Contents

List of Contributors ............ ... P PP USSP PR PR PPN P o oxvil
FOTEWOTT ... ettt ettt ettt e e eae e st as e e e Xxiii
CHAPTER 1 The State of the Art of Epigenetic Technologies .............ceeecccneeeen. 1
Y. George Zheng
1.1 Epigenetics and Chromatin FUnCtion .........cooeiviiniieeiiicciniiie i 1
1.2 Mechanisms of Epigenetic Regulation...........c.ocoiioeiniiiiniiiie 2
1.3 Technologies are Critical for the Advancement of Epigenetic Discovery ............... 8
1.4 Epigenetic Inhibitors as Novel Therapeutics ..........ccccoevecoicniiiiiiinnniea 11
1.5 PEISPECHIVE vttt sttt ettt e bt s a e 12
ACKNOWIEAZIMEIIS ....eioiriiiie ettt et e s ettt e 14
REFCICICES ..ottt 14

CHAPTER 2 Technologies for the Measurement and Mapping of Genomic
5-Methyicytosine and 5-Hydroxymethylcytosine ............ccocceueeeee 19

Jolyon Terragni and Sriharsa Pradhan

2.1 INEOQUCTION ... cviiietiietieteie ettt ettt eee st sttt et e s b e bt sr e seesesenn s s bbb 19
2.2 Measuring Genomic Levels of 5-Methylcytosine

and 5-HydroxymethyICytoSine ........cccccoiiiiiiiiiiiiiiiiiiii e 20
2.3 Locus-Specific Analysis of 5-Methylcytosine

and 5-HydroxymethylCyotsine ... 23
2.4 Technologies for Genome-Wide Analysis of 5-Methylcytosine

and 5-HydroxymethylCytoSINe ...t 26

2.4.1 DNA Microarray Approaches ... 26

2.4.2 Next-Generation Sequencing Approaches .......c..cccccvvvviiriniiiiieieiicee 28
2.5 CONCIUSIONS ....voviieieieeiitentetete ettt etet ettt rt b e st se e e stk sbe e be e ses s s sa e s e e e e s 34
ACKNOWIEAZIMENTS ...ttt sttt et st et b s b 35
REFEIEICES ..oviieeiiiiiiie ettt ettt s s sac e saae e e be b e e s e s s e bt s e ae st 35

CHAPTER 3 High-Throughput Sequencing-Based Mapping

of Cytosine Modifications......cc.cccvereriiiccccscee e 39
Alison I. Bernstein and Peng Jin

o1 INETOAUCHION .. ..ecviiviiti ettt ettt bt ettt ettt s et rne e es et es e 39
3.2 Cytosine MOdifiCations. ........occcvvceucuirriiicieiniiiiccciiniris e 40
3.2.1 5-MethylCYLOSINE «..oviuiivniiciiiece ettt bbb 40



vi

Contents
3.2.2 5-HydroxymethylCylosine .......c.coooeoiiiiiiiniiiii e 40
3.2.3 5-Formylcytosine and 5-CarboxylCyloSing ..ot 41
3.3 High-Throughput Sequencing Methods for Detecting
Cy1osine MOGIICAtIONS .....ecviiit ittt et 42
3.3.1 Genome-Wide Mapping of Cytosine Modifications.............ccovevieeciiniinnnn. 42
3.3.2 Single-Base Resolution Methods of Detecting Cytosine Modifications....... 45
B8 CONCIUSIONS ..ttt ceiiiiitetier et es et tete et et ettt et ettt b saseesesessesetesmesesses s b etnsns st et eseneas 49
RETEIBNCES ..ottt e s 49

CHAPTER 4 Application of Mass Spectrometry

in Translational Epigenetics..................... tesmsemmrerreereeeeeresrasannees 55
Xiaoshi Wang, Simone Sidoli, and Benjamin A. Garcia
BT TDTOAUCTION . .ttt ittt ettt ettt e bbbt s s eanae s s esee e aes st 55
4.2 Applications of Mass Spectrometry in Epigenetic Research .o.oooociceiiiinna. 58
4.2.1 Principles of Mass Spectrometry in Proteomics ... v 58
4.2.2 Major Approaches for Mass Spectrometry-Based Histone
PTIM ADALYSIS .ttt sttt ettt sttt b aaeeaneas 60
4.2.3 Bioinformatics for Histone Code Analysis ........cccocoviiiineiriinnie e 67
4.2.4 Quantification and Dynamics of Histone PTMs by Mass Spectrometry ......68
4.3 CONCIUSION 1.ttt sttt r bbbttt ne ettt 72
RELEIEICES ... vttt sttt ettt ettt ebet bt et 73

