HANDBOOK OF
EPIGENETICS

THE NEW MOLECULAR
AND MEDICAL GENETICS

SECOND EDITION

Edited by
TRYGVE O. TOLLEFSBOL
lab irmi irmi L i

niversity of Alabama at Birmingham, Birmingham, AL, United States

Y ACADEMIC PRESS
A An imprint of Elsevier




Contributors
Preface

1

Contents

xi
xiii

OVERVIEW

1.  An Overview of Epigenetics
TRYGVE O. TOLLEFSBOL

Introduction

Molecular Mechanisms of Epigenetics

Methods in Epigenetics

Model Organisms of Epigenetics

Factors Influencing Epigenetic Changes

Evolutionary Epigenetics

Epigenetic Epidemiology

Epigenetics and Human Disease
Epigenetic Therapy

" The Future of Epigenetics

Conclusions

References

11

[oBEN BE IR o e e NN, IRV, S S VS I O]

MOLECULAR MECHANISMS

OF EPIGENETICS

2. Mechanisms of DNA Methylation

and Demethylation During Mammalian Development

NICOLAS VELAND, TAIPING CHEN

Introduction

DNA Methylation
DNA Demethylation
Conclusions
References

3. Mechanisms of Histone Modifications

11
12
16
20
22

LUDOVICA VANZAN, ATHENA SKLIAS, ZDENKO HERCEG, RABIH MURR

Introduction

Histone Modifications
Conclusions
References

25
25
39
39

4.  The Epigenetics of Noncoding RNA

RAVINDRESH CHHABRA

Introduction
Conclusions
References

5.  Prions and Prion-Like Phenomena
in Epigenetic Inheritance

TINH-SUONG NGUYEN, HERVE LALUCQUE, FABIENNE MALAGNAC,
PHILIPPE SILAR

Structural Heredity

Mixed Heredity: A Prion That Propagates by Covalent
Autoactivation

Regulatory Inheritance

Conclusions

References

6. Higher-Order Chromatin Organization in
Diseases: From Chromosomal Position Effect to
Phenotype Variegation

JEROME D. ROBIN, FREDERIQUE MAGDINIER

Introduction
CPE in Model Organisms
Telomeric Position Effect
Setting the Frontiers of Chromatin Domains
Genome Topology and Scaffolding of
Chromosomal Domains
Boundary Elements are Involved in Functional Genome
Partitioning
Chromosomal Position Effect in Human Pathologies
Telomeric Position Effect in Human Pathologies
Conclusions '
References

1. Polycomb Mechanisms and Epigenetic
Control of Gene Activity
VINCENZO PIRROTTA

Introduction

The Hardware

Association of PRC2 and PRC1 Complexes
Mechanisms of PcG Repression

PRC2 Global Activities

PRC2 Modulation and Product Feedback Effects
Higher Order Interactions

Epigenetic Maintenance or Cellular Memory

47
56
57

62

65
66
68
69

73
4
76
77

11

78
79
82
86
87

93
94
98
99
99
100
100
102



CONTENTS

vi
Maintenance of the Nonrepressed State 102
The Bivalent State 103
Differentiation 104
Conclusions 104
References 106
METHODS IN EPIGENETICS
8.  Analysis of Gene-Specific DNA Methylation
NAOKO HATTORI], TOSHIKAZU USHIJIMA
Introduction 113
Principles of DNA Methylation Analysis 113
Characteristics of Individual Techniques 115
Tips for Individual Methods 120
Epilogue 123
References 123
9. . Methods for Assessing DNA Cytosine
Modifications Genome-Wide
TIBOR A. RAUCH, GERD P. PFEIFER
Introduction 125
References 132
10. Analyses of Genome-Wide Histone
Modifications in the Mammalian Genome
SHULAN TIAN, SUSAN L. SLAGER, KRUTIKA S. GAONKAR,
HUIHUANG YAN
Introduction 135
High-Throughput Technologies to Study Histone Modifications 136
Genome-Wide Profiles and Functions of Histone Modifications 139
Histone Modifications in Key Genomic Regions 145
Alteration of Histone Modifications in Disease 147
~ Conclusions and Perspectives 148
References 149
11. Techniques for Genome-Wide Expression
Analysis of Noncoding RNA
RENA MIZUTANI, TOSHIMICHI YAMADA, NOBUYOSHI AKIMITSU
Introduction 153
Mining RNA-SEQ Data for ncRNAs 154
cDNA Library Construction 155
Estimating the Transcription and Degradation Rates
of Transcripts 159
Conclusions 161
References 162
12. Computational Epigenetics
LOO KEAT WEI, ANTHONY AU
Introduction 167
Approaches to Measure DNA Methylation and Histone
Modifications 167

