H4
Arg-17 regulates PRMTS5 activity at Arg-3 in the same protein.'*’

Human PRMT1 is expressed in seven splicing isoforms, which are differentially abundant in various tissues with
distinct substrate specificity and intracellular localization. A novel splicing isoform does not affect the amino-terminus
of the protein like the seven known isoforms, but rather lacks exons 8 and 9 that encode the dimerization arm of the
enzyme, which is essential for enzymatic activity. This isoform does not form catalytically active oligomers with the
other endogenous PRMT1 isoforms. This isoform is found in a variety of cell lines, and it is preferentially increased in
oncocells or after expression of the EMT-inducing transcriptional repressor Snaill. It has been proposed that this novel
isoform might act as a modulator of PRMT1 activity in cancer cells by acting as a competitive inhibitor that shields
substrates from access to active PRMT1 oligomers.'*'
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Protein arginine methyltransferase 5 (PRMT5) plays multiple roles in cellular processes at different stages of the cell
cycle in a tissue-specific manner. PRMT5 in complex with MEP50/p44/WDR?77 associates with a plethora of partner
proteins to symmetrically dimethylate arginine residues on target proteins in both the nucleus and the cytoplasm.
PRMTS5 overexpression is frequent in cancer. Recent studies illustrate the structure of the 453-kDa heterooctameric
PRMT5-MEP50 complex bound to an S-adenosylmethionine analog and a substrate peptide.'**

PRMTS, a protein arginine methyltransferase, is responsible for asymmetric dimethylation of histone H3 arginine 2
(H3R2me2a), negatively regulates DNA methylation, and its upregulation contributes to global DNA hypomethyla-
tion in cancer. PRMT6 overexpression impairs chromatin association of UHRF1, an accessory factor of DNMT1, result-
ing in passive DNA demethylation. Elevated H3R2me2a inhibits the interaction between UHRF1 and histone H3.

The type Il arginine methyltransferase PRMTS5 is responsible for the symmetric dimethylation of histone to generate
H3R8me2s and H4R3me2s marks, which correlate with the repression of transcription. Loss of PRMT5 causes reduc-
tion in the levels of proteins encoded by the MEP50, CCND1, MYC, HIFla, MTIF, and CDKNI1B genes, with
unchanged levels of their respective mRNAs. The genes regulated by PRMTS5, at the posttranscriptional level, express
mRNA containing an internal ribosome entry site (IRES). PRMT5 facilitates the translation of a subset of IRES-
containing genes. The heterogeneous nuclear ribonucleoprotein, hnRNP Al, is an IRES transacting factor ITAF) that
regulates the IRES-dependent translation of Cyclin D1 and c-Myc. hnRNP A1 is methylated by PRMT5 on R218 and
R225 residues, and this methylation facilitates the interaction of hnRNP Al with IRES RNA to promote IRES-
dependent translation. This is a new role for PRMT5 regulation of cellular protein levels, beyond the role of PRMT5
as a transcription and splicing regulator.'*

CARM1 is an arginine methyltransferase that asymmetrically dimethylates protein substrates on arginine residues.
CARM1 is often overexpressed in human cancers. EZH2 inhibition is effective in CARM1-expressing epithelial ovarian
cancer. CARM1 promotes EZH2-mediated silencing of EZH2 /BAF155 target tumor suppressor genes by methylating
BAF155, which leads to the displacement of BAF155 by EZH2. Pharmacological inhibition of EZH2 represents a novel
therapeutic strategy for CARM1-expressing cancers.'**

Posttranslational modifications, such as methylation, acetylation, and phosphorylation, of histone proteins play
important roles in regulating dynamic chromatin structure. The demethylases for all major lysine methylation sites
have been discovered, with the exception of histone H3 lysine 79 methylation.'* Lysine-specific demethylase 1
(LSD1), also known as KDM1A (Table 1.8), was the first identified histone demethylase. LSD1 plays a pivotal role
in a wide range of biological processes, including development, cellular differentiation, embryonic pluripotency,
and disease.'”® LSD1 demethylases H3K4mel/2 and H3K9mel/2 at target loci in a context-dependent manner.
LSD1 regulates the balance between self-renewal and differentiation of stem cells, and is highly expressed in various
cancers, playing an important role in differentiation and self-renewal of tumor cells.'*’

Two current unresolved questions in epigenetics concern the existence of histone arginine demethylases and the
removal of histone tails by proteolysis as a major epigenetic modification process. Liu et al.'*® found that two orphan
Jumonji C domain (JmjC)-containing proteins, JMJD5 and JMJD7 (Table 1.8), have divalent cation-dependent protease
activities that preferentially cleave the tails of histones 2, 3, or 4 containing methylated arginines. JMJD5 and JMJD7 act
as aminopeptidases digesting C-terminal products. JMJD5-deficient fibroblasts exhibit dramatically increased levels of
methylated arginines and histones. Depletion of JMJD? in breast cancer cells greatly decreases cell proliferation. The
protease activities of JMJD5 and JMJD? represent a mechanism for removal of histone tails bearing methylated arginine
residues and define a potential mechanism of transcription regulation.'*®

Fe(Il) / 2-oxoglutarate-dependent dioxygenases are important enzymes in the modulation of distinct biological pro-
cesses such as epigenetics, hypoxic signaling, and DNA/RNA repair. Jumonji C domain-containing histone lysine
demethylases (JMJCs) and prolyl hydroxylases are potential drug targets due to their relevance to human diseases.'*’

Caenorhabditis elegans JMJD-1.2, a member of the KDM?7 family, is a demethylase active toward several lysine res-
idues on histone 3 (H3). Jmjd-1.2 is expressed in the germline where it controls the level of H3 lysine 9, lysine 23, and
lysine 27 dimethylation (H3K9 /K23 /K27me2) both in mitotic and meiotic cells. Loss of Jmjd-1.2 is not associated with
major defects in the germ cells in animals grown under normal conditions or after DNA damage induced by UV or
ionizing irradiation. Jmjd-1.2 mutants are more sensitive to replication stress, and the progeny of mutant animals
exposed to hydroxyurea show increased embryonic lethality and mutational rate. Jmjd-1.2 maintains genome integrity
after replication stress and regulates histone methylation in genomic stability.'*’

The E26 transformation-specific (ETS) variant 2 (ETV2) protein (ETS-related 71), a member of the ETS transcription
factor family, is essential for embryonic vascular development. ETV2 plays an oncogenic role in tumorigenesis. ETV2
forms complexes with two histone demethylases: jumonji domain-containing (JMJD)2A and JMJD2D. JMJD2A is a
driver of prostate cancer development. ETV2 exhibits the potential to stimulate the promoters of matrix metallopro-
teinases (MMPs) MMP1 and MMPY7 in prostate cancer cells. JMJD2A and JMJD2D synergize with ETV2 to activate the
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MMP1 promoter. ETV2 expression is positively associated with JMJD2A and JM]D2D mRNA levels in neuroendocrine
prostate tumors. ETV2, JMJD2A, and JMJD2D may jointly promote tumorigenesis.m

The KDM4 histone demethylases are conserved epigenetic regulators linked to development, spermatogenesis, and
tumorigenesis. KDM4A /B double-tudor domains (DTDs) bind to H3K23me3, a histone modification enriched in mei-
otic chromatin of ciliates and nematodes. KDM4B and H3K23me3 colocalize at heterochromatin in mammalian meiotic
and newly postmeiotic spermatocytes. H3K23me3 binding by KDM4B stimulates H3K36 demethylation. H3K23me3
binding by KDM4B directs localized H3K36 demethylation during meiosis and spermatogenesis.'*

The arginine methylation status of histones dynamically changes during many cellular processes, including hema-
topoietic stem/progenitor cell (HSPC) development. J]MJD1B, previously identified as a lysine demethylase for
H3K9me2, mediates arginine demethylation of H4R3me2s and its intermediate, H4R3mel. Demethylation of
H4R3me2s and H3K9me2s in promoter regions is correlated with active gene expression. Knockout of JMJD1B blocks
demethylation of H4R3me2s and /or H3K9me?2 at distinct clusters of genes and impairs the activation of genes impor-
tant for HSPC differentiation and development. [MJD1B —/— mice show defects in hematopoiesis. JMJD1B demethy-
lates both H4R3me2s and H3K9me?2 for epigenetic programming during hematopoiesis.'*" '**

1.2.3.3.2 Histone Acetylation

The side chain acetylation of lysine residues in histones and nonhistone proteins catalyzed by lysine acetyltrans-
ferases (KATs) (Table 1.9) represents a widespread posttranslational modification (PTM) in eukaryotic cells. Lysine
acetylation plays regulatory roles in major cellular pathways inside and outside the nucleus. KAT-mediated histone
acetylation has an effect on all DNA-templated epigenetic processes. Aberrant expression and activation of KATs are

TABLE 1.9 Histone Lysine Acetyltransferases

Gene Name Locus Other names OMIM  Phenotype
ACLY ATP citrate lyase 17q21.2 ACL, ATPCL, CLATP 108728 Breast cancer
CDYL Chromodomain Y like 6p25.1 CDYL]1, 603778
DKFZP586C1622
CLOCK  Circadian locomotor output 4q12 bHLHe8, KAT13D, 601851  Attention-deficit hyperactivity disorder; diabetes;
cycles kaput KIAA0334 eating disorders; hypoinsulinemia; sleep disorders
CREBBP  CREB-binding protein 16p13.3 CBP, RSTS1, KAT3A, 600140  Acute myeloid leukemia; B cell non-Hodgkin
RTS lymphoma; hypothalamic hamartoma with

gelastic epilepsy; Rubinstein-Taybi syndrome 1

EP300 E1A-binding protein, 300kD 22q13.2 RSTS2, KAT3B, p300 602700  Acute myeloid leukemia; colorectal cancer,
somatic; epithelial cancer; Rubinstein-Taybi

syndrome 2
GTF3C4  General transcription factor 9q34.13 KAT12, TFIIC90 604892
IIIC subunit 4
JADE1 Jade family PHD finger 1 4q28.2 PHF17, JADE-1 610514  Renal cancer
KANSL1  KATS regulatory NSL 17q21.31  KIAA1267, MSL1V1, 612452  Koolen-De Vries syndrome; congenital heart
complex subunit 1 KDVS defects
KANSL2  KATS regulatory NSL 12q13.11  NSL2, C120rf4l 615488  Glioblastoma
complex, subunit 2
KANSL3  Kat8 regulatory NSL complex, 2q11.2 NSL3, KIAA1310 617742
subunit 3
KAT2A K(lysine) acetyltransferase 2A 17q21.2 GCNS5, GCL2, 602301 Abdominal aortic aneurysm; cancer; leukemia;
MGC102791, PCAF-b, lung cancer
hGCN5, GCN5L2
KAT2B Lysine acetyltransferase 2B 3p24.3 CAF, GCN5L, P/CAF 602303  Breast cancer; cancer; drug abuse; obesity
KAT5 K(lysine) acetyltransferase 5 11q13.1 HTATIP, TIP60, ESA1, 601409 Breast cancer; head and neck cancer; lymphoma;
PLIP malignant pleural mesothelioma (MPM)
KAT6A K(lysine) acetyltransferase 6A  8p11.21 MYST3, MOZ, 601408  Acute myelomonocytic leukemia; cancer; mental
ZNF220, MRD32 retardation, autosomal dominant 32

Continued
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TABLE 1.9 Histone Lysine Acetyltransferases—cont’d

Gene Name Locus Other names OMIM  Phenotype

KAT6B Lysine acetyltransferase 6B 10q22.2 MYST4, MORF, GTPTS 605880  Acute myeloid leukemia; genitopatellar
syndrome; infertility; SBBYSS syndrome; uterine
cancer

KAT7 K(lysine) acetyltransferase 7 17q21.33  MYST2, HBO1 609880  Androgen insensitivity syndrome (AIS); bladder
cancer; breast cancer; ovary cancer; stomach/
esophagus cancer; testicular cancer

KATS8 K(lysine) acetyltransferase 8 16p11.2 MYST1, MOF, 609912  Hepatocellular carcinoma; nonsmall-cell lung
FLJ14040, ZC2HC8 cancer
KAT14 Lysine acetyltransferase 14 20p11.23  CRP2BP, CSRP2BP, 617501
ATAC2
NCOA3 Nuclear receptor coactivator 3~ 20q13.12 ACTR, AIB1, TNRC14 601937  Breast cancer; ovarian cancer; pancreatic cancer;
(amplified in breast cancer-1) prostate cancer
OGA O-GlIcNAcase 10q24.32  MGEAS5, MEAS, 604039
NCOAT
ORC1 Origin recognition complex 1p32.3 ORCIL, HSORC1, 601902  Meier-Gorlin syndrome 1
subunit 1 PARC1
PHF20 PHD finger protein 20 20q11.22-  C200rf104, 610335  Myeloproliferative neoplasms; Neuroblastoma
ql1.23 dJ1121G12.1,
TDRD20A
SIN3A SIN3 transcription regulator 15q24.2 DKFZP434K2235, 607776  Witteveen-Kolk syndrome
family member A KIAA0700, mSIN3A,

FLJ90319, SIN3

SIN3B SIN3 transcription regulator 19p13.12 KIAA0700 602779  Pancreatic cancer
family member B

commonly observed in cancer.'** Histone acetylation is catalyzed by five families of histone lysine acetyltransferases
(KATs): KAT2A /GCN5, KAT2B/PCAF, KAT6-8, CREBBP/CBP, and EP300 (Table 1.9)."*® Histone acetylation is asso-
ciated with transcriptional activation and open chromatin conformation. The monocytic leukemia zinc finger protein-
related factor (MOREF) is a transcriptional coactivator and a catalytic subunit of the lysine acetyltransferase complex
implicated in cancer and developmental diseases. The double-plant homeodomain finger (DPF) of MORF binds to
acetylated histone H3 and recognizes many newly identified acylation marks. The acetyltransferase MORF promotes
the spreading of histone acylation.'* K (lysine) acetyltransferase 8 (KAT8, MOF) mediates the acetylation of histone
H4 at lysine 16 (H4K16ac) and is crucial for murine embryogenesis. Lysine acetyltransferases regulate various stages of
normal hematopoiesis.'”” PHF20 is a core component of the lysine acetyltransferase complex MOF (male absent on the
first)-NSL (nonspecific lethal) that generates the major epigenetic mark H4K16ac and is necessary for transcriptional
regulation and DNA repair. There is a functional coupling between methylation readers in PHF20. The plant home-
odomain (PHD) finger of PHF20 recognizes dimethylated lysine 4 of histone H3 (H3K4me2) and represents an exam-
ple of a native reader that selects for this modification. Tudor2 is another reader in PHF20 with a preference for
dimethylated p53. Binding of the PHD finger to H3K4me?2 is required for histone acetylation, accumulation of
PHF20 at target genes, and transcriptional activation. These interactions might represent a unique PHF20-mediated
link between MOF histone acetyltransferase (HAT), p53, and H3K4me2, suggesting a model for rapid spreading of
H4K16ac-enriched open chromatin.'*®

The development of CD1d-restricted invariant natural killer T (iNKT) cells, a population that is critical for both
innate and adaptive immunity, is regulated by multiple transcription factors. The histone acetyltransferase general
control nonderepressible 5 (GCND5) is essential for iNKT cell development during the maturation stage. GCN5 defi-
ciency blocks iNKT cell development in a cell-intrinsic manner. GCNG5 is a specific lysine acetyltransferase of early
growth responsive gene 2 (EGR?2), a transcription factor required for iNKT cell development. GCN5-mediated acet-
ylation positively regulates EGR2 transcriptional activity, and both genetic and pharmacological GCN5 suppression
specifically inhibits the transcription of EGR?2 target genes in iNKT cells, including Runx1, promyelocytic leukemia
zinc finger protein (PLZF), interleukin (IL)-2Rb, and T-bet."
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Intermediates generated in several metabolic processes may regulate transcription through covalent histone and
DNA modifications. One example of this is acetyl-coenzyme A (acetyl-CoA) generated by ATP citrate lyase (ACL),
which is utilized to acetylate histone H3 at MyoD regulatory regions, resulting in increased MyoD expression and
improved muscle regeneration after injury.'*’ Chromatin modification and cellular metabolism are tightly connected.
Chromatin modifiers regulate the expression of genes involved in metabolism. The generated metabolites are utilized
by chromatin modifiers to effect epigenetic modification. The corepressor SIN3 controls histone acetylation through
association with the histone deacetylase RPD3. The SIN3 complex is known to regulate genes involved in a number
of metabolic processes. Drosophila SIN3 binds to the promoter region of genes involved in methionine catabolism and
this binding affects histone modification and gene expression. Reduced expression of SIN3 leads to an increase in
S-adenosylmethionine (SAM), which is the major cellular donor of methyl groups for protein modification. Sin3A
knockdown results in increased global histone H3K4me3 levels. Decreased H3K4me3 caused by knockdown of either
SAM synthetase (Sam-S) or the histone methyltransferase Set1 is restored to near normal levels when SIN3 is also
reduced. Knockdown of Sin3A directly alters the expression of methionine metabolic genes to increase SAM, which
in turn leads to an increase in global H3K4me3. SIN3 is an important epigenetic regulator directly connecting methi-
onine metabolism and histone modification."*'

The transition from transcription initiation to elongation is a key regulatory step in gene expression, which requires
RNA polymerase II (Pol II) to escape promoter proximal pausing on chromatin. Two histone marks on histone H3,
lysine 4 trimethylation (H3K4me3), and lysine 9 acetylation (H3K9%ac) colocalize on active gene promoters and are
associated with active transcription. H3K4me3 can promote transcription initiation. H3K9ac may function down-
stream of transcription initiation by recruiting proteins important for the next step of transcription. Gates et al.'*?
described a functional role for H3K%ac in promoting Pol II pause release by directly recruiting the superelongation
complex (SEC) to chromatin. H3K9ac serves as a substrate for direct binding of the SEC, as does acetylation of histone
H4 lysine 5 to a lesser extent. Lysine 9 on histone H3 is necessary for maximal Pol II pause release through SEC action,
and loss of H3K9ac increases the Pol II pausing index on a subset of genes in HeLa cells. At select gene promoters
H3K9ac loss or SEC depletion reduces gene expression and increases paused Pol I occupancy.'**

The binding of histone acetyltransferase to ORC1 (HBO1) regulates DNA replication, cell proliferation, and devel-
opment. HBO1 is part of a multiprotein histone acetyltransferase (HAT) complex that also contains inhibitor of growth
family member (ING) 4/5, MYST/Esal-associated factor (MEAF) 6, and the scaffolding protein Jade family PHD
finger (JADE) 1/2/3, or bromodomain and PHD finger-containing protein (BRPF) 2/3 to acetylate histone H4
H4K5/8/12 or H3K14, respectively. According to studies reported by Han et al.,'*’ within this four-protein complex
JADEI1 determines histone H4 substrate specificity of the HBO1-HAT complex. JADEL] increases the catalytic efficiency
of HBOL1 acetylation of an H3/H4 substrate by about fivefold through an N-terminal, 21-residue HBO1- and histone-
binding domain and a nearby second histone core-binding domain. HBO1 contains an N-terminal histone-binding
domain (HBD) that makes additional contacts with H3/H4 independently of JADEL1 interactions with histones.
The N-terminal region of JADEL1 functions as a platform that brings together the catalytic HBO1 subunit with its
cognate H3/H4 substrate for histone acetylation.'*?