CHAPTER 5 Techniques Analyzing Chromatin Modifications

at Specific Single LoCi....c.c.eceeevmmrrircvmerrr v 79
Xiangyun Amy Chen, Jinquan Sun, and Yanming Wang

5.1 Gene Expression Pattern Is Related to the Covalent Modification

Of COre HISIONES ..ottt ettt ettt e 81
5.2 Heterochromatin Is Tightly Packed to Repress Gene Expression
via Interaction of HP1 and Histone H3 Lys9 Methylation .........cccceevvevenincrnnnnnnnn 81
5.2.1 Position Effect Variegation: A Classical Epigenetic Phenomenon
to Understand Chromosome Organization and Gene Expression ................. 81
5.2.2 Heterochromatin Formation Depends on Histone H3 Lysine 9
Methylation and HPT..........ccooiiiiiiiiiciine e s ienaae 83
5.2.3 PEV Screening: Using White Gene as a Reporter
and the P Element Insertion as a Mutagen .........cccccoveiniiicciniccnecnnn. 83
5.3 In Situ Observation of Chromatin Reorganization During
Transcription ACLIVALION ... c.ccooiiiierie ettt areet e eeeseesr et abe et saeen e aresrasa e 83
5.3.1 Chromatin Is Reorganized During Transcription Activation ...........c.coeeu.. 83

5.3.2 Lac Repressor System as a Powerful Tool for Live Cell Imaging
to Investigate Factors that Regulate Cell Cycle Progression ..........c.cce.e..... 84



Contents vii

5.3.3 Polytene Chromosomes in Drosophila Provide Convenient

Way to Observe Chromatin Remodeling ... 86

5.4 Chromatin Immunoprecipitation ............cc.coccoeiiiniiriieiieeeec e 87

5.4.1 ChIP Mcthod Development and Application.......c.o.oooooiiooioiiiiio 87
5.4.2 N-ChlIP Is Popular Method to Observe Histone Modifications

Al SPECIEIC LUOCT.ouviiiieiciieie ettt ettt 87

5.4.3 Comparison of ChIP-PCR, ChIP-Chip, and ChIP-Seq.....ccocovmvviiiriririninne. 89

5.4.4 ChIP TroubleShHOOUIIZ. .....ccoueiiiireeiiicee ettt sttt e et ees et e iaea 90

5.4.5 Limitations of the ChIP Method .........ccccooi oo 90

5.5 Cross-Linking Chromosome Immunoprecipitation as a Powerful Tool to
Investigate Sequential Recruitment of Histone Acetyltransferase and

SWL/SNF Chromatin-Remodeling Complex to the Promoters ..........cccccooevivinnee. 91
5.5.1 Histone Acetyltransferases and Chromatin-remodeling Complex
(Such as SWI/SNF) Required for Gene Activation........c.cccecvveiicrenesiacnens 91
5.5.2 X-ChIP Reveals Sequential Recruitment of HATs and SWI/SNF-
Remodeling Complex at Different Promoters ...........c.ccocccviniinisiieiiin v 91
5.6 Convergence of Bioinformatics and Biophysics Techniques at Observation
N Live Single Cell. ..o 93
5.6.1 Single-Cell Live Imaging Reveals Function of Nucleosome-
Depleted Region in Gene ACHVALION ...c..o.ccerieerininieiiieeinerie et eeeeneenen 93
5.7 Future Perspectives: Epigenome Engineering and Manipulating
at Specific Genomic Loci in Mammalian Cells ........cooeonriiviiciniiinnicicce, 95
5.7.1 PADA4 Is a Histone Arg Deiminase ........cccocucuneiiimiireseieinrireeeee e 95
5.7.2 CRISPRs Are Promising Tools to Edit the Epigenome
at Specific GEnOMIC LOCH....oooiiiiiiiiicicciinet e 95
RELETEICES ...votiiiiiee ettt st b e et nete st etsetatenrs 97

CHAPTER 6 Comprehensive Analysis of Mammalian Linker-Histone
Variants and Their Mutants ..........ccccomemieiccicccccir e 101

6.1 INErOQUCTION ....coviiitiicti ettt ettt bttt e e vt eae et ese et eseees 101

6.2 Linker Histone H1 and Its VArants ...........cccooveeninreiiieiicerceiceceeee e 102

6.3 Expression Analysis of Mammalian Linker Histone H1 Variants........................ 104
6.3.1 Analysis of H1 Gene Transcripts by Quantitative Reverse