Public Resources for Epigenetic Data

Processing Microarray-Based DNA Methylation Data
Differentially Methylated Regions

Prediction of Epigenetic Status

Integrative Epigenomics

Concluding Remarks

References

IV

168
172
178
183
184
185
185

MODEL ORGANISMS OF EPIGENETICS

13. Epigenetic Modifications in Eukaryotes
and Prokaryotes are Equally Intriguing

MARTIN-JOSEPH OKPALA, ZIMUZOH ORAKWUE, IFEANYI OKPALA,
SHIRAZ MUJTABA .

Introduction

Biological Significance of Acetylation in Eukaryotic Organisms

Acetylation of NonHistone Proteins in Regulating Cellular
Functions

Role of Acetylation in Lower Organisms

Role of Lysine Methylation in Higher Eukaryotes

Role of Methylation in Lower Organisms

Role of Deacetylation and Demethylation in Gene Regulation

Role of Phosphorylation in Higher Eukaryotes

Role of Phosphorylation in Lower Organisms

Cross-Talks Between Epigenetic Modifications

Conclusions and Future Perspectives

References

14. Drosophila Epigenetics
ASHLEY M. KARNAY, FELICE ELEFANT

Introduction: Drosophila as a Model Organism in Epigenetic
Research

Epigenetic Modification of Histone Proteins Regulate
Chromatin Packaging and Gene Control in Drosophila

Position Effect Variegation '

The Role of Epigenetics During Drosophila Development:
Epigenetic Memory

Dosage Compensation

The Epigenetic Language in Postmitotic Neurons
Underlying Cognitive Function

Conclusions

References

15. Mouse Models of Epigenetic
Inheritance: Classification, Mechanisms, and
Experimental Strategies

SHAOSHUAI MAO, YONGQIN LI, BO LIU, TIAN CHI

Two Types of Epigenetic Inheritance (EI): Mitotic Versus
Generational

El Signals: Cis Versus Trans

Mice as Model Mammals

Mouse EI Models: A Brief History

Conventional Mouse EI Models

193
194

194
195
195
196
198
199
200
200
201
202

205

207
209

211
217

220
223
224

231
232
233
233
234



Targeting Epigenetic Modifications to Reporter Genes:

A Unique EI Model Tractable for Mechanistic Studies
Conclusions
References

16. Plant Epigenomics

VENU (KAL) KALAVACHARLA, MAYAVAN SUBRAMAN],
VASUDEVAN AYYAPPAN, MOLLEE C. DWORKIN, RITA K. HAYFORD

Introduction

DNA Methylation

Histone Modifications in Plants

Role of Epigenetic Marks in Plant Development

Histone Modifications and Gene Expression in Response
to Abiotic and Biotic Stress