Repressive histone modifications through generations is critical for the maintenance of cell identity. Chromodomain
Y-like protein (CDYL), a chromodomain-containing transcription corepressor, is physically associated with chromatin
assembly factor 1 (CAF-1) and the replicative helicase MCM complex. CDYL bridges CAF-1 and MCM, facilitating
histone transfer and deposition during DNA replication. CDYL recruits histone-modifying enzymes G9a, SETDBI,
and EZH2 to replication forks, leading to the addition of H3K9me2/3 and H3K27me2/3 on newly deposited histone
H3. Depletion of CDYL impedes early S phase progression and sensitizes cells to DNA damage. CDYL plays an impor-
tant role in the transmission/restoration of repressive histone marks, preserving the epigenetic landscape for the
maintenance of cell identity.'**

Protein-protein interactions regulate and alter histone modifications. The histone acetyltransferase p300 binds thy-
mine DNA glycosylase (TDG). The absence of TDG in mouse embryonic fibroblasts leads to a reduction in the rate of
histone acetylation. TDG interacts with the CH3 domain of p300 to allosterically promote p300 activity to specific
lysines on histone H3 (K18 and K23). When TDG concentrations approach those of histones, TDG acts as a competitive
inhibitor of p300 histone acetylation. Histone acetylation is fine-tuned via interaction with other proteins and partic-
ipates in the regulation of DNA repair/demethylation pathways.'*’

1.2.3.3.3 Histone Deacetylation

Histone deacetylation is involved in transcriptional repression and closed chromatin structure. In mammals there
are 18 HDACs (Tables 1.10 and 1.11), which are organized into four classes according to their homology to yeast. His-
tone deacetylation is catalyzed by these four classes of HDACs (class I, 11, III, IV). Class  HDACs (HDAC1, 2, 3, and 8)
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TABLE 1.10 Histone Deacetylases
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MIM
Gene Name Locus Other names number  Phenotype
HDAC1 Histone 1p35.2-p35.1  RPD3L1, GON-10,HD1 601241 Acute promyelocytic leukemia, treatment response
deacetylase-1
HDAC2 Histone 6q21 RPD3, YAF1 605164 Aggressive teratocarcinomas; B cell lymphoma; colon,
deacetylase 2 gastric and endometrial tumors; cushing disease; cystic
fibrosis; dilated cardiomyopathy; spinal muscular atrophy
HDAC3 Histone 5q31.3 HD3, RPD3, RPD3-2 605166 Hepatic steatosis; squamous cell lung carcinomas
deacetylase 3
HDAC4 Histone 2q37.3 HA6116, HD4, HDAC- 605314 Brachydactyly-mental retardation syndrome
deacetylase 4 4, HDAC-A, HDACA,
KIAA0288
HDAC5 Histone 17q21.31 FLJ90614, KIAA0600, 605315 Age-related macular degeneration (AMD); Alzheimer
deacetylase 5 NY-CO-9 disease; Hepatocellular carcinoma (HCC)
HDAC6 Histone Xp11.23 CPBHM 300272 Chondrodysplasia with platyspondyly, distinctive
deacetylase 6 brachydactyly, hydrocephaly, and microphthalmia
HDAC7 Histone 12q13.11 HDAC7A 606542 Age-related macular degeneration (AMD)
deacetylase 7
HDAC8  Histone Xq13.1 MRXS6, CDLS5 300269 Cornelia de Lange syndrome 5
deacetylase 8
HDAC9 Histone 7p21.1 MITR, HDAC7B, 606543 Androgenetic alopecia
deacetylase 9 KIAA0744
HDAC10  Histone 22q13.33 DKFZP761B039 608544 Cervical squamous cell carcinoma
deacetylase 10
HDAC11  Histone 3p25.1 607226 Inflammation; Immune disorders
deacetylase 11
TABLE 1.11 Sirtuins
Other MIM
Gene Name Locus names number Phenotype
SIRT1  Sirtuin, Saccharomyces 10q21.3 SIR2L1 604479 Alzheimer disease; gastric carcinoma; hepatocellular carcinoma;
cerevisiae, homolog 1 obesity; Parkinson disease; prostate cancer; type 2 diabetes
SIRT2  Sirtuin, Saccharomyces 19q13.2 SIR2L, 604480 Brain tumor; gliomas; preeclampsia and fetal growth restriction
cerevisiae, homolog 2 SIR2L.2
SIRT3  Sirtuin, Saccharomyces 11p15.5 SIR2L3 604481 Breast cancer; metabolic syndrome; type 2 diabetes
cerevisiae, homolog 3
SIRT4  Sirtuin, Saccharomyces 12q24.23- SIR2L4 604482 Insulinoma; type 2 diabetes
cerevisiae, homolog 4 q24.31
SIRT5  Sirtuin, Saccharomyces 6p23 SIR2 604483 Breast cancer; colorectal cancer; liver cancer; lung cancer
cerevisiae, homolog 5
SIRT6  Sirtuin 6 (Sir2, Saccharomyces 19p13.3 SIR2L6 606211 Fatty liver disease; lymphopenia; lordokyphosis; metabolic
cerevisiae, homolog of, 6) syndrome; type 2 diabetes
SIRT7  Sirtuin 7 (Sir2, Saccharomyces 17q25.3 SIR2L7 606212 Breast cancer; leukemia; lymphomas; thyroid cancer

cerevisiae, homolog of, 7)
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are nuclear proteins; HDAC1 and HDAC?2 are often found in transcriptional corepressor complexes (SIN3A, NuRD,
CoREST), and HDACS is found in other complexes (SMRT/N-CoR); class II HDACs are subdivided into class Ila
(HDAC4, 5,7, and 9), and IIb (HDACS6 and 10), which are located in the nucleus-cytoplasm interface and in the cyto-
plasm, respectively. Class IIl HDCAs belong to the sirtuin family (Table 1.11), with nuclear (SIRT1, 2, 6, 7), mitocon-
drial (SIRT3, 4, 5), or cytoplasmic (SIRT1, 2) localization. Class IV HDAC (HDAC11) is a nuclear protein.zz’ 84, 146, 147

Histone deacetylases deacetylate histone and nonhistone protein targets. Aberrant HDAC expression and function
have been observed in several diseases. HDAC11 was initially identified as a negative regulator of the antiinflamma-
tory cytokine IL-10. Antagonizing HDAC11 activity may have antitumor potential, whereas activating HDAC11 may
be useful to treat chronic inflammation or autoimmunity.'*® Epigenetic changes in chromatin structure have been
recently associated with the deregulated expression of critical genes in normal and malignant processes. HDAC11,
the newest member of the HDAC family of enzymes, functions as a negative regulator of IL-10 expression in APCs.
HDACI11 is a multifaceted regulator of neutrophils. HDAC11 appears to associate with the transcription machinery,
possibly regulating the expression of inflammatory and migratory genes in neutrophils.'*’

SIRTUINS Sirtuins (Table 1.11) were discovered in yeast following the characterization of a yeast gene silencing
modifier (Silent Information Modifier 2, SIR2) with a particular role in maintaining genomic stability. SIR2 homologs
were identified in different species. This category of protein deacetylases is important in the regulation of cell cycle
progression and maintenance of genomic stability. In yeast, SIR2 interacts with replication origins and protein com-
plexes that affect both replication origin usage and gene silencing. In metazoans the largest SIR2 homolog, SIRT1, is
implicated in epigenetic modifications, circadian signaling, DNA recombination, and DNA repair. Mammalian SIRT1
participates in modulating DNA replication.'”" Sirtuins (Sirt1-Sirt7) are NAD*-dependent protein deacetylases/ADP
ribosyltransferases, which play decisive roles in chromatin silencing, cell cycle regulation, cellular differentiation, cel-
lular stress response, and metabolism. Different sirtuins control similar cellular processes, suggesting a coordinated
mode of action. Sirt] requires autodeacetylation to efficiently deacetylate targets such as p53, H3K9, and H4K16. Sirt7
restricts Sirtl activity by preventing Sirtl autodeacetylation causing enhanced Sirtl activity in Sirt7 —/— mice.
Increased Sirtl activity in Sirt7 —/— mice blocks PPARy and adipocyte differentiation, thereby diminishing accumu-
lation of white fat. Reduction of Sirt1 activity restores adipogenesis in Sirt7 —/— adipocytes. Antagonistic interactions
between Sirt] and Sirt7 are pivotal in controlling the signaling network required for maintenance of adipose tissue."”’

SIRT1 substrates include histones and proteins related to enhancement of mitochondrial function as well as anti-
oxidant protection. Fluctuations in intracellular NAD" levels regulate SIRT1 activity. SIRT1 influences the nuclear
organization of protein-bound NADH. Free and bound NADH are compartmentalized inside the nucleus, and its
subnuclear distribution depends on SIRT1."**

In the liver, SIRT1 coordinates the circadian oscillation of clock-controlled genes, including genes that encode
enzymes involved in metabolic pathways. G1/S progression is affected by absence of SIRT1, as well as circadian gene
expression, accompanied by lipid accumulation due to defective fatty acid beta-oxidation.'*”

2-Hydroxyglutarate (2-HG) is a hypoxic metabolite with potentially important epigenetic signaling roles. The acet-
ylation status of the major 2-HG-generating enzymes—lactate dehydrogenase (LDH), isocitrate dehydrogenase (IDH),
and malate dehydrogenase (MDH)—may govern their 2-HG-generating activity. Elevated 2-HG in hypoxia is asso-
ciated with the activation of lysine deacetylases. Mice lacking mitochondrial SIRT3 exhibit hyperacetylation and
elevated 2-HG."™*

Sirt6 protects genome stability and regulates metabolic homeostasis through gene silencing. Sirt6 loss causes an
accelerated aging phenotype directly linked to hyperactivation of the NFkB pathway. Sirt6 binds to the H3K9me3-
specific histone methyltransferase Suv39h1 and induces monoubiquitination of conserved cysteines in the PRE-SET
domain of Suv39hl. Sirt6 attenuates the NFkB pathway through IxBa upregulation via cysteine monoubiquitination
and chromatin eviction of Suv39h1.'”

Histone and DNA modifications are critical to maintaining the equilibrium between pluripotency and differentia-
tion during early embryogenesis. A homozygous inactivating mutation in the histone deacetylase SIRT6 results in
severe congenital anomalies and perinatal lethality. The amino acid change at Asp63 to a histidine results in virtually
complete loss of H3K9 deacetylase and demyristoylase functions. SIRT6 D63H mouse embryonic stem cells (mESCs)
fail to repress pluripotent gene expression, direct targets of SIRT6, and exhibit an even more severe phenotype than
Sirt6-deficient ESCs when differentiated into embryoid bodies (EBs). D63H mutant mESCs maintain expression of plu-
ripotent genes and fail to form functional cardiomyocyte foci. Human-induced pluripotent stem cells (iPSCs) derived
from D63H homozygous fetuses fail to differentiate into EBs, functional cardiomyocytes, and neural progenitor cells as
a result of failure to repress pluripotent genes.'™
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Pyrimidine 5'-nucleotidase (NT5C3A) is an enzyme that mediates nucleotide catabolism. NT5C3A gene expression
is induced by type I interferons (IFNs) in multiple cell types. NT5C3A suppresses cytokine production by inhibiting
the nuclear factor kB (NFxB) pathway. NT5C3A expression requires both an intronic IFN-stimulated response element
and the IFN-stimulated transcription factor IRF1. Overexpression of NT5C3A suppresses IL-8 production and knock-
down of NT5C3A enhances tumor necrosis factor (TNF)-stimulated IL-8 production. Overexpression of NT5C3A
increases NAD™ and activates SIRT1 and SIRT6, which are NAD"—dependent deacetylases. NT5C3A-stimulated
sirtuin activity results in deacetylation of histone H3 and the NF«xB subunit RelA (p65), near the IL-§ promoter. This
antiinflammatory pathway depends on the catalytic activity of NTSC3A and functions as a negative feedback
regulator of inflammatory cytokine signaling.'””

1.2.3.3.4 Histone Acylation

Eight types of short chain Lys acylations have recently been identified on histones, including propionylation, butyr-
ylation, 2-hydroxyisobutyrylation, succinylation, malonylation, glutarylation, crotonylation, and p-hydroxybutyryla-
tion. These histone modifications affect gene expression and are structurally and functionally different from the widely
studied histone Lys acetylation.'”® The histone acetylation-binding double PHD finger (DPF) domains of human MOZ
(KAT6A) and DPF2 (BAF45d) accommodate a wide range of histone lysine acylations with the strongest preference for
crotonylation. MOZ and H3K14cr colocalize in a DPF-dependent manner."””

1.2.3.3.5 Histone Propionylation

Histones are highly covalently modified; however, it is unclear how histone marks are coupled to cellular metab-
olism and how this coupling affects chromatin architecture. Kebede et al.'®” identified histone H3 Lys14 (H3K14) as a
site of propionylation and butyrylation in vivo.

H3K14pr and H3K14bu are deposited by histone acetyltransferases, are preferentially enriched at promoters of
active genes, and are recognized by acylation-state-specific reader proteins. Propionyl-CoA is able to stimulate tran-
scription. Genome-wide H3 acylation profiles are redefined following changes to the metabolic state, and deletion of
the metabolic enzyme propionyl-CoA carboxylase alter global histone propionylation levels. It has been proposed that
histone propionylation, acetylation, and butyrylation may act in combination to promote high transcriptional output
and to couple cellular metabolism with chromatin structure and function.'®

1.2.3.3.6 N-Glycosylation and O-GlcNAcylation

N-glycosylation is a ubiquitous modification of eukaryotic secretory and membrane-bound proteins. It is estimated
that over 90% of glycoproteins are N-glycosylated. The reaction is catalyzed by an eight-protein oligosaccharyltrans-
ferase complex, OST, embedded in the ER membrane. A 3.5-A resolution cryo-EM structure of the S. cerevisiae OST
revealed the structures of Ost1-5, Stt3, Wbp1, and Swp1. Seven phospholipids mediate many of the intersubunit inter-
actions, and an Stt3 N-glycan mediates interactions with Wbp1 and Swp1 in the lumen. Ost3 mediates the OST-Sec61
translocon interface, funneling the acceptor peptide toward the OST catalytic site as the nascent peptide emerges from
the translocon.'®!

Dynamic changes in posttranslational O-GlcNAc modification (O-GlcNAcylation) are controlled by O-linked
p-N-acetylglucosamine (O-GlcNAc) transferase (OGT) and the glycoside hydrolase O-GlcNAcase (OGA). The nutrient
sensor enzyme OGT is a modulator of chromatin remodeling. OGT acts either directly through dynamic and reversible
O-GlcNAcylation of histones and chromatin effectors, or in an indirect manner through its recruitment into chromatin-
bound multiprotein complexes. O-GlcNAcylation often occurs on serine (Ser) and threonine (Thr) residues of specific
substrate proteins via the addition of the O-GIcNAc group by OGT.'®* There is crosstalk between OGT and the DNA
dioxygenase ten-eleven translocation proteins that catalyze active DNA demethylation. The stability of OGT can also
be controlled by histone lysine-specific demethylase 2 (LSD2).'%*

The dynamic modification of serine or threonine hydroxyl moieties on nuclear, mitochondrial, and cytoplasmic pro-
teins by O-linked f-linked N-acetylglucosamine (O-p-GlcNAc, O-GlcNAc) represents simple carbohydrate modifica-
tions that have important repercussions in cellular physiology and disease progression. O-GlcNAc-modified proteins
regulate cellular pathways such as epigenetics, gene expression, translation, protein degradation, signal transduction,
mitochondrial bioenergetics, the cell cycle, and protein localization.'**

O-GlcNAcylation is involved in fundamental cellular processes and in cancer development through various mech-
anisms. O-GlcNAcylation at histones or nonhistone proteins can lead to the start of subsequent biological processes.
Acting as a protein/histone code, O-GlcNAcylation may provide recognition platforms or executive instructions for
subsequent recruitment of proteins to carry out the specific functions. There is functional crosstalk between
O-GlcNAcylation and epigenetic changes in the regulation of intracellular biological processes.'**
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Cancer cells exhibit unregulated growth, altered metabolism, enhanced metastatic potential, and altered cell surface
glycans. The hexosamine biosynthetic pathway (HBP) sustains glycosylation in the endomembrane system. Elevated
levels of UDP-GIcNAc drives the O-GlcNAc modification of targets in the cytoplasm, nucleus, and mitochondrion,
including transcription factors, kinases, key cytoplasmic enzymes of intermediary metabolism, and electron transport
chain complexes. O-GlcNAcylation alters epigenetics, transcription, signaling, proteostasis, and bioenergetics, contrib-
uting to tumorigenesis. A substantial number of cancer hallmarks are linked to dysregulation of O-GlcNAc cycling on
cancer targets. Hanover et al.'®” postulated that onconutrient and oncometabolite-fueled elevation increases HBP flux
and triggers O-GlcNAcylation of key regulatory enzymes in glycolysis, Kreb’s cycle, pentose/phosphate pathway,
and the HBP itself. The resulting rerouting of glucose metabolites leads to elevated O-GlcNAcylation of oncogenes
and tumor suppressors, further escalating elevation in HBP flux creating a “vicious cycle.” Downstream, elevated
O-GlcNAcylation alters the DNA repair and cellular stress pathways that influence oncogenesis.'®”

1.2.3.3.7 Ubiquitination-Deubiquitination

Selective degradation of proteins in the cell occurs through ubiquitination, which consists of posttranslational depo-
sition of ubiquitin on proteins to target them for degradation by proteases. Ubiquitination affects protein stability and
promotes changes in protein function. The dynamic balance between ubiquitination and deubiquitination is essential
for the development and homeostasis of organisms.'*°

Dnmt1 utilizes 2-monoubiquitylated histone H3 as a unique ubiquitin mark for its recruitment to and activation at
DNA methylation sites. The crystal structure of the replication foci targeting sequence (RFTS) of Dnmt1 in complex
with H3-K18Ub/23Ub reveals striking differences from the known ubiquitin recognition structures. The binding of
H3-K18Ub/23Ub results in spatial rearrangement of two lobes in the RFTS, suggesting the opening of its active site.
Incubation of Dnmt1 with H3-K18Ub/23Ub increases its catalytic activity in vitro.'*”

Monoubiquitylation is reversed by histone deubiquitinases. OTLD1 deubiquitylates histone 2B in Arabidopsis, act-
ing as a transcriptional repressor. OTLD1 can also promote expression of a target gene, displaying a dual role. This
transcriptional activation activity of OTLD1 involves occupation of the target chromatin by this enzyme, deubiquiti-
nation of monoubiquitylated H2B within the occupied regions, and formation of the euchromatic histone acetylation
and methylation marks. H2B ubiquitylation acts as both a repressive and an active mark whereas OTLD1 association
with and deubiquitylation of the target chromatin may represent the key juncture between two opposing effects of this
enzyme on gene expression.'