Transcription PCR .....cc.coiiiiiiirieiie ettt s 105

6.3.2 HPLC Analysis of Linker HiStONEs ......cccoceeeirvimniniraiieeiicieeieieiere e 107

6.4 Genetic Analysis of H1 Variants by Gene Inactivation .........c.cccoceeeeienrrinineninne 108
6.4.1 Derivation of Triple and Single H1 Knockout Embryonic

SEM CElIS ..ottt ettt ettt ettt 109

6.4.2 Differentiation of H1 Knockout Embryonic Stem Cells ........c.ccocoueviieneene. 109

6.5 In Vivo Tagging and Genome-Wide Mapping of H1 Variants .........c.occccuveerecennn. 110



viii

Contents

6.5.1 Embryonic Lethality in Hlc/H1d/H1e Triple Null Mice

Is Rescued by FLAG-HId ... 112

6.5.2 Mapping H1 Variants in ESCs ... 113

6.6 Mutation Analysis of Histone H1 ... 116
B.7 CONCIUSION c.vvieeieiiteeect ittt ettt et e s s et cae s asen e 119
RETETEIICES -...vvecveerieeereitee et esteetee i e et e ateees e ekaeasesbaese s suecesesabessbesneaas s e b e e e aab e e s s ebseabesaeatn s e 119

CHAPTER 7 Crystallography-Based Mechanistic Insights

into Epigenetic Regulation ..........ccccoeivciiinnciinnnnneecenee 125
Shuai Zhao and Haitao Li
7.1 INTOQUCTION .. civiieietieteeie ettt et ettt e sea s e b e b s de s ae s e e bbb et eb et et 125
7.2 Development of X-Ray Crystallography ..........ccoovmiii 127
7.3 Key Epigenetic Projects Solved by X-Ray Crystallography ... 129
7.3.1 Elucidation of the Fundamental Building Blocks of Chromatin................. 129
7.3.2 Creation of Epigenetic Modification Pattern
by Epigenetic MOdHiers ... 130
7.3.3 Decoding the Epigenetic Code with Reader Modules............ccoocorinninn 135
7.3.4 Governing Chromatin/Nucleosome Dynamics by Epigenetic
Chaperones and Remodelers ... 137
7.4 Application of X-Ray Crystallography in Epigenetic Drug Discovery ............... 138
7.4.1 Targeting Epigenetic MOGIfiers ..........coovviiiiiiiiiiin s 138
7.4.2 Targeting Epigenetic Readers .........ccooooiiinni 140
7.5 Fragment-Based Drug DiSCOVEIY .......ccoviimiiimiiniainiiininisi s 141
7.6 CONCIUSION «...ceietetietiiietet sttt ebebees ettt re st s s aseab s e beas st ab s b ene e 143
ACKNOWIEAZIMEINS ...ttt 143
REECTEIICES v.eveeeeiteee e ettt eeete ettt eet e e eet e e e eaastesassba e saeseababeaeeubteaeanaa b e s bbas s e bsbeentaasaeaseaaastaean 143

CHAPTER 8 Chemical and Genetic Approaches to Study

Histone Modifications...........coeveererrireceercessssssenssssssseenssennns peees 149

Abhinav Dhall and Champak Chatterjee
8.1 Eukaryotic Chromatin and HiStONeS ..........ccoermiinmieinninsiiii s 149
8.2 The Challenging Diversity of Histone Posttranslational Modifications................ 150
8.3 A Chemical Biology Approach to Investigate Histone Modifications ................. 152
8.4 Strategies of Native Chemical and Expressed Protein Ligation ..o 152
8.5 Thialysine Analogs of Methylated and Acetylated Histones ...........cc.ccovviiinnn 155
8.6 Genetic Incorporation of Modified Amino Acids in HiStones ... 157
8.7 Biochemical and Biophysical Studies of Histone Ubiquitylation ...........c...cocce..... 158
8.8 Biochemical and Biophysical Studies of Histone Methylation ... 160
8.9 OUIIOOK .ot eeieeetr et e et b et et e e e s esbeseaae s bsssa e esnes et ss e e b e be b s eae e e s sa s s eaersansene 162
ACKNOWICAZIMENIS ... evenitetiiiitctetiee et bbb bbbt 163