Epigenome Editing—A New Approach for Crop Improvement

Future Perspectives
References

\%

CONTENTS

238
240
241

245
246
248
250

251
252
253
254

FACTORS INFLUENCING EPIGENETIC

CHANGES

17. Dynamic Changes in DNA Modifications During

Key Embryonic Transitions
CHRIS ONEILL

Introduction

Embryo Development

Epigenetic Transitions in the Early Embryo

Setting the Embryonic Epigenetic Ground State

Changes Accompanying Differentiation

The Roles for the Global Demethylation of Pluripotent Cells

Roles of TET-Mediated Modifications of 5meC

Stress During Key Embryonic Transitions Have Lifelong
Consequences

Conclusions

References

18. Epigenetic Biomarkers
XIAOTONG HU, SHUIPING LIU

Introduction

Epigenetic Biomarkers Offer Distinct Advantages Over
Genetic Biomarkers

Minimally Invasive Tissues are Suitable for Detecting
Epigenetic Biomarkers

Field Cancerization and Epigenetic Biomarkers

Potential Methylation Biomarkers in Cancer
and Other Disease

Potential Histone Modification Biomarkers in Cancer and
Other Diseases

Potential Noncoding RNA Biomarkers in Diseases

Epigenetic Biomarker Detection Methods in Clinical
Application

Challenges and Future Perspectives

References

261
262
262
263
265
266
267

270

271
272

277

218

278
280

281

282
282

287
288
289

19. Metabolic Regulation of DNA Methylation
in Mammalian Cells
REGAN VRYER, RICHARD SAFFERY

DNA Methylation as a Dynamic Epigenetic Process
Requiring Constant Methyl Donors

Mechanisms of DNA Demethylation

One-Carbon Metabolism as the Source of Methyl
Donors for DNA Methylation

S-Adenosylmethionine: Master of the Methylome

Regulators of SAM

Methy! Donor/Cofactor Availability and DNA
Methylation

Disruption of One-Carbon Metabolism, DNA Methylation,
and Disease: What is the Link?

Concluding Remarks

References

20. Dietary and Metabolic Compounds
Affecting Covalent Histone Modifications
FERMIN L. MILAGRO, J. ALFREDO MARTINEZ

Introduction

Histone Acetylation
Histone Methylation

Other Histone Modificarions
Conclusions

References

21. Epigenetics, Stem Cells, Cellular
Differentiation, and Associated Hereditary
Neurological Disorders

BHAIRAVI SRINAGESHWAR, PANCHANAN MAITI,
GARY L. DUNBAR, JULIEN ROSSIGNOL

Introduction to Epigenetics
Epigenetics and the Human Brain
Conclusions

References

22. Epigenetic Regulation of Neuron's
Regenerative Abilities After Spinal Cord Injury
MICHAEL 1. SHIFMAN

Introduction
DNA Methylation in Axon Growth
and Regeneration
Histone Posttranslational Modifications
in Axon Growth and Regeneration
Advantages of Studying Axonal Regeneration
in Larval Lamprey CNS
Changes in HATs and HDACs mRNA Expression
in Lamprey CNS After Spinal Cord Transection
Chromatin-Independent Effects of Protein Acetylation
on Axon Growth and Regeneration
The Role of Long Noncoding RNAs (IncRNAs)
in Nerve Regeneration
Conclusions
References

vii

293
294

295
296
298

299

300
302
302

307
309
313
316
316
319

323
324
335
336

339
340
341
342
342
342
343

344
345



viii

23. Epigenetics of Memory Processes
KIMBERLY E. HAWKINS, ]. DAVID SWEATT

Introduction

Epigenetic Modification of Histones Underlying Memory
Covalent Modification of DNA Undetlying Memory
Summary

References

24. Transgenerational Epigenetics
JAMES P. CURLEY, RAHIA MASHOODH, FRANCES A. CHAMPAGNE

Introduction

Epigenetic Consequences of Prenatal Maternal Exposures
Postnatal Maternal Regulation of the Epigenome

Paternal Influence on Offspring Development
Transgenerational Effects of Parental Influence
Germline-Mediated Transgenerational Inheritance
Experience-Dependent Transgenerational Inheritance
Epigenetics, Plasticity, and Evolving Concepts of Inheritance
References

25. Aging Epigenetics
AXEL SCHUMACHER

Introduction

DNA Methylation Changes During Aging

Dynamics of DNA Methylation During Aging

Global Methylation Changes in Aging Cells
Gene-Specific Methylation Changes

One Carbon Metabolism in Aging

Changes of Higher Order Chromatin Structure in Aging
Histone Modifications During Aging

HAT:HDAC Balance

Sirtuins

Epigenetic Control of Telomeres in Aging

Other Epigenetic Mediators That Influence Longevity
Model of Age-Dependent Epigenetic Drift

Lessons From Twin Research

Conclusions and Future Directions

References

VI

CONTENTS

347
347
353
354
355

359
360
361
362
362
363
364
365
366

371
3172
372
373
374
375
376
376
371
378
318
379
380
383
384
384

EVOLUTIONARY EPIGENETICS

26. Evolution of Epigenetic Mechanisms in Plants:

Insights From H3K4 and H3K27 Methyltransferases

ERICKA ZACARIAS, JULIANA ALMEIDA,
J. ARMANDO CASAS-MOLLANO

Introduction

Histone Lysine Methylation

HKMTs in Plants

Evolution of Plant HKMTs Methylating H3K4
Evolution of Plant HKMTs Methylating H3K27
Perspectives