MDM2 is an E3 ubiquitin ligase and a potent inhibitor of the p53 tumor suppressor. MDM2 tends to be elevated in
many human cancers that retain wild-type p53. MDM2 SNP309G carriers show elevated levels of MDM?2, as a result of
enhanced SP1 binding to the MDM?2 promoter, and decreased p53 activity. Mdm2SNP309G/G mice are prone to spon-
taneous tumor formation. Transcriptional repressor E2F6 is a possible negative regulator of MDM?2 expression. E2F6
suppresses Mdm?2 expression in cells harboring the SNP309G allele but not the SNP309T allele.'®

Ubiquitin C-terminal hydrolase isozyme L1 (UCHL1) is primarily expressed in neuronal cells and neuroendocrine
cells. This multifunctional protein is involved in deubiquitination, ubiquitination, and ubiquitin homeostasis. UCHL1
is associated with genomic DNA in prostate cancer cells, including DU 145 cells derived from a brain metastatic site,
and in HEK293T embryonic kidney cells with a neuronal lineage. UCHL1 localizes to TTAGGG repeats at telomeres
and interstitial telomeric sequences, where UCHLI interacts with TRF1 and TRF2 (RAP1) components of the shelterin
complex. UCHL1, TERF2IP, and a component of the shelterin complex are bound to the nuclear scaffold. UCHL1 binds
telomeres and interstitial telomeric sites.'”

The epigenetic inheritance of DNA methylation requires UHRF1, a histone- and DNA-binding RING E3 ubiquitin
ligase that recruits DNMT1 to sites of newly replicated DNA through ubiquitylation of histone H3. UHRF1 binds DNA
with selectivity toward hemimethylated CpGs (HeDNA). The interaction of UHRF1 with HeDNA is required for DNA
methylation, but is dispensable for chromatin interaction, which is governed by reciprocal positive cooperativity
between the UHRF1 histone- and DNA-binding domains. HeDNA recognition activates UHRF1 ubiquitylation
toward multiple lysines on the H3 tail adjacent to the UHRF1 histone-binding site. A DNA-protein interaction and
an epigenetic modification directly regulate E3 ubiquitin ligase activity. There is an orchestrated epigenetic control
mechanism involving modifications both to histones and DNA that facilitate UHRF1 chromatin targeting, H3 ubiqui-
tylation, and DNA methylation inheritance.'”!

UHREF2 is a ubiquitin-protein ligase E3 that regulates cell cycle, genomic stability, and epigenetics. TIP60 and
HDACT1 interact with UHRF2. UHRF2 regulates H3K9ac and H3K14ac differentially in normal and cancer cells.
TIP60 acts downstream of UHRF2 to regulate H3K9ac and H3K14ac expression. TIP60 is stabilized in normal cells
by UHREF2 ubiquitination and TIP60 is destabilized in cancer cells. Depletion or inhibition of TIP60 disrupts the
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regulatory relationship between UHRF2, H3K9ac, and H3K14ac. UHRF2 mediates the posttranslational modification
of histones and the initiation and progression of cancer.'””

Histone H2B monoubiquitination is a regulator of transcription elongation. The E3-ubiquitin ligase complex of H2B:
RNF20/RNF40 overexpression causes repression of the induced activity of the enhancers. H2Bub1 levels are nega-
tively correlated with the accessibility of enhancers to transcriptional activators. The chromatin association of histone
variant H2A.Z, which is evicted from enhancers for transcriptional activation, is stabilized by H2Bub1 by impairing
access of the chromatin remodeler INO80. H2Bub1 acts as a gatekeeper of H2A.Z eviction and activation of inducible
enhancers.'”?

Heterochromatin formation in budding yeast is regulated by the silent information regulator (SIR) complex. The SIR
complex is integrated by NAD-dependent deacetylase Sir2, the scaffolding protein Sir4, and the nucleosome-binding
protein Sir3. Transcriptionally active regions present a challenge to SIR complex-mediated de novo heterochromatic
silencing as a result of the presence of antagonistic histone posttranslational modifications. Methylation of histone
H3K4 and H3K79 is dependent on monoubiquitination of histone H2B (H2B-Ub). The SIR complex cannot erase
H2B-Ub or histone methylation on its own. The deubiquitinase (DUB) Ubp10 is thought to promote heterochromatic
silencing by maintaining low H2B-Ub at subtelomeres. Zukowski et al. brilliantly characterized the interactions
between Ubpl0 and the SIR complex machinery, demonstrating that a direct interaction between Ubp10 and the
Sir2/4 subcomplex facilitates Ubp10 recruitment to chromatin via a coassembly mechanism. Sir2/4 stimulates
Ubp10 DUB activity on nucleosomes, and this coupling mechanism between the silencing machinery and its DUB part-
ner allows erasure of active PTMs and the de novo transition of a transcriptionally active DNA region to a silent chro-
matin state.'”* The filament structures that mirror yeast epigenetic gene silencing require Sir2, Sir3, Sir4, nucleosomes,
and O-acetyl-ADP-ribose. Sir proteins and nucleosomes are components of these filaments. The individual localization
patterns of Sir proteins on the SIR-nucleosome filament reflect those patterns on telomeres. Magnesium is present in
the SIR-nucleosome filament, with a role similar to that for chromatin condensation.'””

The adaptor protein TRAF6 has a central function in Toll-like receptor (TLR) signaling. NLRP11 inhibits TLR sig-
naling by targeting TRAF6 for degradation. NLRP11 recruits the ubiquitin ligase RNF19A to catalyze K48-linked ubi-
quitination of TRAF6 at multiple sites, thereby leading to the degradation of TRAF6. Deficiency in either NLRP11 or
RNF19A abrogates K48-linked ubiquitination and degradation of TRAF6, which promotes activation of NF«B and
MAPK signaling and increases the production of proinflammatory cytokines. NLRP11 is a conserved negative regu-
lator of TLR signaling and the NLRP11-RNF19A axis targets TRAF6 for degradation.'”®

USP7 (ubiquitin-specific protease 7) prevents ubiquitylation and degradation of DNA methyltransferase 1
(DNMT1) by direct binding of USP7 to the glycine-lysine (GK) repeats that join the N-terminal regulatory domain
of DNMT1 to the C-terminal methyltransferase domain. The USP7-DNMT1 interaction is mediated by acetylation
of lysine residues within the (GK) repeats.'””

TBK1 is a component of the type I interferon (IFN) signaling pathway. USP38 negatively regulates type I IFN sig-
naling by targeting the active form of TBK1 for degradation. USP38 specifically cleaves K33-linked poly-ubiquitin
chains from TBK1 at Lys670, allowing subsequent K48-linked ubiquitination at the same position mediated by
DTX4 and TRIP. Knockdown or knockout of USP38 increases K33-linked ubiquitination and abrogates K48-linked
ubiquitination and degradation of TBK1, thus enhancing type I IFN signaling. USP38 regulates TBK1 ubiquitination
through the NLRP4 signalosome.'”®

Histone chaperone ASF1A is dysregulated in multiple tumors. ASF1A is physically associated with USP52, which is
a pseudodeubiquitinase. USP52 is a ubiquitin-specific protease that promotes ASF1A deubiquitination and stabiliza-
tion. USP52-promoted ASF1A stabilization facilitates chromatin assembly and favors cell cycle progression. USP52 is
overexpressed in breast cancer. Impairment of USP52-promoted ASF1A stabilization results in growth arrest of breast
cancer cells and sensitizes these cells to DNA damage.'””

Decreased expression of USP44 deubiquitinase has been associated with global increases in H2Bub1 levels during
mouse embryonic stem cell (mESC) differentiation. USP44 is an integral subunit of the nuclear receptor corepressor
(N-CoR) complex. USP44 within N-CoR deubiquitinates H2B, and ablation of USP44 impairs the repressive activity of
the N-CoR complex. USP44 recruitment reduces H2Bubl1 levels at N-CoR target loci. High expression of USP44 cor-
relates with reduced levels of H2Bub1. Depletion of either USP44 or TBL1XR1 impairs the invasiveness of breast cancer
MDA-MB-231 cells in vitro and causes an increase of global H2Bub1 levels."*’

The SAGA complex contains two enzymatic modules, which house histone acetyltransferase (HAT) and deubiqui-
tinase (DUB) activities. USP22 is the catalytic subunit of the DUB module, but two adaptor proteins, ATXN7L3 and
ENY2, are necessary for DUB activity toward histone H2Bub1 and other substrates. ATXN7L3B shares 74% identity
with the N-terminal region of ATXN7L3. ATXN7L3B interacts with ENY2 but not other SAGA components.
ATXN7L3B localizes in the cytoplasm and ATXN7L3B overexpression increases H2Bub1 levels, while overexpression
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of ATXN7L3 decreases H2Bub1 levels. ATXN7L3B competes with ATXN7L3 to bind ENY2, and knockdown of
ATXN7L3B leads to concomitant loss of ENY2. Unlike the ATXN7L3 DUB complex, a USP22-ATXN7L3B-ENY2 com-
plex cannot deubiquitinate H2Bub1 efficiently. ATXN7L3B regulates H2Bubl1 levels and SAGA DUB activity through
competition for ENY2 binding.'®’

Tripartite motif-containing protein 24 (TRIM24) functions as an E3 ligase targeting p53 for ubiquitination, a histone
“reader” that interacts with a specific signature of histone posttranslational modifications and a coregulator of nuclear
receptor-regulated transcription. TRIM24 may be a liver-specific tumor suppressor and an oncogene when aberrantly
overexpressed.'*

1.2.3.3.8 SUMOylation

Histone deacetylases (HDACs) control dynamic protein acetylation by removing acetyl moieties from lysine. His-
tone deacetylases themselves are regulated on the posttranslational level, including modifications with small
ubiquitin-like modifier (SUMO) proteins.'® The ubiquitin-related SUMO modifier is essential in cell fate decisions.
The SUMO isopeptidase SENP3 regulates chromatin assembly of the MLL1/2 histone methyltransferase complex
at distinct HOX genes, including the osteogenic master regulator DLX3. Flightless-I homolog (FLII), a member of
the gelsolin family of actin-remodeling proteins, is a regulator of SENP3. FLII is associated with SENP3 and the
MLL1/2 complex. FLII determines SENP3 recruitment and MLL1/2 complex assembly on the DLX3 gene. FLII is
indispensible for H3K4 methylation and proper loading of active RNA polymerase II at this gene locus. FLII-mediated
SENP3 regulation governs osteogenic differentiation of human mesenchymal stem cells.'®*

Tripartite motif-containing protein 24 (TRIM24) is a histone reader aberrantly expressed in multiple cancers. There
is functional crosstalk between histone acetylation and TRIM24 SUMOylation. Binding of TRIM24 to chromatin via its
tandem PHD-bromodomain, which recognizes unmethylated lysine 4 and acetylated lysine 23 of histone H3
(H3K4me0/K23ac), leads to TRIM24 SUMOylation at lysine residues 723 and 741. Inactivation of the bromodomain,
either by mutation or with a small-molecule inhibitor, IACS-9571, abolishes TRIM24 SUMOylation. Inhibition of his-
tone deacetylation increases TRIM24’s interaction with chromatin and its SUMOylation. Cell adhesion is the major
pathway regulated by the crosstalk between chromatin acetylation and TRIM24 SUMOylation.'** '#°

1.2.3.3.9 Histone Phosphorylation-Dephosphorylation

Histone phosphorylation depends on protein kinases, and histone dephosphorylation is under the control of protein
phosphatases. Several histone modifications can occur simultaneously leading to repression of gene silencing, with no
changes in epigenetic memory.

Mitosis in metazoans is characterized by abundant phosphorylation of histone H3 and involves the recruitment of
condensin complexes to chromatin. H3T3 phosphorylation decreases binding of histone readers to methylated H3K4
and is essential to displace the corresponding proteins from mitotic chromatin, suggesting a role for mitotic histone H3
phosphorylation in blocking transcriptional programs or preserving “memory” PTMs. H3 phosphorylation thus
serves as an integral step in the condensation of chromosome arms.'*°

1.2.3.3.10 Histone Chaperonization

The association of histones with specific chaperone complexes is important for their folding, oligomerization, post-
translational modification, nuclear import, stability, assembly, and genomic localization. The chaperoning of soluble
histones is a key determinant of histone availability and fate, which affects all chromosomal processes, including gene
expression, chromosome segregation, and genome replication and repair.'®’

Incorporation of variant histone sequences, in addition to posttranslational modification of histones, serves to mod-
ulate the chromatin environment. Different histone chaperone proteins mediate the storage and chromatin deposition
of variant histones. Although the two noncentromeric histone H3 variants, H3.1 and H3.3, differ by only 5 aa, replace-
ment of histone H3.1 with H3.3 can modulate the transcription for highly expressed and developmentally required
genes, lead to the formation of repressive heterochromatin, or aid in DNA and chromatin repair. The human histone
cell cycle regulator (HIRA) complex composed of HIRA, ubinuclein-1, CABIN1, and transiently antisilencing function 1,
forms one of the two complexes that bind and deposit H3.3/H4 into chromatin.'® The histone chaperone chromatin
assembly factor 1 (CAF-1) deposits tetrameric (H3/H4)2 histones onto newly synthesized DNA during DNA repli-
cation. Cacl binds H3/H4 with high affinity and promotes histone tetramerization.'®” The Tousled-like kinases, TLK1
and TLK2, regulate ASF1, a histone H3/H4 chaperone, and other substrates; their activity has been implicated in
transcription, DNA replication, DNA repair, RNA interference, cell cycle progression, viral latency, chromosome
segregation, and mitosis.'*
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Packaging of DNA into chromatin affects all processes on DNA. Nucleosomes present a strong barrier to transcrip-
tion. DNA sequence, DNA-histone interactions, and backtracking by RNA polymerase II (Pol II) contribute to forma-
tion of the barrier. After partial uncoiling of nucleosomal DNA from histone octamer by Pol II and backtracking of the
enzyme, nucleosomal DNA recoils on the octamer, locking Pol II in the arrested state. Histone chaperones and tran-
scription factors TFIIS, TFIIF and FACT facilitate transcription through chromatin using different molecular
mechanisms.'”!

1.2.3.3.11 Glutathionylation

Glutathionylation is the process by which glutathione binds to proteins. Glutathione (y-glutamyl-cysteinyl-glycine)
(GSH) is an intracellular thiol molecule and a potent antioxidant that participates in the toxic metabolism phase II bio-
transformation of xenobiotics. Protein glutathionylation is an important posttranslational regulatory mechanism
involved in the physiological function of transcriptional factors, eicosanoids, cytokines, and nitric oxide (NO).'”* His-
tone H3, one of the basic proteins in the nucleosomes that make up chromatin, is S-glutathionylated in mammalian
cells and tissues.'”

1.2.3.3.12 Poly ADP-Ribosylation

Poly(ADP-ribosyl)ation (PARylation) is a widespread and highly conserved posttranslational modification cata-
lyzed by a large family of enzymes called poly(ADP-ribose) polymerases (PARPs). PARylation plays an essential role
in various cardinal processes of cellular physiology and cancer. PARP-1, PARP-2, and PARP-3 are the only known
DNA damage-dependent PARPs with critical roles in DNA damage response, DNA metabolism, and chromatin archi-
tecture. PARP-2 plays specific and diverse regulatory roles in cellular physiology, ranging from genomic stability and
epigenetics to proliferative signaling and inflammation.'”* Poly ADP-ribose polymerases (PARPs) catalyze massive
protein poly ADP-ribosylation (PARylation) within seconds after the induction of DNA single- or double-strand
breaks. PARylation is mainly catalyzed by poly-ADP-ribose polymerase 1 (PARP1). PARP1 is a DNA damage sensor
that catalyzes the poly (ADP-ribose) (PAR) onto a variety of target proteins, such as histones, DSB repair factors, and
PARP1 itself under consumption of NAD"."”” PARylation occurs at or near the sites of DNA damage and promotes the
recruitment of DNA repair factors via their poly ADP-ribose (PAR) binding domains. PARylation may be the critical
event that mediates the first wave of the DNA damage response.'*® In response to LPS exposure, PARP1 interacts with
the adenylateuridylate-rich element-binding protein embryonic lethal abnormal vision-like 1 (Elavll)/human antigen
R (HuR), resulting in its PARylation, primarily at site D226. PARP inhibition and the D226 mutation impair HuR’s
PARylation, nucleocytoplasmic shuttling, and mRNA binding. Increases in mRNA level or stability of proinflamma-
tory cytokines/chemokines are abolished by PARP1 ablation or inhibition.'"”

CCCTC-binding factor (CTCF) regulates the structure of chromatin by binding DNA strands for defining the
boundary between active and heterochromatic DNA. CTCF is quickly recruited to the sites of DNA damage. Fast
recruitment is mediated by the zinc finger domain and PAR. CTCF-deficient cells are hypersensitive to genotoxic stress
such as ionizing radiation. CTCF participates in DNA damage response via poly(ADP-ribosylation).'”®

1.2.3.3.13 Oxidative Stress

Bioactive electrophiles generated from the oxidation of endogenous and exogenous compounds cause toxicity that
is attributed to the covalent modification of cellular nucleophiles, including protein and DNA. In protein modifications
the side-chains of Cys, His, Lys, and Arg residues are critical targets, resulting in the generation of undesired protein
posttranslational modifications (PTMs) that can trigger cellular dysfunction. Histones are Lys- and Arg-rich proteins,
providing a fertile source for adduction by both exogenous and endogenous electrophiles. The regulation of histone
PTMs plays a critical role in the regulation of chromatin structure and gene expression.'””

Oxidative stress and the resulting damage to genomic DNA affect cellular processes and cellular response to envi-
ronmental exposures. The oxidation of guanine to premutagenic 8-oxo-7,8-dihydroguanine (8-0xoG) is one of the most
frequent reactions of reactive oxygen species with DNA. Over 72% of the promoters are rich in GC content where
8-0xoG may serve as an epigenetic mark. When complexed with the oxidatively inactivated repair enzyme
8-oxoguanine DNA glycosylase 1, 8-0xoG contributes to the initiation of DNA repair and the assembly of the transcrip-
tional machinery for the expression of redox-regulated genes. Alterations in the coordination of this efficient cellular
process may lead to disease and accelerated aging.””

Alterations in mitochondrial metabolism affect cell differentiation and growth. This process is regulated by the
activity of 2-oxoglutarate (20G)-dependent dioxygenases (20GDDs), a diverse superfamily of oxygen-consuming
enzymes, through modulation of the epigenetic landscape and transcriptional responses.
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DNA repair protein counteracting oxidative promoter lesions may modulate gene expression. Oxidative DNA
bases are primarily modified by reactive oxygen species (ROS), as 7,8-dihydro-8-oxo-2'-deoxyguanosine (8-oxoG),
and this can be repaired by 8-oxoguanine DNA glycosylasel (OGG1) via the base excision repair (BER) pathway.
Cellular response to oxidative challenge is accompanied by DNA damage repair. OGGI1 counteracts 8-oxoG and is
essential for NFxB- dependent gene expression, prior to 8-oxoG excised from DNA."”