R IO ICES ettt eer e te e e s et e e e e eeeese e essasaassssaaaaaaaaasaaerenaateeaanesannsaassrenatnabssaseanrees 163



Contents ix

CHAPTER 9 Peptide Microarrays for Profiling of Epigenetic Targets ........... 169
Antonia Masch, Ulf Reimer, Johannes Zerweck, and Mike Schutkowski
9.1 INOUCHION ...ttt e 169
9.2 Applications of Histone Peptide MicCroarrays. .............ooocooovvvorccereseseeereeens 171
9.2.1 Profiling of Binding Specificity of Histone Code Readers.................... 171
9.2.2 Profiling of Substrate Specificity of Histone Code Writers................... 177
9.2.3 Profiling of Substrate Specificity of Histone Code Erasers................... 180
9.3 Conclusion and OULOOK ......cccoviioriiiiitiitieies e e 182
ACKNOWICAZIMEILS .....ieiieieteietee ettt et te et ereseee et eee e eae s ereas 182
RELEIENCES ...ttt 182
CHAPTER 10 Current Methods for Methylome Profiling ...........ccoeevcevcvmenn.en. 187
Minkui Luo
10T INrOUCTION...c.voieiiiiicie ettt 188
10.2 Labeling Protein Methylation ........c.cocooviviviiiiiriieceeeeeeeeeeeeeeeeeeee e 190
10.2.1 Challenges for Mcthylome Profiling with
Conventional Methods..........ccoconiiiiiiiiiice e 191
10.2.2 Methylome Labeling with Isotopes Inside Living Cells ........................ 192
10.2.3 Chemical Labeling of Proteome-Wide PMT Substrates
in Vitro and within Living Cells .......ccoovvieineviiineiciiiece e, 194
10.3 Recognizing and Enriching Methylome .............cccoooeioiiiiiieioeieceesceee e, 197
10.3.1 Antibody-Based Recognition of Methylome ...........c.ccoeocurvreecveeincnneee. 197
10.3.2 Recognizing Methylome with Kme Reader Domains...........ccccoecovneee. 198
10.3.3 Recognition of Methylome Labeled with Clickable
Chemical Tags .......o.oociiiiiiieeicieicni ettt eves i 199
10.4 Choices of Processing Methylome Sample ..............c.coooueeimeeriireeeeeeeeererenenn 199
10.4.1 Dissecting Methylome as Peptides or Full-Length Proteins .................. 201
10.4.2 Choices of Proteolytic Reagents ........c..cocooveevrieeieeieeeereroiiiiceeecrn 202
10.4.3 Chemical Derivatization of Methylome for MS Analysis..................... 202
10.5 Deconvolution of Methylome SAmMPIE ........c.ovrueverieirieeeeeesiescenceeseeees e, 204
10.5.1 Protein Array to Reveal Methylome with Single-Target
RESOIIIION ..ottt b 205
10.5.2 Fractionation with Chromatography ......c.c.cococoioiiioirniicineereecen. 205
10.6 Detection Methods for Methylome Profiling.............ccccccovveveiveieeereiecuieeereeiennns 206
10.6.1 Imaging-Based Detection Methods ........cccoooovciiiiiiiiniieciieceieieen 206
10.6.2 MS-Based Detection Modules.........c.oieveieciciciiecieecieeeeeee e 207
10.7 Bioinformatics of MEthylOmE ........cccvevvivevivireieeieceeecee et 208
10.8 Examples of Integrative Modules for Methylome Profiling ..........c.ccccccoco...... 209
10.8.1 Global Identification of Protein Lysine Methylation
With AntDOGIESs......coouiiriiiiiecce e 209

10.8.2 Identification and Profiling of Protein Lysine Methylation
with 3 X MBT Reader DOmain .........o.ocooveieioieiecicieeeeccee e 210



X Contents

10.8.3 Profiling Substrates of EuHMT1 and EuHMT2 with BPPM................. 211
T0.9 PCISPECLIVE ..vevriteiiiieietieieiietett ettt et ettt es et ste et e b bt bt s 211
ACKINOWIEAZIMENTS ..ottt 212
REECTEICES ..ttt ettt ea sttt b ettt ea e ieene e 212

CHAPTER 11 Bioinformatics and Biostatistics in Mining Epigenetic Disease

Markers and Targets.......cccccccinriiiiiminn et e s s eennns 219
Junyan Lu, Hao Zhang, Liyi Zhang, and Cheng Luo