References

391
392
392
393
398
403
404

27. Evolution of Epigenetic Mechanisms
in Animals and Their Role in Speciation
GUNTER VOGT

Introduction 409
Diversification of DNA Methylation in Animals 409
Epigenetic Mechanisms as Consolidators of Speciation 415
Epigenetic Mechanisms as Driving Force of Evolution 418
Conclusions and Perspective 422
References 422
28. Adaptive Evolution and Epigenetics
ILKKA KRONHOLM
Introduction 427
Epigenetic Variation 4217
Induced Epigenetic Changes 428
Spontaneous Epigenetic Variation 429
Modeling Evolution 430
Supply of Epigenetic Mutations 431
Stability of Epigenetic Mutations 431
Distribution of Mutational Effects 431
Model for Adaptive Evolution With Epigenetic Variation 431
Limits of Epigenetic Contributions to Adaptation " 434
Future Directions 434
References 436
VI

EPIGENETIC EPIDEMIOLOGY
29. Epigenetics of Livestock Breeding
EVELINE M. IBEAGHA-AWEMU, HASAN KHATIB
Introduction 441
Development of Animal Breeding 441
Epigenetic Source of Phenotypic Variation in Livestock Traits 444
Revisiting Animal Breeding Planning 450
Conclusions 457
References 457

30. Nutritional Epigenome and Metabolic Syndrome

HO-SUN LEE, ZDENKO HERCEG

Introduction

Epigenetic Mechanism and Metabolic Syndrome
Impact of Parental Nutrition on Fetal Reprogramming
Dietary Factors and Metabolic Epigenome
Conclusions and Perspectives

References

31. Environmental Influence of Epigenetics
FENG C. ZHOU, MARISOL RESENDIZ, CHIAO-LING LO

Introduction

The Extent of Environmental Influence

Exerting Environment

Mental or Physiological Environment

Hazardous Environmental Pollutants and Chemicals

465
466
468
468
471
412

417
418
479
481
484



Conclusions and Future Direction
References

32. The Gut Microbiota Influence on Human
Epigenetics, Health, and Disease
MARTIN M. WATSON, KJETIL SGREIDE

Introduction

Early Microbiome Exposure and Epigenetic Influence

The Human Gut Microflora

The Microbiome, Epigenetics, and Effect on Metabolism

Gut Microbiota, Inflammation, and Colorectal
Carcinogenesis

Pathogenic Infections and Cancer

Pathogenic Infections and Epigenetic Modifications

Viruses and Epigenetic Role in Cancer Development

Bacterial Influence on the Cell Cycle

Conclusive Remarks

References

33. Population Pharmacoepigenomics
JACOB PEEDICAYIL

Introduction
General Aspects of Population Pharmacoepigenomics
Population Variations of Epigenetic Patterns
and Population Pharmacoepigenomics
Human Epigenome Projects and Population
Pharmacoepigenomics
Population Pharmacoepigenomics in Relation
to Pharmacokinetics
Population Pharmacoepigenomics in Relation
to Pharmacodynamics
The 3D and 4D Chromatin Structures in the Nuclei
of Cells in the Liver and Other Body Organs
and Population Pharmacoepigenomics
Population Pharmacoepigenomics in Relation
to Adverse Drug Reactions and Drug Interactions
Conclusions
References

VIII

CONTENTS
489 35. The Role of Epigenetics in Autoimmune
91 Disorders
KERSTIN KLEIN, HANNA MACIEJEWSKA-RODRIGUES,
STEFFEN GAY, ASTRID JUNGEL
The Immune System and Autoimmunity
Epigenetics of Immune Cells
495  Epigenetics of Systemic Lupus Erythematosus
496  Epigenetics of Rheumatoid Arthritis
499  Multiple Sclerosis
500 Type 1 Diabetes Mellitus
Systemic Sclerosis
501  Use of Epigenetic Modifiers for Potential Diagnosis
504 and Therapy in Autoimmune Diseases
504 Concluding Remarks
505  References
507
507 36. Epigenetics of Brain Disorders
507 ALIJAWAID, ELOISE A. KREMER, ISABELLE M. MANSUY
Introduction
Epigenetic Mechanisms Important for the Brain
Epigenetic Dysregulation in Neurodevelopmental Disorders:
511 The Example of Rett Syndrome ‘
511  Epigenetic Dysregulation in Neurodegenerative Disorders:
The Example of Alzheimer’s Disease
512  Epigenetic Dysregulation in Psychiatric Disorders:
The Example of Depression
512  Epigenetic Dysregulation by Environmental Stress:
The Example of Early Life Stress
513  Conclusions and Outlook
References
513
37. Epigenetics of Metabolic Diseases
514 LINN GILLBERG, LINE HJORT
514 Introduction
514 Lifestyle Factors and Age Affect the Epigenome
515 Epigenetic Memory, Prenatal Exposure, and Risk