ROS may become important cellular-signaling agents for cellular survival. ROS-mediated oxidation of DNA to
yield 8-oxo0-7,8-dihydroguanine (OG) in gene promoters is a signaling agent for gene activation. Enhanced gene
expression occurs when OG is formed in guanine-rich, potential G-quadruplex-forming sequences (PQS) in
promoter-coding strands, initiating base excision repair (BER) by 8-oxoguanine DNA glycosylase (OGG1), yielding
an abasic site (AP). The AP enables melting of the duplex to unmask the PQS, adopting a G-quadruplex fold in which
apurinic/apyrimidinic endonuclease 1 (APE1) binds, but inefficiently cleaves, the AP for activation of vascular endo-
thelial growth factor (VEGF) or endonuclease Ill-like protein 1 (NTHLI) genes. The identification of the oxidatively
modified DNA base OG to guide BER activity in a gene promoter and its impact on cellular phenotype indicates a
potential epigenetic role for OG.*"

Many redox-responsive gene promoters contain evolutionarily conserved guanine-rich clusters that are susceptible
to oxidative modifications. 7,8-Dihydro-8-oxoguanine (8-0xoG) is one of the most abundant base lesions in promoters
and is primarily repaired via the 8-oxoguanine DNA glycosylase-1 (OOG1)-initiated base excision repair pathway. The
8-0x0G lesion and the cognate repair protein OGG1 are utilized in transcriptional gene activation. TNFa-induced
enrichment of both 8-oxoG and OGG1 in promoters of proinflammatory genes precedes interaction of NFxB with
its DNA-binding motif. OGG1 bound to 8-0x0G upstream from the NFkB motif increases its DNA occupancy by pro-
moting an on-rate of both homodimeric and heterodimeric forms of NFkB. OGG1 depletion decreases both NF«kB bind-
ing and gene expression, whereas Nei-like glycosylase-1 and -2 have a marginal effect. The DNA repair protein OGG1
bound to its substrate is coupled to DNA occupancy of NFkB and functions in epigenetic regulation of gene
expression.”’*

Peroxiredoxin I to VI (PRX I-VI) is a family of highly conserved antioxidants that has been implicated in numerous
diseases. PRXs are expressed aberrantly in a variety of tumors, implying that they could play an important role in
carcinogenesis. DNA methylation, histone modifications, and microRNAs modulate expression of PRXs. Histone
deacetylases restore PRX to normal levels.”””

1.2.3.4 Other Posttranslational Changes

Degranulation of mast cells causes the release of bioactive compounds from their secretory granules, including mast
cell-restricted proteases such as tryptase. Tryptase is present within the nuclei of mast cells where it truncates core
histones at their N-terminal ends. Tryptase truncates nucleosomal histone 3 and histone 2B (H2B) and its absence
results in accumulation of the epigenetic mark, lysine 5-acetylated H2B.*"

Posttranslational modifications provide versatility to the biological functions of highly conserved proteins. Post-
translational modifications in nonhistone proteins such as methylation, acetylation, phosphorylation, glycosylation,
ubiquitination, sumoylation, and other posttranslational changes are linked to the regulation of pivotal pathways
related to cellular response and stability. Dysregulation of these pathways and/or the pathogenic component of
posttranslational changes lead to inflammation, cancer, and neurodegenerative disorders.”””

1.2.3.5 Noncoding RNAs

Long noncoding (Inc) RNAs are defined as nonprotein-coding RNAs, distinct from housekeeping RNAs (tRNAs,
rRNAs, and snRNAs) and independent of small RNAs with specific molecular processing machinery (micro- or
piwi-RNAs).>”® Over 95% of the eukaryotic genome is transcribed into noncoding RNAs (ncRNAs) and less than
5% is translated. IncRNA-mediated epigenetic regulation depends mainly on lcnRNA interactions with proteins or
genomic DNA via RNA secondary structures, and some IncRNAs rely on Watson-Crick base pairing for functional
activity.209 RNAs are classified by size into two categories. (i) Small RNAs (<200 nucleotides), which are further sub-
divided into (a) structural RNAs: ribosomal (rRNAs), transfer (tRNAs), small nuclear RNAs (snRNAs); (b) regulatory
RNAs: microRNAs (miRNAs), small interfering RNAs (siRNAs), small nuclear RNAs (snRNAs), piwi-interacting
RNAs (piRNAs), splice junction-associated RNAs. (ii) Long noncoding RNAs (IncRNAs) (>200 nucleotides), present
in >8000 loci in the human genome: large intergenic noncoding RNAs (lincRNAs), natural antisense transcripts
(NATSs), noncoding RNA expansion repeats, promoter-associated RNAs (PARs), enhancer RNAs (eRNAs), small acti-
vating RNAs (saRNAs).” 2% 211 Small ncRNAs (miRNAs, siRNAs, piRNAs) show mature forms of 20-30 nucleotides
(nt) that associate with members of the Argonaute (AGO) superfamily of proteins, the central effectors of RNA inter-
ference (RNAIi) pathways.
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1.2.3.5.1 miRNAs

miRNAs and siRNAs are posttranscriptional gene silencers, guiding AGO complexes to complementary mRNAs in
the cytoplasm, inducing transcript degradation and blocking translation.”’” miRNAs repress translation with RISC
(RNA-induced silencing complex) and induce mRNA degradation by binding to the 3’ untranslated region
(3" UTR). Other miRNAs may enhance mRNA translation and induce gene expression by binding to the promoter
of the target gene. ncRNAs are essential in the regulation of epigenetic mechanisms (silencing of transposable ele-
ments, gene expression control, X chromosome inactivation, DNA imprinting, DNA methylation, histone
modifications).

Small noncoding RNAs (ncRNAs) control gene expression in a sequence-specific manner. ncRNAs are classified
into different categories including small interfering RNAs (siRNAs), microRNAs (miRNAs), PIWI-interacting RNAs
(piRNAs), endogenous small interfering RNAs (endo-siRNAs or esiRNAs), promoter associate RNAs (pRNAs), small
nucleolar RNAs (snoRNAs), and sno-derived RNAs. miRNAs are important cytoplasmic regulators of gene expres-
sion, acting as posttranscriptional regulators of messenger RNA (nRNA) targets via mRNA degradation and/or
translational repression. miRNAs also have specific nuclear functions such as miRNA-guided transcriptional control
of gene expression. ncRNAs are a cluster of RNAs that do not encode functional proteins and whose major function is
transcriptional gene silencing.”'* *'

The evolutionary history of miRNAs in the human genome is still a mystery. Inverted duplication of target genes,
random hairpin sequences, and small transposable elements constitute three main models that explain the origin of
miRNA genes (MIR). Both interspecies and intraspecies divergence of miRNAs exhibits functional adaptation and
adaptation to changing environments in evolution.”'*

RNA activation (RNAa) is the process of enhancing selective gene expression at the transcriptional level using
double-stranded RNAs, targeting gene promoters. RNA molecules are usually 21 nucleotides long and are collectively
called small activating RNAs (saRNAs). They are involved in gene regulation, epigenetics gain-of-function, and
therapeutics. RNAa is opposite to RNA interference (RNAi), although both processes share some protein machinery.
A new saRNAdb database has been developed with 2150 curated saRNA entries.”"

Over 130 different RNA modifications have been identified. Mapping selected RNA modifications at single-
nucleotide resolution has contributed to creating the epitranscriptome.”’® Epitranscriptomics refers to RNA
modification-mediated regulation of gene expression. Major mRNA modifications in the transcriptome of eukaryotic
cells include N6-methyladenosine, N6, 2’-O-dimethyladenosine, 5-methylcytidine, 5-hydroxylmethylcytidine, inosine,
pseudouridine, and N1-methyladenosine.”’” RNA modifications are particularly enriched in tRNAs where they can
regulate not only global protein translation, but also protein translation at the codon level. Modifications located in the
vicinity of tRNA anticodons are highly conserved in eukaryotes and have been identified as potential regulators of
mRNA decoding. These modifications orchestrate the speed and fidelity of translation to ensure proper protein
homeostasis. Prominent modifications in the tRNA anticodon loop include queuosine, inosine,
5-methoxycarbonylmethyl-2-thiouridine, wybutosine, threonyl-carbamoyl-adenosine and 5-methylcytosine.”"®

Ribosomal RNAs (rRNAs) are effectors of messenger RNA (mRNA) decoding, peptide bond formation, and ribo-
some dynamics during translation. Ribose 2’-O-methylation (2"-O-Me) is essential for accurate and efficient protein
synthesis. The intrinsic capability of ribosomes to translate mRNAs is modulated through a 2’-O-Me pattern and
not by nonribosomal actors of the translational machinery.”"” Phosphoinositides are present in the plasma membrane,
cytoplasmic organelles, and the nucleus. Phosphatidylinositol-4,5-bisphosphate (PIP2) is a regulator of rRNA gene
transcription at the epigenetic level. PIP2 interacts with histone lysine demethylase PHF8 (PHD finger protein 8)
and represses demethylation of H3K9me2. The C-terminal K/R-rich motif is the PIP2-binding site within PHFS.
The PIP2-binding mutant of PHFS8 increases the activity of rDNA promoter and expression of pre-rRNA genes.
PIP2 contributes to the fine-tuning of rDNA transcription.””’

Much of the newly discovered transcriptome appears to represent long noncoding RNA (IncRNA). A central topic
in miRNA biology is the existence of a network of interactions with miRNA pathways. IncRNA acts as both a source
and an inhibitory regulator of miRNA. At the transcriptional level, IncRNAs bridge DNA and protein by binding to
chromatin and serving as a scaffold for modifying protein complexes. Such a mechanism can bridge promoters to
enhancers or enhancer-like noncoding genes by regulating chromatin looping, as well as conferring specificity on
histone-modifying complexes by directing them to specific loci.”*"

Traditionally, miRNAs are thought to play a negative regulatory role in the cytoplasm by binding to the 3" UTR of
target genes to degrade mRNA or inhibit translation. miRNAs are endogenous noncoding RNAs that contain approx-
imately 22 nucleotides. miRNAs are key regulators of multiple biological processes and their dysregulation is involved
in a great variety of human pathologies. The maturation of miRNAs occurs in the cytoplasm where miRNAs exert
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posttranscriptional gene silencing (PTGS) via the RNA-induced silencing complex (RISC) pathway. Additionally,
mature miRNAs are also present in the nucleus where miRNAs might regulate nucleus-cytoplasm transport mecha-
nisms and participate in other active regulatory functions including PTGS, transcriptional gene silencing (TGS), and
transcriptional gene activation (TGA). Liang et al.”** reported a new type of miRNA present in the nucleus, which can
activate gene expression by binding to the enhancer. This type of miRNA was named nuclear activating miRNAs
(NamiRNAs). miRNAs can bind nascent RNA transcripts, gene promoter regions, or gene enhancer regions contrib-
uting to the modulation of diverse epigenetic pathways.””* NamiRNAs activate gene expression at the transcriptional
level as enhancer regulators. The regulation of enhancers mediated by NamiRNAs depends on the presence of intact
enhancers and AGO2 protein. NamiRNAs promote global gene transcription through the binding and activation of
their targeted enhancers. This is a novel role for miRNAs as enhancer triggers for transcriptional gene activation.”*’

The miRNA regulome represents a set of regulatory elements that modulate miRNA expression. Classification of
miRNA-related genetic variability is an important issue because miRNAs interact with different genomic elements.
miRNA-associated genetic variability has been presented at three levels: (i) miRNA genes and their upstream
regulation, (i) miRNA silencing machinery, and (iii) miRNA ’cargets.224

ncRNAs maintain critical housekeeping functions such as transcription, RNA processing, and translation. IncRNAs
regulate dosage compensation, genomic imprinting, pluripotency, cell differentiation and development, immune
response, and many other homeostatic functions (translational inhibition, mRNA degradation, RNA decoys, recruit-
ment of chromatin modifiers, regulation of protein activity, regulation of the availability of miRNAs by sponging
mechanism, organization of nuclear subcompartments, and nuclear architecture).”*”

ncRNAs are crucial players in chromatin regulation. During development, long and short ncRNAs act in conjunc-
tion with each other, where long ncRNAs (IncRNAs) regulate gene expression patterns. Short ncRNAs (sRNAs) estab-
lish constitutive heterochromatin and suppress mobile elements. sSRNAs also participate in IncRNA-mediated
processes, including dosage compensation. ncRNAs also establish mitotically heritable epigenetic marks during devel-
opment and participate in mechanisms that regulate maintenance of these epigenetic marks during the lifespan.
Epigenetic traits are transmitted to the next generation via paramutations or transgenerational inheritance mediated
by sRNAs.”*

Long ncRNAs can act directly as long transcripts or can be processed into active small si/miRNAs. IncRNAs can
modulate mRNA cleavage, translational repression, or the epigenetic landscape of their target genes. Some IncRNAs
may play a role in the regulation of alternative splicing in response to several stimuli or during disease.””” Noncoding
RNAs act at the posttranscriptional level, modulating gene expression and leading to mRNA target cleavage and deg-
radation and translation repression. ncRNAs are involved in the regulation of 60% of the coding genes; each ncRNA
may have multiple target genes; and each gene may be regulated by several ncRNAs.**”

Long noncoding RNAs interact with proteins, RNA, and genomic DNA. Most IncRNAs display strong nuclear
localization. Heterogeneous nuclear ribonucleoproteins (hnRNPs) are a large family of RNA-binding proteins that
are important for multiple aspects of nucleic acid metabolism. The interactions of IncRNAs and hnRNPs regulate gene
expression at the transcriptional and posttranscriptional level and influence glucose and lipid metabolism, immune
response, DNA damage response, and other cellular functions.”*’

Production of most eukaryotic mRNAs requires splicing of introns from pre-mRNA. The splicing reaction requires
definition of splice sites, which are initially recognized in either intron-spanning (“intron definition”) or exon-spanning
(“exon definition”) pairs. In the Drosophila genome the modal intron length ranges from 60 to 70 nt representing a local
maximum of splicing rates. Low variation in splicing rates across introns has been observed in the same gene, suggest-
ing the presence of gene-level influences.””” Genes can interact by small RNAs in a homology-dependent manner.
Short interfering (siRNAs) can act in trans at the chromatin level producing stable and heritable silencing phenotypes.
The silencing of endogenous genes is temperature dependent. Silencing efficiency correlates with more efficient accu-
mulation of primary siRNAs at higher temperatures rather than higher expression of precursor RNAs.””' Peripheral
noncoding DNAs protect the genome and the central protein-coding sequences against DNA damage in the somatic
genome. In the cytosol, invading exogenous nucleic acids may first be deactivated by small RNAs encoded by non-
coding DNA via mechanisms similar to the prokaryotic CRISPR-Cas system. In the nucleus the radicals generated by
radiation in the cytosol, radiation energy, and invading exogenous nucleic acids are absorbed, blocked, and/or
reduced by peripheral heterochromatin, and damaged DNA in heterochromatin is removed and excluded from the
nucleus to the cytoplasm through nuclear pore complexes. Noncoding DNAs in the genome are protective for the
sperm genome through similar mechanisms to those of the somatic genome.”*”

In animal cells, mitochondpria are the primary powerhouses and metabolic factories. They also contain genomes and
can produce mitochondrial-specific nucleic acids and proteins. Crosstalk between mitochondria and the nucleus,
mediated by encoded ncRNAs and proteins, is essential for cell homeostasis. Some IncRNAs transcribed in the nucleus
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reside in mitochondria for regulating mitochondrial functions. RMRP is a component of the mitochondrial RNase MRP
that regulates mitochondrial DNA replication and RNA processing. The steroid receptor RNA activator (SRA) is a key
modulator of hormone signaling present in the nucleus and mitochondria. RNA-binding proteins (HuR, GRSF1,
SHARP, SLIRP, PPR, and PNPASE) may play specific roles in the IncRNAs transport system. Nuclear DNA-encoded
IncRNAs are implicated in mitochondria-mediated apoptosis, mitochondrial bioenergetics and biosynthesis, and glu-
tamine metabolism. The mitochondrial genome can also encode three categories of IncRNAs, including (i) IncND5,
IncND6, and IncCyt b RNA; (ii) chimeric mitochondrial DNA-encoded IncRNAs; and (iii) putative mitochondrial
DNA-encoded IncRNAs; and these mitochondrial DNA-encoded IncRNAs operate in the nucleus.”*®

RNAs are candidate molecules for transfering gene-specific regulatory information from one generation to the next.
Double-stranded RNAs (dsRNAs) introduced into some animals can silence genes of matching sequence and the
silencing can persist in the progeny. Such persistent gene silencing is thought to result from sequence-specific inter-
action of the RNA within parents to generate chromatin modifications, DNA methylation, and/or secondary RNAs,
which are then inherited by the progeny.”** In C. elegans small RN As can regulate genes across generations. The mys-
terious tendency of heritable RNA interference (RNAi) responses to terminate after three to five generations has been
referred to as “the bottleneck to RNAi inheritance.” The resetting of epigenetic inheritance after three to five gener-
ations is not due to passive dilution of the original RNA trigger, but instead results from an active, multigenerational,
and small RNA-mediated regulatory pathway. The process that leads to the erasure of the ancestral small RNA-
encoded memory is a specialized type of germline reprogramming mechanism, analogous to the processes that
robustly remove parental DNA methylation and histone modifications early in the development in different organ-
isms. Traditionally, germline reprogramming mechanisms that reset chromatin are thought to stand in the way of
inheritance of memories of parental experiences. Reprogramming heritable small RNAs takes multiple generations
to complete, enabling long-term inheritance of small RNA responses.””

miRNAs are often thought to mediate posttranscriptional epigenetic changes by mRNA degradation or transla-
tional attenuation. Several miRNAs such as miR-375, members of the miR-29 family, miR-34, and miR-200 are regu-
lated by DNA methylation and histone modifications in various types of cancers and metabolic diseases. miRNAs such
as miR-449a, miR-148, miR-101, miR-214, and miR-128 target members of the epigenetic machinery and their dysre-
gulation leads to diverse cellular aberrations. It is becoming clear there is a connection between DNA methylation,
histone modification, and miRNA function in physiological and pathological conditions.”*°

IncRNA expression and function have also been associated with many human diseases. IncRNA misregulation may
result in an aberrant regulation of gene expression contributing to tumorigenesis.””” However, many important issues
still remain elusive in RNA epigenetics. Residues in exons are methylated (m6A) in nascent pre-mRNA and remain
methylated in the same exonic residues in nucleoplasmic and cytoplasmic mRNA. Based on recent studies, Darnell
et al.”® argue against a commonly used “reversible dynamic methylation/demethylation” of mRNA, calling into
question the concept of “RNA epigenetics” that parallels the well-established role of dynamic DNA epigenetics.