11,1 INPOQUCHON. L.ttt ettt ettt bt e e et es b s sa b n e b esae s 219
11.2 Acquisition and Processing of High-Throughput Epigenomic Data................... 221
11.2.1 Bisulfite SeGUENCINE........ccuiceiiiiiiie ettt et ere e ne e eeee 222
11.2.2 Microarray and ChIP-on-Chip...........cccoiiii 223
11.2.3 Next-Generation SEqUENCINZ . ........eoretirimiiienerneeesrenree e cteearee s 223
11.2.4 Mass SPECIIOMELIY L..ioviiviiiiierieniiriiieeer ettt ste bbb sae st sae e e ane s 226
11.3 Bioinformatics and Biostatistics in Mining Epigenetic Biomarkers................... 226
11.4 Bioinformatics and Biostatistics in Mining Epigenetic Discase Targets............ 230
11.5 Useful Bioinformatic RESOUTCES ....c.ovvveuiieeiririnieiisirinerentse et 232
11.5.1 DALADASES .c.veureiiiieieiieiete sttt stttk cte et ettt 232
11.5.2 Software and Packages ........ccocviviveeieiiiieineccic it e 235
11.6 Conclusions and Future Perspectives.......ceeccriereceereninreneiesersenaseesesesenee 237
RETEIBICES ..ttt ettt ettt s n et sesi e st 240

CHAPTER 12 Computational Modeling to Elucidate Molecular Mechanisms

of Epigenetic MemMOIY ......ccceeviriiriieirieireeerces e e v es s e e nannnes 245
Jianhua Xing, Jin Yu, Hang Zhang, and Xiao-Jun Tian

T2.1 INOAUCHON. ..ottt et et 245
12.2 Identify Puzzle from Experimental StUdies ..........occooreerennrnnieininiiicrnc s 247
12.3 Formulate Mathematical Model........cccoouuiiiiiiiieiinicie et 248
12.4 Choose Appropriate Modeling Techniques ............ccoccoeeiieneiiieceesne v 250
12.5 Determine Model Parameters........coc.ceoereeioeuneariueseanisceesersaestaseeeseessiesssissesssensseens 252
12.5.1 Nonspecific Background Free Energy of Binding of Enzymes ............. 252
12.5.2 Free Energy of Binding of Enzymes within
the Nucleation Region .......cccoviviiiiiiiniiiiiiicn e 254
12.5.3 Enzyme Lateral INtETactions.........ccocverrceruenmeiieicarnmines e, 254
12.5.4 Enzyme Rate COMSLANTS .....oviouiiiruiriiirie et sece e ans e 254
12.5.5 Histone EXChange ... 254
12.6 Perform Computational STAIES .....ccvrrveuriiiieiirercrecree et 255
12.7 Identify Insights from Model Studies and Make Testable Predictions............... 257
12.8 CONCIUSION .....euriieirieiiieice ettt ettt bbb 260
RETETEICES ...ttt ettt ettt et et s et et s st 261



Contents xi

CHAPTER 13 DNA Methyltransferase Inhibitors for Cancer Therapy ................ 265
José L. Medina-Franco, Jakyung Yoo, and Alfonso Duerias

13,7 TNrOQUCHON. ...ttt 266
13,101 EPIZENEUCS ..ottt ittt ettt ettt ettt 266
13.1.2 DNA Hypomethylation in Cancer......cco.ocovvoieroioiioiiiio oo, 266
13.1.3 DNA Hypermethylation and Gene Silencing in Cancer......................... 267
13.1.4 DNA Methyltransferases .......ooocoooiiieiieiii et 268

13.2 Development of DNMTi as Cancer Therapy .......cccc.ccoociunieioeirenereeeeeeees e, 271
13.2.1 DNMTi in Clinical Use: Nucleoside Analogs...........c.cccooooeviennnn, s 271
13.2.2 Nucleid Acid-Based........cccoouirireiinieiiioinceietcee e 273
13.2.3 Non-Nucleoside Analogs........cccccomrririnoiiiiiiiiec e 273

13.3 Advances in Experimental Methods ...........oooooviiiiiiiiiiieieeceee e, 274
13.3.1 Assessment of DNA Methylation .....c...ococvoieeoiieiiinieiieecreeeeeeereeen 274
13.3.2 Benchmarking of Methods for Methylome Analysis ..............ccoovee.... 275
13.3.3 Methods to Screen Compound Data Sets .............cccoeveemicvecviesiecenn. 275