EPIGENETICS AND HUMAN DISEASE

34. Cancer Epigenetics
KJETIL S@REIDE o

Introduction

Epigenetic Influences Over a Life Time and Cancer Risk

Mechanisms of Epigenetics in Cancer: Writers, Readers,
and Erasers

Genetic and Epigenetic Classification of Cancer

Epigenetic Biomarkers in Cancer

Epigenetics as Cancer Therapeutic Targets

Future Perspectives

References

519
520

522
5217
530
531
531
532

of Metabolic Disease
Epigenetic Features of Metabolic Diseases
Conclusions
References

38. Imprinting Disorders in Humans
THOMAS EGGERMANN

Introduction

Types of (Epi)Mutations in IDs

The Chromosomal Region 11p15

General Observations in [Ds

Transient Neonatal Diabetes Mellitus: Chromosome 6

Silver-Russell Syndrome: Chromosomes 7 and 11

Beckwith-Wiedemann Syndrome: Chromosome 11

Temple Syndrome and Kagami-Ogata Syndrome:
Chromosome 14

Angelman and Prader-Willi Syndromes: Chromosome 15

Chromosome 20 and the GNAS Locus

The New “Monogenetic” IDs

535
539
540
541
542
543
543

545
546
547

553
553

555
557
559

561
562
563

569
570

573
574
577
578

581
583
587
587
588
588
588

589
589
589
590



X CONTENTS

Multilocus Imprinting Disturbances in IDs 590
Genetic Testing for IDs 590
Concluding Remarks . 591
References 591
EPIGENETIC THERAPY

39. DNA Demethylation Agents in Clinical Medicine

MOSHE SZYF

Introduction 595
The Rationale for Using DNA Methylation Inhibitors

in Treating Cancer: Hypermethylation of Tumor

Suppressor Genes and Deregulation of DNA

Methyltransferase Activity in Cancer 595
Preclinical Evidence for Pharmacological DNA

Demethylation as an Anticancer Strategy 596
The Role of DNMT3A and DNMT3B in Cancer 596
Clinical Studies With DNA Methylation Inhibitors 597
Combination of AZA or DAC With Other New

or Classical Chemotherapy Drugs 598

The Role of Demethylation in Cancer: Potential Risk
of Promoting Cancer and Metastasis by Demethylating

Agents 598
Challenges and Questions 599
DNMT Inhibitors as Potential Treatment of Mental Health

Conditions 600
Challenges and Prospective 600
References 601

40. Clinical Applications of Histone Deacetylase
Inhibitors

JEENAH PARK, MANUELA TERRANOVA-BARBERIO, ALLISON Y. ZHONG,
SCOTT THOMAS, PAMELA N. MUNSTER

Introduction 605
Histone Deacetylase Inhibitors for the Treatment
of Hematological Malignancies 607

Histone Deacetylase Inhibitors in the Treatment

of Solid Tumors 610
Clinical Applications of Histone Deacetylase Inhibitors

for Noncancer Diseases 614
Conclusions and the Future Directions of the Clinical

Applications of HDAC Inhibitors 616
References 617
41. Combination Epigenetic Therapy
RUTA NAVAKAUSKIENE
Introduction 623
Chromatin-Remodeling Agents, Combined Treatment,

and Targeted Therapy 624
Conclusions and Future Perspectives 630
References 630

X
THE FUTURE OF EPIGENETICS

42. New Directions for Epigenetics: Application
of Engineered DNA-Binding Molecules
to Locus-Specific Epigenetic Research
TOSHITSUGU FUJITA, HODAKA FUJII
Introduction 635
General Information on Engineered DNA-Binding

Molecules 636
Locus-Specific Epigenome Editing 637
Locus-Specific Identification of Epigenetic Molecules

that Interact with Target Genomic Regions 645
Conclusions 649
References 649
Index 653