Secreted extracellular vesicles (EVs) have a function in intercellular communication as paracrine or endocrine
factors, circulating in biological fluids. Exosomes are actively secreted vesicles that contain proteins, lipids, soluble
factors, and nucleic acids, including miRNAs and other classes of small RNAs (sSRNAs). Exosomes are linked to tumor
progression and permissive premetastatic diffusion.”””

miR-148a possesses a binding site in the 3" UTR of DNMT1 mRNA, which can cause silencing of the DNMT1 gene.
There is a physical association between DNMT1 mRNA and miR-148a. Ectopic expression of miR-148a induces pro-
grammed cell death and represses cell proliferation by targeting DNMT1. The miR-148a gene is regulated by DNA
methylation and DNMT1 in prostate cancer. miR-148a is silenced by DNA methylation, and ectopic expression of
miR-148a suppresses DNMT1 expression and induces apoptotic gene expression in hormone-refractory prostate
cancer cells.”*’

Two large families of miRNAs (the miR-200 family and the miR-302 family) modulate pluripotency in stem cells
under the regulatory effects of TGFf.**' SNP-miRNA-mRNA interaction networks are present in blood mononuclear
cells. At least 167 trios corresponding to 56 SNPs, 20 miRNAs, and 47 target-mRNAs show SNP-miRNA-mRNA inter-
actions. hsa-miR-222-3p, hsa-miR-181b-5p, and hsa-miR-106b-5p mediate specific correlations between SNP and
mRNA in energy metabolism, cellular homeostasis, and tissue homeostasis.?** Xist, the master regulator of
X chromosome inactivation, is a classic example of how IncRNAs can exert multilayered and fine-tuned regulatory
functions, by acting as a molecular scaffold for recruitment of distinct protein factors.”*’

Long noncoding RNAs are potential key regulators of the inflammatory response, particularly by modulating the
transcriptional control of inflammatory genes. IncRNAs may act as an enhancer or suppressor of inflammatory tran-
scription, function as scaffold molecules through interactions with RNA-binding proteins in chromatin-remodeling
complexes, and modulate dynamic and epigenetic control of inflammatory transcription in a gene-specific and
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time-dependent fashion.”** miRNAs modulate glucocorticoid (GC) production by the adrenal glands and cells’

responses to GCs. GCs influence cell proliferation, survival, and function at least in part by regulating miRNA expres-
sion. GCs are steroids with antiinflammatory and immunomodulatory activities of current use for managing chronic
inflammatory and autoimmune conditions, as immunosuppressants in transplantation, and as antitumor agents in
certain hematological cancers.”*’

Redox imbalance inhibits endothelial cell (EC) growth, inducing cell death and senescence, and ncRNAs participate
in the oxidative stress response. In p53-silenced ECs, several p53-targets were identified among both mRNAs and
IncRNAs, including MALAT1 and NEAT1. miR-192-5p is the most induced by H,O, treatment, in a p53-dependent
manner. Downmodulated mRNA-targets of miR-192-5p are involved in cell cycle, DNA repair, and stress response.
miR-192-5p overexpression decreases EC proliferation, inducing cell death. With H,O, treatment the expression of
p53-dependent 5'-isoforms of MDM?2 and PVT1 increase selectively. These transcriptomic alterations are also present
in pathological conditions, such as ECs undergoing replicative senescence, skeletal muscles of critical limb ischemia
patients, and the peripheral blood mononuclear cells of long-living individuals.**®

Temperature influences gene expression in ectotherms, and small noncoding RNAs contribute to thermosensitive
gene regulation. For instance, efficient piRNA-dependent transposon silencing is enhanced by higher temperatures.
This might be important in climate-dependent transposon propagation in evolution and the putative transgenerational
epigenetic effects of altered small RNA transcriptomes.”

IncRNA n342419 (MANTIS) is the most strongly regulated IncRNA. Controlled by the histone demethylase JAR-
ID1B, MANTIS is downregulated in patients with idiopathic pulmonary arterial hypertension, whereas it is upregu-
lated in carotid arteries of Macaca fascicularis subjected to atherosclerosis regression diet, and in endothelial cells
isolated from human glioblastoma patients. Deletion or silencing of MANTIS inhibits angiogenic sprouting and align-
ment of endothelial cells in response to shear stress. The nuclear-localized MANTIS IncRNA interacts with BRG1, the
catalytic subunit of the switch/sucrose nonfermentable chromatin-remodeling complex, for nucleosome remodeling
by keeping the ATPase function of BRG1 active. The transcription of key endothelial genes such as SOX18, SMADS,
and COUP-TFII is regulated by ensuring efficient RNA polymerase II machinery binding.***

The kallikrein-related peptidases (KLKs) constitute a family of 15 highly conserved serine proteases with trypsin-
and chymotrypsin-like activities. Dysregulated expression and/or aberrant activation of KLKs have been associated
with cancer and other pathogenic mechanisms. miRNAs are involved in the posttranscriptional regulation of KLKs
and can also act as downstream effectors of KLKs.**’

1.2.3.5.2 circRNAs

The expression patterns of endogenous circular RNA (circRNA) molecules is important during epidermal stem
cell (EpSC) differentiation. High levels of circRNAs are expressed in the differentiated cells; upregulated circRNAs
are derived from developmental genes such as DLG1. Changes in circRNA expression are independent of host gene
expression, and upregulated circRNAs are prone to AGO2 binding. Upregulated circRNAs from the HECTD1
and ZNF91 genes show a high number of AGO2 binding sites. circZNF91 contains 24 target sites for miR-23b-3p.
Upregulated circRNAs are poorly flanked by homolog-inverted Alu repeats compared to stably expressed circRNAs.
Upregulated circRNAs upon differentiation are also upregulated upon DNMT3A or DNMT3B knockdown, suggesting
that circRNA expression changes are unlikely regulated by epigenetic mechanisms.””

circRNA_0046366 antagonizes the activity of miRNA-34a via MRE-based complementation, and circRNA_0046366
upregulation abolishes the miRNA-34a-dependent inhibition of PPARa. TG-specific lipolytic genes (carnitine palmi-
toyltransferase 1A (CPT1A) and solute carrier family 27A (SLC27A)) are overexpressed, and circRNA_0046366-related
rebalanci%gl of lipid homeostasis leads to reduction of TG content and consequent improvement of hepatocellular
steatosis.

1.2.3.5.3 RNA Methylation

Modifications in mRNA constitute ancient mechanisms that regulate gene expression posttranscriptionally.
N6-methyladenosine (m6A) is the most prominent mRNA modification. A large methyltransferase complex (the
mo6A “writer”) bound by RNA-binding proteins (the m6A “readers”) and removed by demethylases (the m6A
“erasers”) is at the base of this process. m6A mRNA modifications have been linked to regulation at multiple steps
in mRNA processing. One of the main functions of m6A may be posttranscriptional fine-tuning of gene expression.
In contrast to miRNA regulation, which mostly reduces gene expression, m6A might provide a fast means of posttran-
scriptionally maximizing gene expression. During developmental transitions, m6A might mark transcripts for
degradation.”



38 1. THE EPIGENETIC MACHINERY IN THE LIFE CYCLE AND PHARMACOEPIGENETICS

The m6A methylation of RNA is being mapped at the nucleotide level. m6 A modifications are tied to most aspects of

the mRNA life cycle. RNA virus genomes are subject to m6A methylation with significant roles in the viral replication
253
cycle.™

1.2.3.6 Other Operational Elements of the Epigenetic Machinery
1.2.3.6.1 DNA Replication Regulators

DNA replication in hyperacetylated euchromatin is activated preferentially during the early S phase. TICRR/TRESLIN
is an essential protein required for the initiation of DNA replication. TICRR interacts with the acetyl-histone binding
bromodomain (BRD) and extraterminal (BET) proteins BRD2 and BRD4. Abrogation of this interaction impairs TICRR
binding to acetylated chromatin and disrupts normal S-phase progression. The replication licensing factor CDC6
recruits the MCM2-7 replicative helicase to the replication origin, where MCM2-7 is activated to initiate DNA repli-
cation. MCM2-7 is activated by both the CDC7-Dbf4 kinase and cyclin-dependent kinase and via interactions with
CDC45 and the go-ichi-ni-san complex (GINS) to form the CDC45-MCM2-7-GINS (CMG) helicase complex. TIME-
LESS (TIM) is important for the subsequent coupling of CMG activity to DNA polymerases for efficient DNA syn-
thesis. TIM interacts with MCM2-7 prior to the initiation of DNA replication. TIM depletion in various human cell
lines results in the accumulation of aberrant CMG helicase complexes on chromatin. These aberrant CMG complexes
interact with the DNA polymerases on human chromatin, are not phosphorylated properly by cyclin-dependent
kinase/CDC7-Dbf4 kinase, and exhibit reduced DNA unwinding activity. This phenomenon is accompanied by accu-
mulation of the p27 and p21 replication inhibitors, reduced chromatin association of CDC6 and cyclin E, and a delay in
S-phase entry. TIM is required for the correct chromatin association of the CMG complex to allow efficient DNA
replication.””*

1.2.3.6.2 N6-Adenine DNA Methylation

N6-methyl-2'-deoxyadenosine (m6dA) is a well-characterized DNA modification in prokaryotes. m6dA levels
decrease with increasing complexity of eukaryotic genomes. m6dA participates in gene regulation, nucleosome posi-
tioning, and early development. In higher eukaryotes, m6dA is enriched in nongenic regions compared to genic
regions, preferentially in chromosome X and 13, and show high levels during embryogenesis. In contrast, decreased
levels of m6dA are seen in cancer and in diabetic patients, correlating with expression of fat mass and obesity-
associated FTO, which acts as m6A demethylase.””

N6-methyladenine is the most widespread mRNA modification. A subset of human box C/D snoRNA species have
target GAC sequences that lead to formation of N6-methyladenine at a key trans Hoogsteen-sugar A—G base pair, half
of which are methylated. The assembly of the box C/D snoRNP can be regulated by RNA methylation at its critical first
stage. N6-methylation of adenine prevents the formation of trans-Hoogsteen-sugar A-G base pairs. Sheared A-G base
pairs, but not Watson-Crick base pairs, are more susceptible to disruption by N6mA methylation and are therefore
possible regulatory sites. Human signal recognition particle RNA and many related Alu retrotransposon RNA species
are also methylated at the N6 of an adenine that forms a sheared base pair with guanine and mediates a key tertiary
interaction.”®

N6-methyladenosine (m6A) is a widespread posttranscriptional RNA modification that occurs in tRNAs, rRNAs,
snRNAs, viral RNAs, and in mRNAs in a dynamic, reversible manner. m6A modulates cell differentiation and plur-
ipotency, cell cycle and tumorigenesis, and several types of stress responses. m6A RNA, its associated enzymes, and
DNA polymerase k constitute an early-response system that confers cellular resistance to ultraviolet irradiation, sep-
arate from the canonical nucleotide excision repair (NER) pathway that normally repairs UV-induced DNA dam-
age.” Like m6A, Nl-methyladenosine (m1A) is a prevalent posttranscriptional RNA modification commonly
found in tRNAs, rRNAs, and mRNAs.>®

1.2.3.6.3 Transcription Factors

Gene transcription is regulated mainly by transcription factors (TFs). ENCODE and Roadmap Epigenomics provide
global binding profiles of TFs, which can be used to identify regulatory regions. In cell type-specific and species-
specific maps of regulatory regions and TF-TF interactions, Diamanti et al.”>” detected ~ 144,000 putative regulatory
regions among human cell lines, with the majority of them being ~300 bp, and ~20,000 putative regulatory elements
in the ENCODE heterochromatic domains, suggesting a large regulatory potential in regions presumed transcription-
ally silent. The most significant TF interactions identified in the heterochromatic regions were CTCF and the cohesin
complex. Over 90% of the regions were discovered in the 3D contacting domains, with enrichment of GWAS SNPs in
the putative regulatory regions, indicating that the regulatory regions play a crucial role in genomic structural stability.
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Nucleosomes participate in structural and transcription regulatory functions. Histone posttranslational modifications
and nucleosome remodeling are mechanisms to remove the obstacles imposed by the chromatin structure to
transcription.”*’

Eukaryotic transcription is regulated through two complexes, the general transcription factor IID (TFIID) and the
coactivator Spt-Ada-Gen5 acetyltransferase (SAGA). The SAGA/TREX-2 subunit Susl associates with upstream
regulatory regions of many genes and heat shock drastically changes Susl binding. SAGA deubiquitinating enzyme
UbpS8 is dispensable for RNA synthesis, and Sus1 contributes to synthesis and stability of a wide range of transcripts.
SAGA/TREX-2 factor Susl may act as a global transcriptional regulator in yeast.”’

Some transcription factors are involved in the site-specific determination of DNA demethylation in a binding site-
directed manner. After screening 15 master TFs involved in cellular differentiation, Suzuki et al.,*** identified eight
novel binding site-directed DNA demethylation-inducing TFs (RUNX3, GATA2, CEBPB, MAFB, NR4A2, MYOD],
CEBPA, and TBX5). These TFs demethylate genomic regions that are associated with corresponding biological roles.”*

Transcriptional regulation of protein-coding genes is a major mechanism of controlling cellular functions. The enor-
mous amount of transcription factors potentially controlling transcription of any given gene makes it difficult to
quickly identify the biologically relevant transcription factors in a particular pathway. A new member of this vast cat-
egory is Hnf4a, a major transcription factor of the Dna] heat shock protein family (Hsp40) member C22 (Dnajc22),
identified by combining coexpression analyses based on self-organizing maps with sequence-based transcription fac-
tor binding prediction.”*’

The ETS family of transcription factors is a functionally heterogeneous group of gene regulators that share a struc-
turally conserved, eponymous DNA-binding domain. DNA target specificity derives from combinatorial interactions
with other proteins as well as intrinsic heterogeneity among ETS domains. Molecular hydration appears to be a rel-
evant feature defining the intrinsic heterogeneity in DNA target selection and susceptibility to epigenetic DNA
modification.”®*

The vitamin D receptor (VDR) cistrome has binding motifs of the ETS-domain transcription factor GABPA. VDR is
the nuclear receptor for the most active vitamin D metabolite 1a,25-dihydroxyvitamin D3 (1,25(OH)2D3). The GABPA
cistrome in THP-1 human monocytes is comprised of 3822 genomic loci, 20% of which are modulated by 1,25(0OH)2D3.
The GABPA cistrome overlaps with accessible chromatin and the pioneer transcription factor PU.1. Some 40% of
GABPA binding sites are found at transcription start sites, nearly 100 of which are of 1,25(0OH)2D3 target genes.
VDR and GABPA colocalize with PU.1 on 593 genomic loci, whereas only 175 VDR sites bound GABPA in the absence
of PU.1. VDR sites with GABPA colocalization may control some 450 vitamin D target genes preferentially involved in
cellular and immune signaling processes and in cellular metabolism pathways.”*

Cell identity is primarily maintained by cell type-specific gene expression programs. Serum response factor (Srf), a
transcription factor that is activated by various extracellular stimuli, can repress cell type-specific genes and promote
cellular reprogramming to pluripotency. Diminution of f-actin monomer quantity results in nuclear accumulation of
MKI1 and activation of Srf, which downregulates cell type-specific genes and alters the epigenetics of regulatory
regions and chromatin organization. Srf overexpression may lead to pathogenic phenotypes such as ulcerative colitis
or pancreas metaplasia.”*

A series of transcriptional regulators modulate the activity of transcription factors. Two examples are MeCP2, a
protein whose mutated forms are involved in Rett syndrome, and CTCF, a constitutive transcriptional insulator.”®”
The multidomain CCCTC-binding factor (CTCF), containing a tandem array of 11 zinc fingers (ZFs), modulates
the three-dimensional organization of chromatin. CTCF is sensitive to cytosine methylation at position 2, but insen-
sitive at position 12 of the 15-bp core sequence.”*®

Sp1 belongs to the 26 members of the strong Sp/KLF family of transcription factors. It is a paradigm for a ubiqui-
tously expressed transcription factor and is involved in regulating the expression of genes associated with a wide range
of cellular processes in mammalian cells. Sp1 can interact with a range of proteins, including other transcription fac-
tors, members of the transcription initiation complex, and epigenetic regulators, enabling tight regulation of its target
genes.”” Transcriptional silencing is a major cause of the inactivation of tumor suppressor genes.

The EPHB2 gene encodes a receptor tyrosine kinase that controls epithelial cell migration and allocation in intestinal
crypts. EPHB2 functions as a tumor suppressor in colorectal cancer whose expression is frequently lost as tumors pro-
gress to the carcinoma stage. EPHB2 expression depends on a transcriptional enhancer whose activity is diminished in
EPHB2 nonexpressing cells. Expression of EPHB2 and SNAILI, an inducer of epithelial mesenchymal transition
(EMT), is anticorrelated in colorectal cancer cell lines and tumors. In a cellular model of Snaill-induced EMT, the fea-
tures of active chromatin at the EPHB2 enhancer are diminished upon expression of murine Snaill. The transcription
factors FOXA1, MYB, CDX2, and TCF7L2 are EPHB?2 enhancer factors, and Snaill indirectly inactivates the EPHB2
enhancer by downregulation of FOXAI and MYB. Snaill induces the expression of lymphoid enhancer factor 1
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(LEF1), which competitively displaces TCF7L2 from the EPHB2 enhancer. In contrast to TCF7L2, LEF1 appears to
repress the EPHB2 enhancer. SNAIL1 employs a combinatorial mechanism to inactivate the EPHB2 enhancer based
on activator deprivation and competitive displacement of transcription factors.””’

The mitochondrial pyruvate dehydrogenase (PDH) complex (PDC) acts as a central metabolic node that mediates
pyruvate oxidation and fuels the tricarboxylic acid cycle to meet energy demand. E4 transcription factor 1 (E4F1) con-
trols a set of four genes (dihydrolipoamide acetyltransferase (Dlat), dihydrolipoyl dehydrogenase (DId), mitochondrial
pyruvate carrier 1 (Mpcl), and solute carrier family 25 member 19 (Slc25a19)) involved in pyruvate oxidation and
reported to be individually mutated in human metabolic syndromes. E4F1 dysfunction results in an 80% decrease
of PDH activity and alterations of pyruvate metabolism. Genetic inactivation of murine E4f] in striated muscles results
in viable animals that show low muscle PDH activity, severe endurance defects, and chronic lactic acidemia, recapit-
ulating some clinical symptoms described in PDC-deficient patients.””' E4F1 is an essential regulator of epidermal
stem cell (ESC) maintenance. E4F1 transcriptionally regulates a metabolic program involved in pyruvate metabolism
that is required to maintain skin homeostasis. E4F1 deficiency in basal keratinocytes results in deregulated expression
of dihydrolipoamide acetyltransferase (Dlat), a gene encoding the E2 subunit of the mitochondrial pyruvate dehydro-
genase (PDH) complex. E4f1 knock-out (KO) keratinocytes exhibit impaired PDH activity and a redirection of the
glycolytic flux toward lactate production.””

The motif ACTAYRNNNCCCR (Y=C or T, R=A or G, and N any nucleotide) (M4) has been found to be a putative
cis-regulatory element, present 520 times in human promoter regions. Of these, 317 (61%) are conserved within pro-
moter sequences of four related organisms: humans, mice, rats, and dogs. M4 is a transcription factor (TF) binding site
for THAP11 that does often overlap with SBS (STAF binding site), a second core promoter-associated TF binding mod-
ule, which associates with the TFs STAF/ZNF143 and RBP-J. Human M4-promoter genes show enhanced expression
in cells of hematopoietic origin, especially in B lymphoblasts and peripheral blood B and T cells. RBP-] recruits the
intracellular transcriptional mediator of activated Notchl (ICN1). THAP11 and Ikaros interact directly, while NFKB1
(NF-kappa B p50) and HCF-1 bind indirectly to M4-promoters in living cells. M4 is a bipartite composite cis-element,
which is recognized by THAP11 via binding to the ACTAYR sequence module, thereby promoting ternary complex
formation with HCF-1. Ikaros binds to the CCCR module of the M4 motif and this interaction is crucial for recruiting
NFKB1 to M4 harboring genes. The M4 motif (ACTAYRNNNCCCR) is a functional regulatory bipartite cis-element,
which engages a THAP11/HCF-1 complex via binding to the ACTAYR module, while the CCCRRNRNRC subse-
quence part constitutes a binding platform for Ikaros and NFKB1.””