13.4 Progress on the Identification of Novel DNMTi .......oooooiiiiiiiiiiee e 276
13.4.1 Chemical Synthesis........cccviiiioiirieieeicece e 276
13.4.2 High-Throughput Screening ... 277
13.4.3 Drug REPUIPOSINE......c.civiuiiiitiiieiiarieiee ettt 278
13.4.4 Natural Products and Dietary SOUrces .....c..cocvvveeviiieiiiinricie e, 278

13.5 Advances in Computational Studi€s ............coovoviieiiriiiieiee e, 280
13.5.1 Chemoinformatic Analysis.....ccccocoveeeeoiieiiiiieeec e 281
13.5.2 Molecular Docking of Small Molecules............ccccoveiieieiiviciineennn. 282
13.5.3 Virtual SCrEening........cceuvuruiiruinieeeieiiinieiseieteieeesieses et ee e seessnneea 283

13.6 Data Resources fOr DNMT c..c.oeieceiecieicieieretes et 283
13,7 CONCIUSIONS. ...uvetiiictiiieiecteietetis s et eses s s s ses et cae e aes ettt s s st esen e s s s s s enaneeas 284
ACKINOWIEAZIMENLS ...ttt ettt ettt ettt ee e ee e areseene 285
REFEIENCES ...ttt ettt e 285
CHAPTER 14 Histone Acetyltransferases: Enzymes, Assays, and Inhibitors ..... 291

14.1
14.2
14.3

14.4

Yepeng Luan, Liza Ngo, Zhen Han, Xuejian Wang, Meihua Qu,
and Y. George Zheng

Histone Acetyltransferases ..........cocoiveeveeniieeieeie e 292
The Pharmacologic Significance of HATS ...ooooriiminieiiiccicececceeeeeea 294
HAT Biochemical ASSAYS ...c..cccoiririieiririreieeteieietitete ettt et 296
14.3.1 RadiOMELIIC ASSAYS ...ovouervrrrieriereieieiencieieteteensesesasasesesesesesssssescessesersesnanas 296
14.3.2 Coupled Spectrophotometric and Spectrofluorimetric Assays............... 298
14.3.3 IMMUNOSOIDENE ASSAYS....cvvvreiiiuriririririetreeaseiesetstasesesesess e esseseeeseseseaneenas 299
HAT TNhIDITOTS ..ottt 299



Xii Contents

14.5 Conclusion and Perspective ...t s 308
14.5.1 HAT Enzyme DISCOVETY ..o 308
14.5.2 Challenges in HAT ASSAYS ..oooiiiiiiiiiiiiii it 309
14.5.3 Development of HAT Modulators ... 309

ACKNOWICAZMENTS 1.ttt e e e 310

RETETEIICES 1ot ttiieitet ettt ettt et et eat s e e ettt e s et a et s e s et e b sae s e ans e 310

CHAPTER 15 In Vitro Histone Deacetylase Activity Screening: Making
a Case for Better ASSaYS ..u..vcvrrrrrermimcurierrrrrsn i e r s emnnnsas s 319

Quaovi H. Sodji, James R. Kornacki, Milan Mrksich,
and Adegboyega K. Oyelere

15,1 INUrOQUCHON. ¢ ettt ettt e e 319
15.2 Overview of HDAC ASSAYS ...coviiiiiiiiiiiieeiiieeeeeernre e rerseneeenenne S 21
15.2.1 Sirtuin ACHIVILY ASSAYS..coiiiririieiiieiirreiaeseese e seeeseereseesneennensseeas 321
15.2.2 Zinc-Dependent HDAC Activity ASSAYS ..occoiiiiiiiiiiniciiciiiine e 324
15.3 Fluorogenic HDAC ACHVILY ASSAY «covviiriiieiiiiiinen st 325
15.4 Disadvantages of HDAC Fluorogenic AsSays ... .cccimmercncieneseecaresseseneens 325
15.5 HDAC Assay Using the Self-Assembled Mono-Layers for Matrix-
AsSIStEd LaSeT . it 326
15.5.1 Desorption lonization Time-of-Flight Mass Spectrometry..................... 326

15.6 Comparison of the Fluorogenic and SAMDI-MS HDAC

Assays — OUr EXPEIIEICE .....cccvvuiiiieieiiciniie it st 326

15.7 CONCIUSION ..ottt s 330
RELETENCES ..ottt 330
CHAPTER 16 Enzymatic Assays of Histone Methyitransferase Enzymes........... 333

Hao Zeng and Wei Xu

16,1 INIOAUCTION. c..cvruvieiiiaiirancantir ettt sr et eb e et ea e es e se s e aens s 334
16.1.1 Histone Lysine Methyltransferases ....c..c.ocoeevorevcvnicnannnieinnceree 334
16.1.2 Protein Arginine Methyltransferases......covvniciiiinicicionninnnenns 336

16.2 Enzymatic Assays for Histone Methyltransferases ... . 337
16.2.1 RadiOACHVE ASSAYS ...iiiiiieiereeieeiierieer et eieeissceneets et essiseie s ereesssaesbases e 337
16.2.2 Fluorescence Polarization ASSAYS ........ccccoveriviniriininieniniiieienoesanie s 340
16.2.3 Microfluidic Capillary Electrophoresis..........ccvviniiiininncieeeen, 342
16.2.4 Fluorescence Lifetime ASSAY ..ooooeevreereveienicrvnnieircineeneceseseseneeeee. 343
16.2.5 Coupled ENZYME ASSAYS .c.eovviiieriiniiienieciecienieiiie st enr s 344
16.2.6 Antibody-Based ASSAYS......coccoviiieniiiimii it 347
16.2.7 Other Reporter Assays for Histone Methyltransferases ...........c..cco.o.... 352

16.3 CONCIUSIONS. ..veviveirrrireiieesteeectereeiraeretee st s s erse e se s s se b e s e se s s b s b e nes s enessraseaen 354

R ECTEIICES .ttt et e e e e e e e e e e e e e s e s e s et bt saaberaaasaesaessataaaneanasaenanenenesesseenssnsbanbnes 356



Contents Xiii

CHAPTER 17 Histone Methyltransferase Inhibitors for Cancer Therapy ........... 363
Kegin Kathy Li. Kenneth Huang, Shukkoor Kondengaden, Jonathan Wooten,
Hamed Reyhanfard, Zhang Qing. Bingxue Chris Zhai, and Peng George Wang

17,1 INtrodUCHON. ..ottt 304
17.2 Histone Lysine Methyltransferases .......ocooooioiiiiiiiiiiciceces e 365
1721 DOTIL et ettt ettt eb e cn et 365
17.2.2 Enhancer of Zeste (EZH2) .....cccocooiiiiiiiiiiciieee e 374
17.2.3 G2t eb et bttt b et et bt 377
17.2.4 Mixed Lineage Leukemia............ccooooniniiiiiniiicine s e, 380

17.3 Protein Arginine Methyltransferases. ..ot 383
17.3.1 PRMT Structure and Active DoOmaifi..........ccooeiveiiiiiniie e 383
17.3.2 PRMT Classifications .......ccccooviiriiiieiiiieceti et erees et e 385
17.3.3 PRMTs as Therapeutic Targets for DiSCases.........ccoeveveriievcrenernneens. 387
17.3.4 PRMT INhibitors......ccoooiiiiiiiiiiciieirc ettt 388

17,4 CONCIUSION ...ttt ettt ettt s b s b ses s st s bbb aeae e 389
REFETEICES ..ottt b et 390
CHAPTER 18 Discovery of Histone Demethylase Inhibitors ...........cccccevuenrnnnnnen 397

Alexander-Thomas Hauser, Martin Roatsch, Johannes Schulz-Fincke,
Dina Robaa, Wolfgang Sippl, and Manfred Jung

T8.T THIOQUCTION. . .ottt ettt ettt sttt et e2 e et 398
18.2 Histone Demethylases and Their Involvement in Disease...........ccc..oveveveveneneee. 398
18.2.1 JumonjiC Domain-Containing Histone Demethylases ..........cccococeennene. 398
18.2.2 Lysine-Specific Demethylase 1........cccooiiiiiiniiiiiniiie e 399
18.3 Assays for Histone Demethylases and Their Role in the Discovery
Of TNRIDILOTIS ..ottt ettt et s e ne et 401
18.3.1 JumonjiC Domain-Containing Histone Demethylases .......cc.ccocerrevenennn. 401
18.3.2 Lysine-Specific Demethylase 1..........cocooiiininiee e 408
18.4 Structural Aspects of Inhibitor Binding.......c.c.coveoivrrieiiririeieeecees e, 412
18.4.1 JumonjiC Domain-Containing Demethylases .........ccooeeviinienneiicernnncns 412
18.4.2 Lysine-Specific Demethylase T........ccoociiiiiiiiiiiiiiiaieieeeeee, 415
18.5 CONCIUSION ...uuitiiiteieiiteieieietete ettt et s et se st sa s st b b s et aeb bt es 418
ACKNOWIBAZIMENES ...ttt b 418
RETEIEICES ...veiicetiise ettt b et e b s s aebe et e e tens 418