1.2.3.6.4 Transcriptional Repression

The sequence and functional contribution of transcriptional repression mechanisms at high temporal resolution
have been delineated. Inducible entry of the NuRD-interacting transcriptional regulator Ikaros into mouse pre-B cell
nuclei triggers immediate binding to target gene promoters. Rapid RNAP?2 eviction, transcriptional shutdown, nucle-
osome invasion, and reduced transcriptional activator binding require chromatin remodeling by NuRD-associated
Mi2beta/CHD4, independently of HDAC activity. Histone deacetylation occurs after transcriptional repression.
HDAC activity contributes to stable gene silencing.””*

1.2.3.6.5 Polycomb Group Proteins: Polycomb Repressive Complex 2 (PRC2)

Polycomb group (PcG) proteins are major determinants of gene silencing and epigenetic memory in higher eukary-
otes. Hauri et al.””” mapped the human PcG complexome and identified two human PRC2 complexes and two
PR-DUB deubiquitination complexes, which contain the O-linked N-acetylglucosamine transferase OGT1 and several
transcription factors. The human PR-DUB and PRC1 complexes bind distinct sets of target genes, suggesting differ-
ential impact on cellular processes in mammals.””” PcG proteins epigenetically repress key developmental genes and
thereby control alternative cell fates. PcG proteins act as complexes that can modify histones and these histone mod-
ifications play a role in transmitting information about the repressed state as cells divide. PcG complexes do not rely on
histone modifications to recognize their target genes, but use them to stabilize interactions within large chromatin
domains.””*

The Polycomb group of transcriptional repressors and the trithorax group (trxG) of transcriptional activators are
mediators of cellular differentiation. These protein families, while opposed in function, work together to coordinate
appropriate cellular developmental programs that allow for both embryonic stem cell self-renewal and
differentiation.”””
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Polycomb Repressive Complex 2 (PRC2) methylates lysine 27 in histone H3, a modification associated with epige-
netic gene silencing. This complex plays a fundamental role in regulating cellular differentiation and development, and
PRC2 overexpression and mutations have been implicated in numerous cancers.””®

PRC2 methylates lysine 27 of histone H3 (H3K27) through its catalytic subunit Ezh2. PRC2-mediated dimethylation
and trimethylation (H3K27me2/H3K27me3) have been interchangeably associated with gene repression. Modifying
the ratio of H3K27me2 and H3K27me3 is sufficient for the acquisition and repression of defined cell lineage transcrip-
tional programs and phenotypes.”””

Polycomb-like (PCL) proteins, such as PHF1, MTF2, and PHF19, are PRC2-associated factors that form subcom-
plexes with PRC2 core components, and have been proposed to modulate the enzymatic activity of PRC2 or the recruit-
ment of PRC2 to specific genomic loci. PRC2-binding sites are enriched in CG content, which correlates with CpG
islands that display a low level of DNA methylation.”®

Epigenetic maintenance of gene repression is essential for development. Polycomb complexes are central to this
memory. Like Heterochromatin Protein 1 (LHP1) binds Polycomb-deposited H3K27me3 and is required for repression
of many Polycomb target genes. LHP1 binds RNA through the intrinsically disordered hinge region. Both the RNA-
binding hinge region and H3K27me3 (trimethylation of histone H3 at Lys27) recognition facilitate LHP1 localization
and H3K27me3 maintenance. Disruption of the RNA-binding hinge region prevents formation of subnuclear foci,
structures potentially important for epigenetic repression.

Target genes of the Polycomb group (PcG) are transiently activated by a stimulus and subsequently repressed. In
Drosophila, mutually exclusive binding patterns for HSF and PRC1 at the hsp70 locus have been detected. Pleiohomeo-
tic (Pho), a DNA-binding PcG member, dynamically interacts with Spt5, an elongation factor. The dynamic interaction
switch between Pho and Spt5 is triggered by the recruitment of HSF to chromatin. Mutation in the protein-protein
interaction domain (REPO domain) of Pho interferes with the dynamics of its interaction with Spt5. The transcriptional
kinetics of the heat shock response is negatively affected by a mutation in the REPO domain of Pho.***

PRC2 can add one to three methyl groups, and the fully methylated product, H3-K27me3, is a hallmark of
Polycomb-silenced chromatin. In studies with a variant of Drosophila melanogaster PRC2, which is converted into a
monomethyltransferase, a single substitution, F738Y, in the lysine-substrate binding pocket of the catalytic subunit,
E(Z), creates an enzyme that retains robust K27 monomethylation, but dramatically reduces dimethylation and
trimethylation. Overexpression of E(Z)-F738Y triggers desilencing of Polycomb target genes suggesting that
H3-K27mel contributes positively to gene activity. The normal genomic distribution of H3-K27mel is enriched on
actively transcribed Drosophila genes, with localization overlapping the active H3-K36me2 /3 chromatin marks. Dis-
tinct K27 methylation states link to either repression or activation depending on the number of added methyl groups.
H3-K27mel deposition may involve alternative methyltransferases beyond PRC2, which is primarily repressive.
These studies reported by Wang et al.”* suggest distinct roles for K27mel versus K27me3 in transcriptional control
and expanded the machinery for methylating H3-K27.

Chromatin-based cell memory enables cells to maintain their identity by fixing lineage-specific transcriptional pro-
grams, ensuring accurate transmission through cell division. The PcG-based memory system maintains the silenced
state of developmental and cell cycle genes. However, the function of Polycomb proteins is not limited to the impo-
sition of rigid states of genetic programs; they also have the capacity to recognize signals, allowing plastic transcrip-
tional changes in response to different stimuli.”**

Under stress conditions the coactivator Multiprotein bridging factor 1 (Mbf1) translocates from the cytoplasm into
the nucleus to induce stress-response genes. Mbf1 associates with E(z) mRNA and protects it from degradation by the
exoribonuclease Pacman (Pcm), thereby ensuring Polycomb silencing. Loss of mbfl function enhances a Polycomb
phenotype in mutants, and it is accompanied by a significant reduction in E(z) mRNA expression. Pcrn mutations sup-
press the Polycomb phenotype and restore the expression level of E(z) mRNA, while Pcm overexpression exhibits the
Polycomb phenotype in the mbfl mutant. Mbf1 buffers fluctuations in Pcm activity to maintain an E(z) mRNA expres-
sion level sufficient for Polycomb silencing.”*”

Distinct epigenomic profiles of histone marks have been associated with gene expression. O’Geen et al.”** studied a
broad collection of genomically targeted epigenetic regulators that could write epigenetic marks associated with a
repressed chromatin state (G9A, SUV39H1, Kriippel-associated box (KRAB), DNMT3A as well as the first targetable
versions of Ezh2 and Friend of GATA-1 (FOG1)) and found that that so-called repressive histone modifications were
not sufficient for gene repression.

The Polycomb repressor complex 2 molecule EZH? plays a role in cell fate decisions, cell cycle regulation, senes-
cence, cell differentiation, and cancer development and progression. High expression of EZH2 correlates with an unfa-
vorable prognosis of neuroblastoma (NB). Knockdown of EZH2 and EZH?2 inhibitors induce NB cell differentiation.
NTRK1 (TrkA) is one of the EZH2-related suppression targets. The NTRK1 P1 and P2 promoter regions are regulated
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by DNA methylation and EZH2-related histone modifications. The NTRK1 transcript variants 1/2, which are regu-
lated by EZH2-related H3K27me3 modifications at the P1 promoter region, are strongly expressed in favorable
NB. EZH2 is important in preventing the differentiation of NB cells, and EZH2-related NTRK1 transcriptional regu-
lation may be the key pathway for NB cell differentiation.”®” Enhancer of zeste homolog 2 (EZH?2), the catalytic subunit
of Polycomb repressive complex 2 (PRC2), is involved in the development and maintenance of many types of cancer.
PRC2 can have both oncogenic and tumor-suppressive functions. These apparently opposing roles of PRC2 in cancer
are a consequence of the molecular function of the Comgalex in maintaining, rather than specifying, the transcriptional
repression state of its several thousand target genes.”

Gene regulatory networks are pivotal for many biological processes. In mouse embryonic stem cells (mESCs) the
transcriptional network can be divided into three functionally distinct modules: Polycomb, Core, and Myc. The Poly-
comb module represses developmental genes, while the Myc module is associated with proliferative functions, and its
misregulation is linked to cancer development. The Polycomb repressive complex 2 (PRC2)-associated protein EPOP
(Elongin BC and Polycomb Repressive Complex 2-associated protein; a.k.a. C170rf96, esPRC2p48, and
E130012A19Rik) colocalizes at chromatin with members of the Myc and Polycomb module. EPOP interacts with
the transcription elongation factor Elongin BC and the H2B deubiquitinase USP7 to modulate transcriptional processes
in mESCs similar to MYC. EPOP is commonly upregulated in human cancer, and its loss impairs the proliferation of
several human cancer cell lines. EPOP is a transcriptional modulator that impacts both Polycomb and active gene
transcription in mammalian cells.””

The Polycomb PRC1 plays essential roles in development and disease pathogenesis. Targeting of PRC1 to chromatin
is thought to be mediated by the Cbx family proteins (Cbx2/4/6/7/8) binding to histone H3 with a K27me3 modi-
fication (H3K27me3). H3K27me3 contributes to the targeting of Cbx7 and Cbx8 to chromatin, but less to Cbx2, Cbx4,
and Cbx6. Genetic disruption of the complex formation of PRC1 facilitates the targeting of Cbx7 to chromatin. The CD
and AT-hook-like (ATL) motif of Cbx7 constitute a functional DNA-binding unit. Cbx7 is targeted to chromatin by
corecognizing of H3K27me3 and DNA. This is a novel hierarchical cooperation mechanism by which histone modi-
fications and DNA coordinate to target chromatin regulatory complexes.””’

Elongin BC is a binding factor at the promoters of bivalent sites. Elongin BC is associated with Polycomb Repressive
Complex 2 in pluripotent stem cells. Elongin BC is recruited to chromatin by the PRC2-associated factor EPOP, a pro-
tein expressed in the inner cell mass of the mouse blastocyst. Both EPOP and Elongin BC are required to maintain low
levels of expression at PRC2 genomic targets.””’

1.2.3.6.6 BET (Bromodomain and Extraterminal Domain) Proteins

Bromodomain proteins (Table 1.12) are epigenetic readers that recognize acetylated histone tails to facilitate the
transcription of target genes.””” There are approximately 60 human bromodomains, which are divided into eight sub-
families based on structural conservation (Table 1.12). The bromodomain-containing proteins in family IV include
seven members (BRPF1, BRPF2, BRPF3, BRD7, BRD9, ATAD2, and ATAD2b). The BRPF1 subunit of the MOZ histone
acetyltransferase (HAT) recognizes acetylated histones H2AK5ac, H4K12ac, H3K14ac, H4K8ac, and H4K5ac. The bro-
modomain of BRD7 is a member of the SWI/SNF complex that preferentially recognizes acetylated histones H3K9ac,
H3K14ac, H4K8ac, H4K12ac, and H4K16ac. The bromodomains of BRPF2 and BRPF3 have similar sequences, and
function as part of the HBO1 HAT complex. The ATAD2 bromodomain binds to the diacetylated H4K5acK12ac mark
found in newly synthesized histones following DNA replication.””

Bromodomains are protein modules adopting conserved helix bundle folds. Bromodomains bind to acetylated
lysine residues on histone tails, facilitating reading of the histone code.

Lysine acetylation of histone proteins is a fundamental posttranslational modification that regulates chromatin
structure and plays an important role in gene transcription. Acetyl-lysine modifications create docking sites for bro-
modomains, which are structurally conserved modules present in transcription-associated proteins (reader proteins).
Bromodomain-containing reader proteins are part of multiprotein complexes that regulate transcription programs,
which are often associated with profound phenotypic changes.”*

Double bromodomain and extraterminal domain (BET) proteins are critical epigenetic readers that bind to acety-
lated histones in chromatin and regulate transcriptional activity and modulate changes in chromatin structure and
organization. The testis-specific BET member regulates male sterility. BRDT is expressed in both spermatocytes
and spermatids, and loss of the first bromodomain of BRDT leads to severe defects in spermiogenesis without overtly
compromising meiosis. In contrast, complete loss of BRDT blocks the progression of spermatocytes into the first mei-
otic division, resulting in complete absence of postmeiotic cells. BRDT is an essential regulator of chromatin organi-
zation and reprogramming during prophase I of meiosis. Loss of BRDT function disrupts the epigenetic state of meiotic
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TABLE 1.12 Bromodomains
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MIM
Gene Name Locus Other names number Phenotype
ASHIL Ashl (absent, small, or homeotic), 1q22 KIAA1420, ASHI, 607999  Autoimmune diseases; beta thalassemia; brain
Drosophila, homolog of MRD52, ASH1L1, cancer; breast cancer; developmental disorders;
huASH1, KMT2H leukemia; lung cancer; mental retardation,
autosomal dominant 52
ATAD2 ATPase family, AAA domain 8q24.13 ANCCA, CT137, 611941 Breast, uterus, colon, ovary, and stomach
containing 2 DKFZp667N1320, tumors
MGC29843, MGC5254,
PRO2000
ATAD2B  ATPase family, AAA domain- 2p24.1-p23.3 KIAA1240 615347
containing, member 2B
BAZ1A Bromodomain adjacent to zinc ~ 14q13.1-q13.2 ACF1, hACF1, 605680 Esophageal squamous cell carcinoma
finger domain, 1A WALp1l, WCRF180
BAZ1B Bromodomain adjacent to zinc 7q11.23 WSTF, WBSCR9 605681  Williams-Beuren syndrome
finger domain, 1B
BAZ2A Bromodomain adjacent to zinc 12q13.3 KIAA0314, TIP5 605682
finger domain, 2A
BAZ2B Bromodomain adjacent to zinc ~ 2q24.2 WALp4 605683 Sudden cardiac death (SCD), prolonged QRS/
finger domain, 2B QT intervals
BPTF Bromodomain PHD finger 17q24.2 FALZ, FAC1, 601819 Neurodevelopmental disorder with dysmorphic
transcription factor NURF301, NEDDFL facies and distal limb anomalies
BRD1 Bromodomain-containing 22q13.33 BRL, BRPF2 604589  Myocardial infarction
protein 1
BRD2 Bromodomain-containing 6p21.32 RINGS3, FSRG1, 601540  Epilepsy, juvenile myoclonic; Leukemia; B cell
protein 2 D6S113E, KIAA9001, lymphoma
NAT
BRD3 Bromodomain-containing 9q34.2 KIAA0043, ORFX, 601541
protein 3 RING3L
BRD4 Bromodomain-containing 19p13.12 CAP, HUNK1, 608749 Carcinoma
protein 4 HUNKI, MCAP
BRD7 Bromodomain containing 7 16q12.1 BP75, CELTIX1 Nasopharyngeal carcinoma
BRDS8 Bromodomain-containing 5q31.2 SMAP 602848  Pancreatic cancer
protein 8
BRD9 Bromodomain containing 9 5p15.33 FLJ13441 Nonsmall-cell lung cancer
BRDT Bromodomain, testis-specific 1p22.1 SPGF21, BRD6, CT9 602144  Spermatogenic failure 21
BRPF1 Bromodomain- and PHD finger- 3p25.3 BR140, IDDDFP 602410 Intellectual developmental disorder with
containing protein 1, 140kD dysmorphic facies and ptosis
BRPF3 Bromodomain- and PHD finger- 6p21.31 KIAA1286 616856
containing protein 3
BRWD1 Bromodomain- and WD repeat  21q22.2 WRD9, C210rf107, 617824 Down syndrome
domain-containing protein 1 DCAF19, FLJ11315,
N143
BRWD3 Bromodomain- and WD repeat-  Xq21.1 MRX93 300553 Mental retardation, X-linked 93
containing protein 3
CECR2 CECR?2, histone acetyl-lysine 22q11.1- KIAA1740 607576  Anorectal, renal, and preauricular anomalies in
reader ql1.21 patients with cat eye syndrome (CES)
CREBBP  CREB-binding protein 16p13.3 CBP, KAT3A, RSTS, 600140  Acute lymphoblastic leukemia; acute myeloid

RTS

leukemia; hypothalamic hamartoma with
gelastic epilepsy; non-Hodgkin lymphoma;
Rubinstein-Taybi syndrome 1

Continued
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TABLE 1.12 Bromodomains—cont’d

MIM
Gene Name Locus Other names number Phenotype
EP300 E1A binding protein p300 22q13.2 KAT3B, p300, RSTS2 602700  Acute lymphoblastic leukemia; acute myeloid
leukemia; acute monocytic leukemia; colorectal
cancer, somatic; epithelial cancer; non-Hodgkin
lymphoma; Rubinstein-Taybi syndrome 2
KAT2A K(lysine) acetyltransferase 2A 17q21.2 GCN5L2, GCNS, 602301 Leukemia
PCAF-b
KAT2B Lysine acetyltransferase 2B 3p24.3 PCAF, GCN5, GCN5L, 602303  Breast cancer; drug abuse
P/CAF
KMT2A Lysine methyltransferase 2A 11q23.3 ALL-1, CXXC7, HRX, 159555 Leukemia, myeloid/lymphoid or mixed lineage;
HTRX1, MLL, MLL1, Wiedemann-Steiner syndrome
MLL1A, TRX1
PBRM1 Polybromo 1 3p21.1 BAF180, PB1 606083  Breast cancer
PHIP Pleckstrin homology domain- 6ql4.1 DIDOD 612870  Developmental delay, intellectual disability,
interacting protein obesity, and dysmorphic features
SMARCA2 SWI/SNF-related, matrix- 9p24.3 SNF2L.2, BAF190, 600014  Gastric cancer; lung cancer; Nicolaides-Baraitser
associated, actin-dependent BRM, hBRM, hSNF2a, syndrome; Coffin-Siris syndrome;
regulator of chromatin, subfamily SNF2, SNF2LA, Sthlp, Schizophrenia
a, member 2 SWI2
SMARCA4 SWI/SNF-related, matrix- 19p13.2 BRG1, RTPS2, MRD16, 603254  Coffin-Siris syndrome 4; rhabdoid tumor
associated, actin-dependent CSS4 predisposition syndrome 2
regulator of chromatin, subfamily
a, member 4
SP100 SP100 nuclear antigen 2q37.1 LEU5, RFP2, 604585 HCMYV infection
LYSP100B
SP110 SP110 nuclear body protein 2q37.1 1F141, TF175, VODI 604457  Hepatic venoocclusive disease with
immunodeficiency; Mycobacterium tuberculosis,
susceptibility to
SP140 SP140 nuclear body protein 2q37.1 LYSP100-A, LYSP100- 608602 Multiple sclerosis
B
SP140L SP140 nuclear body protein like 2q37.1 617747  Primary biliary cirrhosis
TAF1 TAF1 RNA polymerase II, TATA Xq13.1 TAF2A, CCG1, BA2R, 313650 Dystonia Parkinsonism, X linked; Mental
box-binding protein-associated DYT3, MRXS33 retardation, X linked, syndromic 33
factor, 250kD
TAFI1L TATA box-binding protein- 9p21.1 TAF2A2, MGC134910, 607798 Colorectal cancer; gastric cancer
associated factor 1 like TAF(11)210
TRIM24 Tripartite motif containing 24 7q33-q34 TIF1, hTIF1, RNF82, 603406  Breast cancer; papillary thyroid carcinoma;
Tifla, TIF1A myeloproliferative syndrome; hepatocellular
carcinoma
TRIM28 Tripartite motif containing 28 19q13.4 KAP1, PPP1R157, 601742  Colorectal cancer
RNF96, TF1B, TIF1B
TRIM33 Tripartite motif containing 33 1p13.2 TIF1G, RFG7, PTC7, 605769 Thyroid cancer
FLJ11429, KIAA1113
TRIM66 Tripartite motif containing 66 11p15.4 KIAA0298, TIF1D, 612000 Nonsmall-cell lung cancer; osteosarcoma
TIF1IDELTA, Cllorf29
ZMYNDS8  Zinc finger MYND-type 20q13.12 PRKCBP1, RACK7 615713  Acute erythroid leukemia
containing 8
ZMYND11 Zinc finger MYND-type 10p15.3 BS69, PRKCBP1L1, 608668 Chromosome 10p subtelomeric deletion

containing 11

BRAM1, MGC111056,
RP11-486H9.1

syndrome; mental retardation, autosomal
dominant 30
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sex chromosome inactivation in spermatocytes, affecting the synapsis and silencing of the X and Y chromosomes.
BRDT also controls global chromatin organization and histone modifications of the chromatin attached to the synap-
tolemal complex.””