CHAPTER 19 Histone Demethylases: Background, Purification,
AN DeteCtion..........ciiiiiiirieiiiee e s sessaa e e e enanas 425



Xiv Contents
19.2 Purification of KDMS ...ttt st 428
19.2.1 Classic Bacterial Purlficalion ...............coooiiiiiiiiiiiii 428
19.2.2 Alternative Tags and Purification Approaches from Bacteria ............... 429
19.2.3 Baculoviral Purification from S9 Cells ..o, 430
19.3 In Vitro Assays to Evaluate Demcthylase ACtiVity .........cooeiiiiinieni, 431
19.3.1 Enzymatic ReaCtions ...t 431
19.3.2 MALDI-TOF ...ttt 432
19.3.3 Western BIot ANalySiS....c..ooeveiiiiicneniiieincceniieccsi e 435
19.3.4 Radiolabeled Formaldehyde Release AsSsay ........ccccoveimniiiiiiiiiiniinn, 435
19.3.5 ELISA-Based ASSAYS...ccouirmiiirieinieiierieeeeraie i st st 437
19.3.6 Fluorescent and Luminescent ASSAYS ......ccooieviiiiiieiicnieiiccniininene 437
19.4 In vivo Detection of KDM Activity in Cell Culture Models ... 438
19.4.1 Analysis of KDM Activity by Immunofluorescence.......cooivninnnnn 439
19.4.2 Analysis of KDM Activity by Histone Purification and
WeESLEIN BIOL...cuiiiiieiiiieeiiei et 441
19.4.3 Analysis of KDM Activity by Chromatin Immunoprecipitation ........... 441
19.5 CONCIUSION ...ttt eb e e 442
ACKNOWIEAZIMENLS ...t 443
RELEIEIICES ...ttt ettt ettt bbb b bbb et bbb a s bbbt b eae s 443
CHAPTER 20 Animal Model Study of Epigenetic Inhibitors .........cccvceeneennncnns 447
Aili Chen and Gang Huang

20,1 INrOAUCHON. (v cvetiiteeeie ettt recer et ev e sa et sr e sbe e saea s tssreassb e b be b e b ra e essan s 448
20.2 Epigenetic INMIDIOTS w...coviimiiiiiiii e 449
20.2.1 Inhibitors of DNMTS ......cccoiiiiimiuiniiniiiiiciiiie it 450
20.2.2 Inhibitors of HDAC ......cccocoiiiiniiineiciitinerccses s 453
20.2.3 Inhibitor Of HATS c.ootiviviiiiiiiiciicr ettt e 454
20.2.4 Inhibitor of Histone Lysine Methyltransferases ...........ccccocoiccivinnnnn. 455
20.2.5 Inhibitor 0f KDMTS ...c.ccouiiiiiiiirciiciiininiiiciines et e 456
20.2.6 Inhibitor of PRMTS .ccceruiiiiiiriirciinsnicsiceeii et 457
20.2.7 Inhibitor of PRCT ..ot 458
20.2.8 Inhibitor of JAK2, IDHI/2 ...cooviiiiiiciniiiciiniiicr e 458
20.2.9 Inhibitor of the Bromodomain-Containing Family........c..cccococovnniiis 459
20.2.10 Inhibitor of SPHCOSOME .....ccvcuiviuietiiinicvectinnert it 459
20.3 Use of Animal Model to Study the Inhibitors.......cc.ccovcvvviiniiniiiininiinn 460
20.3.1 Use of Animal Models to Study DNMTs (DAC and 5-Aza)................. 462
20.3.2 Use of Animal Models to Study Inhibitors of HDATS ..........ccceenaine. 463
20.3.3 Use of Animal Models to Study DOTIL Inhibitors............cccceeiinininn. 464
20.3.4 Use of Animal Models to Study EZH2 inhibitors ... 464

20.3.5 Use of Animal Models to Study Inhibitors of KDM Family
and LSD Family ....cccoooiiiiiiiiiicicciie e st 465

20.3.6 Use of Animal Models to Study IDH1/2 Inhibitors .......c.cccoooeiiein 466



Contents

20.3.7 Use of Animal Models to Study Epigenctic Inhibitors
in Combined Therapy ...
20.4 Perspective and Conclusion ..ot
References

XV