BET proteins bind acetylated chromatin to facilitate access by transcriptional regulators to chromatin, as well as to
assist the activity of transcription elongation complexes via CDK9/pTEFb. NF«kB (Nuclear Factor-k-light-chain-
enhancer of activated B cells) signaling elicits global transcriptional changes by activating cognate promoters and
through genome-wide remodeling of cognate regulatory elements called “superenhancers.” BRD4 and other BET pro-
teins are involved in NFkB-dependent promoter and superenhancer modulation. BRD4 binds nonhistone proteins and
modulates their activity. BRD4 binds acetylated RELA, an NF«B coactivator, increasing its transcriptional transactiva-
tion activity and stability in the nucleus.””

Bromodomain adjacent to zinc finger 2B (BAZ2B) is a multidomain histone-binding protein that contains two his-
tone reader modules, a plant homeodomain (PHD) and a bromodomain (BRD), linked by a largely disordered linker.
The PHD domain is specific for the unmodified N-terminus of histone H3 and of the BRD domain for H3 acetylated at
Lys14 (H3K14ac). BAZ2B PHD-BRD establishes a polyvalent interaction with H3K14ac, and the disordered interdo-
main linker modulates the histone-binding affinity by interacting with the PHD domain. Phosphorylation, acetylation,
or poly(ADP-ribosyl)ation of the linker residues may therefore act as a cellular mechanism to transiently tune BAZ2B
histone-binding affinity.*”*

ATPase family AAA domain-containing protein 2 (ATAD?2), isoform A, is a bromodomain-containing protein over-
expressed in many types of cancer.””’

The heat shock response is characterized by transcriptional activation of both hsp genes and noncoding and
repeated satellite IIl DNA sequences located at pericentric heterochromatin. Both events are under the control of heat
shock factor I (HSF1). HSF1 recruits major cellular acetyltransferases, GCN5, TIP60, and p300 to pericentric hetero-
chromatin leading to a targeted hyperacetylation of pericentric chromatin. Redistribution of histone acetylation
toward the pericentric region in turn directs the recruitment of bromodomain and extraterminal (BET) proteins
BRD2, BRD3, BRD4, which are required for satellite Il transcription by RNAP I1.>%®

BET proteins regulate the expression of inflammatory genes. Both proliferation and IgG production are reduced by
BET inhibitors (JQ1) in a concentration-dependent manner, as well as immunoglobulin gene transcription.””” The bro-
modomain protein BRD4 has been identified as an integral member of the oxidative stress as well as the inflammatory
response, mainly due to its role in the transcriptional regulation process. BRD4 is also involved in the splicing process.
There is an increase in splicing inhibition—in particular, intron retentions (IRs)—following heat treatment in BRD4-
depleted cells, leading to a decrease of mRNA abundancy of affected transcripts, most likely due to premature termi-
nation codons. BRD4 interacts with heat shock factor 1 (HSF1) such that under heat stress BRD4 is recruited to nuclear
stress bodie%s(,) Smd noncoding SatIIl RNA transcripts are upregulated. BRD4 is an important regulator of splicing during
heat stress.”

1.2.3.6.7 UHRF1

UHREF1 is a mediator of inheritance of epigenetic DNA methylation patterns during cell division. Interdomain inter-
actions influence UHRF1’s chromatin-binding properties. Houliston et al.*’! characterized the dynamics of the tandem
tudor domain-plant homeodomain (TTD-PHD) histone reader module, including its 20-residue interdomain linker.
The apo TTD-PHD module in solution comprises a dynamic ensemble of conformers, approximately half of which
are compact conformations, with the linker lying in the TTD peptide-binding groove. These compact conformations
are amenable to cooperative, high-affinity histone binding. These authors also identified a compound,
4-benzylpiperidine-1-carboximidamide, which binds to the TTD groove, competes with linker binding, and promotes
open TTD-PHD conformations that are less efficient at H3K9me3 binding. These studies show a mechanism by which
the dynamic TTD-PHD module can be allosterically targeted with small molecules to modulate its histone reader func-
tion for therapeutic purposes.

UHRF1 targets newly replicated DNA by cooperatively binding hemimethylated DNA and H3K9me2/3. Thereis a
direct recruitment of UHRF1 by the replication machinery via DNA ligase 1 (LIG1). A histone H3K9-like mimic within
LIG1 is methylated by G9a and GLP and avidly binds UHRF1. Interaction with methylated LIG1 promotes the recruit-
ment of UHRF1 to DNA replication sites and is required for DNA methylation maintenance.”’”

1.2.3.6.8 Plant Homeodomain (PHD) Fingers

Plant homeodomain (PHD) fingers are among the largest family of epigenetic domains, first characterized as
readers of methylated H3K4.*"
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1.2.3.6.9 HDACs

The chromatin-remodeling factor HDAC4 regulates satellite cell proliferation and commitment. The proliferation
and differentiation of HDAC4 KO satellite cells are compromised, and inhibition of HDAC4 in satellite cells blocks the
differentiation process. P21 and Sharp1 are the HDAC4 target genes.””* HDAC9 is a novel suppressing factor involved
in AGT regulation in proximal tubular cells, leading to low levels of intrarenal AGT in females.””

1.2.3.6.10 Chromatin-Remodeling Factors

ATRX. ATRX is a chromatin-remodeling factor found in a wide range of tandemly repeated sequences including
telomeres (TTAGGG)n. ATRX mutations are found in tumors that maintain their telomeres via alternative lengthening
of the telomere (ALT) pathway, which is suppressed by ATRX. Recruitment of ATRX to telomeric repeats depends on
repeat number, orientation, and critically on repeat transcription. Loss of ATRX is also associated with increased
R-loop formation. The presence of ATRX at telomeres may have a central role in suppressing deleterious DNA sec-
ondary structures that form at transcribed telomeric repeats.””

NUPRI. The protein NUPR1 is a multifunctional intrinsically disordered protein (IDP) involved in chromatin remo-
deling and in the development and progression of pancreatic cancer. Polycomb proteins are involved in specific tran-
scriptional cascades and gene silencing. One of the proteins of the Polycomb complex is the Ring finger protein 1
(RING1). RINGL1 is related to aggressive tumor features in multiple cancer types. NUPR1 interacts with the paralog
RING1B through the C-terminal region of RING1B (C-RING1B). This interaction is inhibited by trifluoperazine, a drug
known to hamper binding of wild-type NUPR1 with other proteins. NUPR1 may play an active role in chromatin
remodeling and carcinogenesis, together with Polycomb proteins.*””

LSH. Lsh is a chromatin-remodeling factor that regulates DNA methylation and chromatin function in mammals.
Lsh assists gene repression upon binding to the Oct4 promoter region. Upon differentiation, association of Lsh pro-
motes transcriptional repression of the reporter gene accompanied by an increase in repressive histone marks and a
gain of DNA methylation at distal and proximal Oct4 enhancer sites.””

SMARCADI1. Chromatin in embryonic stem cells (ESCs) exhibits a more open chromatin configuration than in
somatic cells. ATP-dependent chromatin-remodeling complexes are important regulators of ESC homeostasis. Deple-
tion of the remodeler SMARCAD]1, an ATPase of the SNF2 family, affects stem cell state. KRAB-associated protein 1
(KAP1) is the stoichiometric binding partner of SMARCADI in ESCs. This interaction occurs in chromatin when
SMARCADI binds to different classes of KAP1 target genes, including zinc finger protein (ZFP) and imprinted genes.
The RING B-box coiled-coil (RBCC) domain in KAP1 and the proximal coupling of ubiquitin conjugation to ER deg-
radation (CUE) domain in SMARCAD1 mediate their direct interaction. Retention of SMARCADI1 in the nucleus
depends on KAP1; and mutations in the CUE1 domain of SMARCADI alter the binding to KAP1. An intact CUE1
domain is required for tethering this remodeler to the nucleus.””

1.2.3.6.11 Heterochromatin and Gene Silencing

Heterochromatic DNA domains regulate gene expression and maintain genome stability by silencing repetitive
DNA elements and transposons. Heterochromatin assembly at DNA repeats involves the activity of small noncoding
RNAs (sRNAs) associated with the RNA interference (RNAi) pathway. sSRNAs, originating from long noncoding
RNAs, guide Argonaute-containing effector complexes to complementary nascent RNAs to initiate histone H3 lysine
9 dimethylation and trimethylation (H3K9me2, H3K9me3) and the formation of heterochromatin. H3K9me is in turn
required for the recruitment of RNAi to chromatin to promote the amplification of SRNA. H3K9me2 defines a func-
tionally distinct heterochromatin state that is sufficient for RNAi-dependent cotranscriptional gene silencing at peri-
centromeric DNA repeats. Unlike H3K9me3 domains, which are transcriptionally silent, H3K9me2 domains are
transcriptionally active, contain modifications associated with euchromatic transcription, and couple RNAi-mediated
transcript degradation to the establishment of H3K9me domains. The two H3K9me states recruit reader proteins with
different efficiencies, explaining their different downstream silencing functions. The transition from H3K9me2 to
H3K9me3 is required for RNAi-independent epigenetic inheritance of H3K9me domains. These studies reported
by Jih et al.”'’ demonstrate that H3K9me2 and H3K9me3 define functionally distinct chromatin states and uncover
a mechanism for the formation of transcriptionally permissive heterochromatin that is compatible with its broadly
conserved role in SRNA-mediated genome defense.

1.2.3.6.12 MEN1

Menl1 is a tumor suppressor gene that encodes the protein Menin, with effect in the control of epigenetic gene
regulation. Menin interaction with the MLL complex favors transcriptional activation of target genes through
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H3K4me3 marks. Menin represses gene expression via mechanisms involving the Polycomb repressing complex
(PRC). Ezh2, the PRC-methyltransferase that catalyzes H3K27me3 repressive marks, and Menin have been shown
to cooccupy a large number of promoters. ActivinB, a TGFp superfamily member encoded by the Inhbb gene, is upre-
gulated in insulinoma tumors caused by Menl invalidation. Menin may participate in the epigenetic repression
of Inhbb gene expression. Loss of Menin is associated with ActivinB-induced expression. ActivinB expression is medi-
ated through direct modulation of H3K27me3 marks on the Inhbb locus in Menin-KO cell lines. Menin binds on the
promoter of Inhbb gene where it favors the recruitment of Ezh2 via an indirect mechanism involving Akt-
phosphorylation. Menin may affect the Ezh2-epigenetic repressive landscape by modulating Akt phosphorylation.”"!

1.2.3.6.13 NPC, HOXA, and Nup93

The nuclear pore complex (NPC) mediates nuclear transport of RNA and proteins into and out of the nucleus.
Nucleoporins have additional functions in chromatin organization and transcription regulation. Nup93 is a scaffold
nucleoporin at the nuclear pore complex that is associated with human chromosomes 5, 7, and 16 and with the pro-
moters of the HOXA gene. Labade et al.”'* studied the association of Nup93 with the HOXA gene cluster and its con-
sequences on HOXA gene expression in diploid colorectal cancer cells (DLD1). Nup93 shows a specific enrichment ~1
Kb upstream of the transcription start site of each of the HOXA1, HOXA3, and HOXA5 promoters. The association of
Nup93 with HOXA is assisted by its interacting partners Nup188 and Nup205. Depletion of the Nup93 subcomplex
upregulates HOXA gene expression levels. Nup93 may repress the HOXA gene cluster. Nup93 knockdown increases
active histone marks (H3K9ac), decreases repressive histone marks (H3K27me3) on the HOXAI promoter, and
increases transcription elongation marks (H3K36me3) within the HOXA1 gene. The nucleoporin Nup93 assisted by
its interactors Nup188 and Nup205 mediates the repression of HOXA gene expression.”'”

1.2.3.6.14 CCR4

The multisubunit CCR4 (carbon catabolite repressor 4)-NOT (Negative on TATA) complex serves as a central coor-
dinator of all different steps of eukaryotic gene expression. The CCR4-NOT subunits CNOT1, CNOT2, and CNOT3 are
individually downregulated using doxycycline-inducible shRNAs. Downregulation of any of the CNOT subunits
results in elevated expression of major histocompatibility complex class II (MHC II) genes which are found in a gene
cluster on chromosome 6. CNOT2-mediated repression of MHC II genes occurs also in the absence of the master reg-
ulator class II transactivator (CIITA) and does not cause detectable changes in the chromatin structure at the chromo-
somal MHC II locus. CNOT2 downregulation results in an increased de novo transcription of mRNAs, whereas
tethering of CNOT?2 to a regulatory region governing MHC II expression results in diminished transcription. CNOT
proteins are a novel group of corepressors restricting class II expression.’'”

1.2.3.6.15 HP1

Chromatin proteins control gene activity in a concerted manner. Recruitment to over 1000 genomic locations
revealed that HP1a is a potent repressor able to silence even highly expressing reporter genes. The local chromatin
context can modulate HP1la function. In pericentromeric regions, HP1la-induced repression is enhanced twofold. In
regions marked by a H3K36me3-rich chromatin signature, HP1a-dependent silencing is significantly decreased.’'*

1.2.3.6.16 TORC1

The conserved nutrient-regulated target of rapamycin complex 1 (TORC1) pathway and the histone H3N-terminus
at lysine 37 (H3K37) function collaboratively to restrict specific chromatin-binding high mobility group box (HMGB)
proteins to the nucleus to maintain cellular homeostasis and viability. Reducing TORC1 activity in an H3K37 mutant
causes cytoplasmic localization of the HMGB Nhpéa, organelle dysfunction, and both nontraditional apoptosis and
necrosis. Under nutrient-rich conditions the H3K37 mutation increases basal TORC1 signaling. This effect is prevented
by deletion of the genes encoding HMGBs whose cytoplasmic localization increases when TORC1 activity is repressed.
TORC1 argilqhistone H3 collaborate to retain HMGBs within the nucleus to maintain cell homeostasis and promote
longevity.”

1.2.3.6.17 WDR5

WDRS is a highly conserved WDA40 repeat-containing protein that is essential for proper regulation of multiple cel-
lular processes. WDRS5 is a core scaffolding component of histone methyltransferase complexes and is potentially
involved in controlling the integrity of cell division.”'®
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1.2.3.6.18 Nudt21

Cell fate transitions involve rapid gene expression changes and global chromatin remodeling. The RNA-processing
factor Nudt21 controls cell fate by connecting alternative polyadenylation to chromatin signaling. Suppression of
Nudt21 enhances the generation of induced pluripotent stem cells, facilitates transdifferentiation into trophoblast stem
cells, and impairs differentiation of myeloid precursors and embryonic stem cells. Nudt21 directs differential polya-
denylation of over 1500 transcripts in cells acquiring pluripotency. These proteins are strongly enriched for chromatin
regulators, and their suppression neutralizes the effect of Nudt21 during reprogramming.””

1.2.3.6.19 Trithorax-Group Proteins

Trithorax-group proteins (TrxGs) play essential regulatory roles in chromatin modification for activation of tran-
scription. In Arabidopsis, TrxGs function in the dehydration and abscisic acid (ABA)-mediated modulation of down-
stream gene expression. Two evolutionarily conserved A. thaliana TrxGs, ATX4 and ATXS5, play essential roles in the
drought stress response. ATX4 and ATX5 regulate the expression of genes involved in dehydration stress.”'®

1.2.3.6.20 SUUR Protein

In eukaryotes, heterochromatin replicates late in the S phase of the cell cycle and contains specific covalent mod-
ifications of histones. SUUR mutation found in Drosophila makes heterochromatin replicate earlier than in the wild type
and reduces the level of repressive histone modifications. SUUR protein associates with moving replication forks
through interactions with PCNA. SUUR-sensitive chromosomal regions do not contain Polycomb and require SUUR
function to sustain the H3K27me3 level. SUUR protein contributes to heterochromatin maintenance during chromo-
some replication.”"”

1.2.3.6.21 Kap123

Kap123 is a major karyopherin protein of budding yeast that recognizes the nuclear localization signals (NLSs) of
cytoplasmic histones H3 and H4 and translocates them into the nucleus during DNA replication. Cytoplasmic histone
H4 diacetylation weakens the Kap123-H4-NLS interaction, thereby facilitating histone Kap123-H3-dependent H3-H4/
Asfl complex nuclear translocation.”’

1.2.3.6.22 SET Complex

Chromatin-modifying complexes are targeted to the appropriate gene promoters in vertebrates. The SET1 complex
is targeted to actively transcribed gene promoters through CFP1, which engages in a form of multivalent chromatin
reading that involves recognition of nonmethylated DNA and histone H3 lysine 4 trimethylation (H3K4me3). CFP1
defines SET1 complex occupancy on chromatin, and its multivalent interactions are required for the SET1 complex to
place H3K4me3. According to studies reported by Brown et al.,**! in the absence of CFP1, gene expression is perturbed,
suggesting that normal targeting and functioning of the SET1 complex are central to creating an appropriately
functioning vertebrate promoter-associated epigenome.

1.2.3.6.23 Histone Code Reader Spinl

The histone code reader Spinl is associated with tumorigenesis, cancer growth, and physiological functions. In
Spin1Mb mice with ablation of Spinl in myoblast precursors using the Myf5-Cre deleter strain, Spin1M>5 mice die after
birth with severe sarcomere disorganization and necrosis. Surviving Spin1M5 mice are growth-retarded and show
defects in several muscles as a result of aberrant fetal myogenesis and deregulated skeletal muscle (SkM) functional
networks. Deregulation of helix-loop-helix transcription factor networks appears to be responsible for developmental
defects in Spin1M5 fetuses. Aberrant expression of titin-associated proteins, abnormal glycogen metabolism, and
neuromuscular junction defects contribute to SkM pathology in Spin1M5 mice.”*

1.2.3.6.24 Proteasome

The proteasome displays proteolytic and nonproteolytic functions that are essential in the regulation of cell activity.
The 19S proteasome mediates heterochromatin spreading of centromeric heterochromatin in a nonproteolytic manner.
The 195 proteasome is involved in regulating subtelomere silencing and facultative heterochromatin formation in fis-
sion yeast, and through a distinct pathway regulates subtelomere silencing and facultative heterochromatin formation
through the Pafl complex subunit Leol, indicating that the proteasome is involved in global regulation of facultative
and constitutive heterochromatin.”*
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Nonproteolytic functions of the proteasome are involved in transcriptional regulation, mRNA export, and
ubiquitin-dependent histone modification. Seo et al.”** *** identified the mutant allele rpt4-1 that disrupts a nonpro-
teolytic function of the proteasome. The proteasome is involved in the regulation of heterochromatin spreading to pre-
vent its uncontrolled invasion into neighboring euchromatin regions. The phenotype of the nonproteolytic rpt4-1
mutant resembles that of epelA cells, which lack the Epel protein that counteracts heterochromatin spreading. Both
mutants exhibit variegated gene-silencing phenotypes across yeast colonies, spreading of heterochromatin, bypassing
the requirement for RNAi in heterochromatin formation at the outer repeat region (otr), and upregulation of RNA
polymerase II. Mst2 is another factor that antagonizes heterochromatin spreading, showing a redundant function with
Rpt4. The 19S proteasome may be involved in modulating the activities of Epel and Mst2.7**

Cellular models of memory formation have focused on the need for protein synthesis. Protein degradation mediated
by the ubiquitin-proteasome system (UPS) also appears to be relevant for this process. Nonproteolytic ubiquitin-
proteasome signaling is involved in histone modifications and DNA methylation, suggesting that ubiquitin and
the proteasome can regulate chromatin remodeling independent of protein degradation. Both ubiquitin signaling
and the proteasome can act independently to regulate epigenetic-mediated transcriptional processes necessary for
learning-dependent synaptic plasticity.”*

1.2.3.6.25 Lipid Mediators

Phospholipids, sphingolipids, and cholesterol are integral components of cell organelles and the nucleus. Nuclear
lipid composition is distinct from that of the cytoplasm and plasma membrane. Nuclear sphingolipids, sphingoid
bases (sphingosine, ceramide, sphingosine-1-phosphate (51P)), and sphingolipid signaling are involved in physiolog-
ical and pathological conditions. S1P is generated in the nucleus by phosphorylation of SphK2 and modulates HDAC
activity to regulate cell cycle and proinflammatory gene expression.”

Lipid-derived acetyl-CoA is a major source of carbon for histone acetylation. Up to 90% of acetylation on histone
lysines can be derived from fatty acid carbon, even in the presence of excess glucose. By repressing both glucose and
glutamine metabolism, fatty acid oxidation reprograms cellular metabolism, leading to increased lipid-derived acetyl-
CoA. Gene expression profiling of octanoate-treated hepatocytes shows a pattern of upregulated lipid metabolic genes,
demonstrating a specific transcriptional response to lipid.””’

1.2.3.6.26 Transposable Elements

Transposable elements (TEs) comprise nearly half the human genome and play an essential role in the maintenance
of genomic stability, chromosomal architecture, and transcriptional regulation. TEs are repetitive sequences consisting
of RNA transposons, DNA transposons, and endogenous retroviruses that can invade the human genome making a
substantial contribution to human evolution and genomic diversity. TEs are therefore firmly regulated from early
embryonic development and during the entire course of human life by epigenetic mechanisms—in particular,
DNA methylation and histone modifications.

The genome is enrolled in the generation of different epigenomic landscapes that define each cell type. These epi-
genomic profiles can be deregulated under disease conditions. About 80% of human DNA is biochemically active and
approximately 10%-15% displays signals of purifying selection. TEs make up at least 50% of the human genome and
can be actively transcribed. TEs can also act as regulatory elements either for their own purposes or to be coopted for
the benefit of their host. TEs contribute to the functional genome, and coopted TEs can be differentiated from noisy
genomic elements.””® The deregulation of TEs has been reported in some developmental diseases, as well as for dif-
ferent types of human cancers.”’

TEs were initially conceived as genomic parasites with the ability to mobilize and replicate themselves in a genome.
Mammalian genomes are dominated by thousands of TEs that impact on mammalian evolution. Most genomes are
dominated by LINE and SINE retrotransposons, more limited LTR retrotransposons, and minimal DNA transposon
accumulation. The mammalian genome contains at least one family of actively accumulating retrotransposons. Hor-
izontal transfer of TEs among lineages is rare. TE exaptation events are relatively frequent and, despite beneficial
aspects of TE content and activity, the majority of TE insertions are neutral or deleterious. The genome has evolved
several defense mechanisms that act at the epigenetic, transcriptional, and posttranscriptional levels to limit the del-
eterious effects of TE proliferation.”” TEs have beneficial roles in the evolution of diverse biological processes and as
sources of selectable phenotypic variation.”’

The first genome-wide quantification of TEs in Drosophila melanogaster and Drosophila simulans revealed that the
spread of repressive epigenetic marks (histone H3K9me2) to nearby DNA occurs in over 50% of euchromatic TEs,
extending up to 20 kb. The lower TE content correlates with the stronger epigenetic effects of TEs and higher levels
of host genetic factors known to promote epigenetic silencing.’*”
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Human endogenous retroviruses (HERVs) and other long terminal repeat (LTR)-type retrotransposons (HERV /
LTRs) have regulatory elements that possibly influence the transcription of host genes. A total of 794,972 HERV-TFBSs
have been identified. HERV /LTR-shared regulatory element (HSRE), defined as a TF-binding motif in HERV-TFBSs,
shares fractions of a HERV/LTR type. A total of 2201 HSREs, comprising specific associations of 354 HERV /LTRs and
84 TFs, have been identified by Ito et al.”*> HERV /LTRs can be grouped according to TF binding patterns; HERV /LTR
groups bind to pluripotent TFs (SOX2, POU5F1, NANOG), embryonic endoderm/mesendoderm TFs (GATA4/6,
SOX17, FOXA1/2), hematopoietic TFs (SPI1 (PU1), GATA1/2, TAL1), and CTCF. Regulatory elements of HERV/
LTRs tend to locate nearby and/or interact three-dimensionally with the genes involved in immune responses, indi-
cating that the regulatory elements play an important role in controlling the immune regulatory network. Subgroup-
specific TF binding within LTR7, LTR5B, and LTR5_Hs indicates that gain or loss of regulatory elements might occur
during genomic invasions of HERV /LTRs.””

Repetitive genomic regions include tandem sequence repeats and interspersed repeats, such as endogenous retro-
viruses and LINE-1 elements. Repressive heterochromatin domains silence the expression of these sequences through
mechanisms that remain poorly understood. The retinoblastoma protein (pRB) utilizes a cell-cycle-independent inter-
action with E2F1 to recruit Enhancer of zeste homolog 2 (EZH?2) to diverse repeat sequences. These include simple
repeats, satellites, LINEs, and endogenous retroviruses as well as transposon fragments. A mutant mouse strain car-
rying an F832A mutation in Rb1 is defective for recruitment to repetitive sequences. Loss of pRB-EZH2 complexes from
repeats disperses H3K27me3 from these genomic locations and permits repeat expression. Consistent with mainte-
nance of H3K27me3 at the Hox clusters, these mice are developmentally normal.””*

Variation in the presence or absence of transposable elements (TEs) is a major source of genetic variation between
individuals. Stuart et al.”* identified 23,095 TE presence/absence variants between 216 Arabidopsis accessions. Most
TE variants were rare and associated with local extremes of gene expression and DNA methylation levels within the
population. Of the common alleles identified, two-thirds were not in linkage disequilibrium with nearby SNPs, impli-
cating these variants as a source of novel genetic diversity. Many common TE variants were associated with signif-
icantly altered expression of nearby genes, and a major fraction of interaccession DNA methylation differences
were associated with nearby TE insertions.

The hallmark of retrogenes in the genome is the presence of DCCGTAGCCATTTTGGCTCAAG, a spliced leader
(DinoSL) constitutively trans-spliced to the 5’ end of all nucleus-encoded mRNAs. Although retrogenes have often lost
part of the 22-nt DinoSL, the putative promoter motif from the DinoSL, TTT(T/G), is consistently retained in the
upstream region of these genes, providing an explanation for the high survival rate of retrogenes in dinoflagellates.”
DNA methylation drives origination, survival, evolution, and expression of retrogenes.” Studies in Sus scrofa iden-
tified a total of 964 retrocopies as well as new retrocopies for the synthesis of glycans and lipids corresponding to phe-
notypic traits in pigs. Retrogene DNA methylation negatively correlates with evolutionary time and regulates
retrogene tissue-specific expression patterns. Retrogenes are consistently hypermethylated and hypomethylation of
parental genes shows higher susceptibility to retroposition.”””

Repetitive DNA, represented by transposons and satellite DNA, constitutes a large portion of eukaryotic genomes,
being the major component of constitutive heterochromatin. This genomic component regulates several nuclear func-
tions including chromatin state and the proper functioning of centromeres and telomeres. In Drosophila the 1.688 sat-
ellite is one of the most abundant repetitive sequences, with the longest array being located in the pericentromeric
region of the X chromosome. Short arrays of 1.688 repeats are widespread within the euchromatic part of the
X chromosome, and these arrays assist in recognition of the X chromosome by the dosage compensation male-specific
lethal complex. A short array of 1.688 satellite repeats is essential for recruitment of the protein POF to a site on the
X chromosome (PoX2) and to various transgenic constructs. The 1.688 array promotes POF targeting to the roX1-
proximal PoX1 site in trans. Binding of POF to the 1.688-related satellite-enriched sequences is conserved in evolution.
Kim et al.”* postulate that the 1.688 satellite functions in an ancient dosage compensation system involving POF tar-
geting at the X chromosome.

Sleeping Beauty transposon (SB) has become an increasingly important genetic tool for generating mutations in
vertebrate cells. It was widely thought that SB exclusively integrates into TA dinucleotides. However, recent studies
indicate that TA dnts are not exclusive integrating sites for SBs. Guo et al.”*” identified 28,000 SB insertions in non-TA
sites. The consensus sequence of these non-TA sites shows an asymmetric pattern distinct from the symmetric pattern
of the canonical TA sites. Perfect similarity between the downstream flanking sequence and SB transposon ends indi-
cates there may be interaction between the transposon DNA binding domain of transposase and the target DNA. The
SB integrations at non-TA sites might be guided by the interaction between the transposon DNA binding domain of SB
transposase and the target DNA.™’
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tRNA-derived small RNAs participate in genome protection against retrotransposons. tRNAs are involved in the
replication cycle of retroviruses, pararetroviruses, and retrotransposons as primers of their reverse transcription.
tRNA-derived small RNAs, as functional small RNAs or as mere tRNA degradation products, have emerged as impor-
tant players in the regulation of genic transcription.”*’

Long Interspersed Nuclear Element-1 (LINE-1), the most ubiquitous repetitive element in mammalian genomes,
plays an important role in the pathogenesis of disease and in the response to exposure to environmental stressors.
Tonizing radiation is a genotoxic stressor that induces alterations in LINE-1 DNA methylation.*"'

Intracisternal A particle (IAP) is one of the most transpositionally active retrotransposons in the mouse genome,
with a great expression viariability among cell types as a result of differences in the methylation status of the 5 long
terminal repeat (LTR), where transcription starts. There is subfamily- and locus-specific hypomethylation of IAP LTRs.
Binding of TFs might be involved in protection from DNA methylation, whereas the IAP internal sequence might
enhance methylation.”"”

In mouse prospermatogonia, PIWI-interacting small RNAs (piRNAs) combat retrotransposon activity to maintain
genomic integrity. The piRNA system destroys retrotransposon-derived RNAs and guides de novo DNA methylation
at some retrotransposon promoters. Inoue et al.”*’ performed studies of DNA methylation and polyA* RNAs (tran-
scriptome) in developing male germ cells from Pld6/Mitopld and Dnmt3] knockout mice defective in piRNA biogen-
esis and de novo DNA methylation, respectively, and found that Dnmt3] mutation reduced DNA methylation levels at
most retrotransposons. In Pld6 mutant germ cells, although only a few retrotransposons exhibited reduced DNA
methylation, many showed increased expression at the RNA level. The increase in retrotransposon expression was
larger in Pld6 mutants than in Dnmt3] mutants, suggesting that RNA degradation by the piRNA system plays a more
important role than does DNA methylation in prospermatogonia, but DNA methylation has a long-term effect. Hypo-
methylation caused by the Pld6 or Dnmt3l mutation results in increased retrotransposon expression in meiotic sper-
matocytes. Posttranscriptional silencing plays an important role in the early stage of germ cell development, and
transcriptional silencing becomes important in later stages. Retrotransposon silencing is important for the maintenance
of genomic and transcriptomic integrity.”**

Piwi proteins and piRNAs protect eukaryotic germlines against the spread of transposons. During development in
the ciliate Paramecium, two Piwi-dependent sRNA classes are involved in the elimination of transposons and
transposon-derived DNA: scan RNAs (scnRNAs), associated with Ptiwi01 and Ptiwi09, and iesRNAs, whose binding
partners are Ptiwil0 and Ptiwill. scnRNAs derive from the maternal genome and initiate DNA elimination during
development, whereas iesRNAs continue DNA targeting until the removal process is complete. Furrer et al.*** showed
that scnRNAs and iesRINAs are processed by distinct Dicer-like proteins and bind Piwi proteins in a mutually exclusive
manner, suggesting separate biogenesis pathways. The PTIWI10 gene is transcribed from the developing nucleus and
its transcription depends on prior DNA excision, suggesting a mechanism of gene expression control triggered by the
removal of short DNA segments interrupting the gene.

Alu elements belong to the short interspersed nuclear element (SINE) family of repetitive elements, and with over
1million insertions they make up more than 10% of the human genome. Alu elements can be mutagenic to the host as
they can act as splice acceptors, inhibit the translation of mRNAs, and cause genomic instability. Alu elements are the
main targets of the RNA-editing enzyme ADAR, and the formation of Alu exons is suppressed by the nuclear ribo-
nucleoprotein HNRNPC. DHX9, a nuclear RNA helicase, binds specifically to inverted-repeat Alu elements that are
transcribed as parts of genes. Loss of DHX9 leads to an increase in the number of circular-RNA-producing genes and
the amount of circular RNAs, translational repression of reporters containing inverted-repeat Alu elements, and tran-
scriptional rewiring of susceptible loci. The interferon-inducible isoform of ADAR (p150), but not the constitutively
expressed ADAR isoform (p110), is an RNA-independent interaction partner. Codepletion of ADAR and DHX9
increases double-stranded RNA accumulation defects, leading to increased circular RNA production, revealing a func-
tional link between these two enzymes. Based on these studies, Aktas et al.”*’ proposed that DHX9 acts as a nuclear
RNA resolvase that neutralizes the immediate threat posed by transposon insertions and allows these elements to
evolve as tools for the posttranscriptional regulation of gene expression.

LTR retrotransposons are repetitive DNA elements comprising approximately 10% of the human genome. They are
silenced by hypermethylation of cytosines in CpG dinucleotides and are considered parasitic DNA serving no useful
function for the host genome. However, hypermethylated LTRs contain enhancer and promoter sequences and can
promote tissue-specific transcription of cis-linked genes. The ERV-9 LTR retrotransposon is located at the 5" border
of the transcriptionally active p-globin gene locus in human erythroid progenitor and erythroleukemia K562 cells.
The ERV-9 LTR, containing 65 CpGs in 1.7 kb DNA, is hypermethylated (>90% CpGs) and displays transcriptional
enhancer activity. The hypermethylated LTR enhancer spanning recurrent CCAATCG and GATA motifs associate
with key transcription factors (TFs) NF-Y and GATA-1 and -2, respectively. Hypermethylation reduces the binding
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affinities of the enhancer motifs to the key TFs to assemble the LTR-Pol II transcription complex that activates the
transcription of cis-linked genes at reduced efficiency.”*

Ten-eleven translocation (TET) enzymes oxidize DNA methylation as part of an active demethylation pathway.
There is a complex relationship between ten-eleven translocation (TET) proteins and retrotransposons in mouse
embryonic stem cells (ESCs), implicating TETs as enhancers in the exaptation and function of retroelement sequences.
TET1 and TET2 bind multiple TE classes that harbor a variety of epigenetic signatures indicative of different functional
roles. TETs cobind with pluripotency factors to enhancer-like TEs that interact with highly expressed genes in ESCs
whose expression is partly maintained by TET2-mediated DNA demethylation. TETs and 5-hydroxymethylcytosine
(5hmC) are also strongly enriched at the 5" UTR of full-length, evolutionarily young LINE-1 elements, a pattern that is
conserved in human ESCs. TETs drive LINE-1 demethylation, but LINE-1s are kept repressed through additional TET-
dependent activities. The SIN3A corepressive complex binds to LINE-Is, ensuring their repression in a TET1-
dependent manner. Active demethylation of retrotransposons does not correlate with their increased expression in
ESCs, calling into question long-held assumptions regarding the importance of DNA demethylation for retrotranspo-
son expression, and revealing novel epigenetic players in retrotransposon control.”*” #*%

Aberrant expression of coding genes or long noncoding RNAs (IncRNAs) with oncogenic properties can be caused
by translocations, gene amplifications, point mutations, or other less characterized mechanisms. One such mechanism
is the inappropriate usage of normally dormant, tissue-restricted, or cryptic enhancers or promoters that serve to drive
oncogenic gene expression. Dispersed across the human genome, endogenous retroviruses (ERVs) provide an enor-
mous reservoir of autonomous gene regulatory modules, some of which have been coopted by the host during evo-
lution to play important roles in the normal regulation of genes and gene networks.”*” Human endogenous
retroviruses (HERVs) constitute 8% of the human genome and contribute substantially to the transcriptome. HERVs
generate RNAs that modulate host gene expression.

Broecker et al.”” characterized the HERV-K (HML-10) endogenous retrovirus family which invaded the ancestral
genome of Old World monkeys about 35 million years ago and is enriched within introns of human genes when com-
pared to other HERV families. Long terminal repeats (LTRs) of HML-10 exhibit variable promoter activity in human
cancer cell lines. One identified HML-10 LTR-primed RNA was in opposite orientation to the proapoptotic Death-
associated protein 3 (DAP3). Inactivation of HML-10 LTR-primed transcripts induces DAP3 expression levels, which
leads to apoptosis. HML-10 may have been evolutionarily coopted for gene regulation more than other HERV families.
HML-10 RNA suppresses DAP3-mediated apoptosis, and its upregulation in various tumors may contribute to
evasion of apoptosis in malignant cells.””

A common aberration in cancer is the activation of germline-specific proteins. The DNA-binding proteins among
them could generate novel chromatin states, not found in normal cells. The germline-specific transcription factor
BORIS/CTCFL, a paralog of chromatin architecture protein CTCF, is often erroneously activated in cancers and
rewires the epigenome for the germline-like transcription program. Another common feature of malignancies is
the changed expression and epigenetic states of genomic repeats, which could alter the transcription of neighboring
genes and cause somatic mutations upon transposition. BORIS serves as a repressor of SVA expression, alongside
DNA and histone methylation, with the exception of promoter capture by SVA. The global germline-specific transcrip-
tional regulator BORIS directly binds to and regulates SVA repeats, which are essentially movable CpG islands, via
clusters of BORIS binding sites. BORIS regulates and represses the newest class of transposable elements that are
actively transposed in the human genome when activated.”"

Hippocampal retrotransposon (RT) elements are regulated by acute stress via the accumulation of the repressive
H3K9me3 mark at RT loci. Dysregulation of RT expres