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Abstract

Transcriptionally active chickenpolychromatic erythrocytes arenucleated, terminally
differentiatedcells that are no longer replicatinghus, provide a suitable system to study the
mechanisms of transcription and transcriptielated eventsn the absence afeplication. In
higher eukaryotes,genomesare organizednto chromosomal domaind’he combinationof
dynamic histone acetylation, histone mazhfions and histone modifying enzymes along with
DNase sensitive regions ensure¢baformationof thetranscriptionallyactivechromosomal loci
Histone deacetylases (HDACSs) and lysine acetyltransferases (KATs) work in combination with
bromodomaircontaning enzymes and chromatin remodeling factorproduceopen chromatin
structures. Further, protein arginine methyltransferase 1 (PRMT1), a major type | PRMT, plays a
critical role in establishing and maintaining active histone maskdemonstrated féine chicken
erythroid b.Tgpe dBPRMI, RRMTBagenerates modified histone, whichs
recognizedoy lysine methyltransferases complexes that coMéinrepeatcontainng protein 5

to establish active chromatin signature to the site. However, PRMIbated arginine
methylationand HDAC2can lead to repressed chromatin state as well. Theréfoyppthesize
thattherecruitment oHDAC?2, PRMT1 and 5 to the active chromosomal regisiascritical event

in sustaining open chromatin structure in chicken polychromatic erythrocyte cells.

Several biochemical techniques along witextgenerationrDNA, RNA and ChIP-sequencing
were employed in this thesis to miye saltsoluble transcrippnally active chromatin regions in
chicken polychromatic erythrocyte ce(lShapter Ill).Our investigation revealed that chromatin
structures varyvith respect salt solubilitgndare correlatedvith the transcriptional status of the
gene. Subsequentiye demonstrated that both total HDAC2 and HDAS294phareassociated
with active chromatin fractionandrecruitment of HDACZ2o transcribed genas transcription
dependent(Chapter V). Further,we explored the distribution of arginine modifications
H3R2me2s and H4R3me2Za the active chromosomallocus (Chapter V). Genomewide
distribution of H3K4me3, H3K27a¢J3R2me2sand H4R3me2a showed thaiquedistribution

of these modificationwith immune gnes in active chromatin fractions (Chapter VI).

The findings from this study will provide novel insights into the mechanisms of how HDAC?2,

PRMT1 and5 regulate acomplexnetwork of gene expressiomhus, our studies supplyseful



information on thetructural and functional organization of the chicken polychromatic erythrocyte

epigenome and may also provide insights into the human erythrocyte genome organization.



Acknowledgements

This work is in its present form due to the contribution of many individuals. Foremestld

like to expressny sincere gratitude toy supervisor and mentd@r. Jim Davie for his wisdom,
guidance, motivation, patience, support and encouragement torangyPh.D.program. He has
taughtmevaluable life lessons of work ethic, integrity, perseverance, and teamwork. He has truly
been an inspiration foneto become an independent researcher. He has been and will continue to

be a role model fome

| also sincerely thank the membershof advisory committeeDrs. Jeffrey Wigle, Sam Kung,
Wayne Xufor their generous support, insightful feedback and mentorship througlyguaduate
program.l am grateful tdr.Wayne Xu, who performed the bioinformatiemalysis which is an

integral part of this study.

This work would not have been possible without the tremendous support and technical assistance
of past and present members of the Davie labCheryl Peltier, Dr. Shihua he, Carolina
Gonzaleg Dr. Deborah Tsuyuki, Dr. Shannon Healy, Dr. Dilshad Khan and Dr. Soma
Mandal. | am greatly thankful tMs. Cheryl Peltier who not onlyhelpsmein learning techniques
and to start upny project but always been there as a suppanteatly appreciate the tremendous
support and technical assistancevts. Cheryl Peltier. | extendmy gratitude toMs. Carolina
Gonzalegwho was involved in the library preparation for the first part of the study. Shewwas
bench mate and a very suppegtifriend It was a pleasure to work with such a friendly and
supportive person. am grateful toAleksandar llic who performed the library preparatiéor
most part othe study. He was a wonderful person to waith. We started the lab at the same
time, shared struggle and frustration about experiments during the learning pAlsesthank
you for taking the pain of proofreading part iy thesis.l would like to acknowledgdIr. Mario
from Dr.VernonDolinsky lab for lending me their apparatus whenevémeeded to sety gigantic

experimentsl thankmy present and fellow lab memberdor their pleasant company in the lab.

| am gratefulto: Cathy Webber and Philipufresne ofBiochemistryand MedicalGenetics
DebbieKorpeshoof Child health research institute of Manitoba; WemBnchrasky Research

Instituteof oncology and hematology, for their administrative support; staff artimealfacility



for animal maintenancé.acknowledge Nichola WigleChief Operating Officeof Child health
research institute of Manitoba for her tremendous effort to maintain the institute as an excellent

place to work.

Pursuing &h.D.program is like a marathoerscholarship support from Research Manitoba, Child
health research institute of Méwba and Cancer care Manitoba, made the run gratify/nguld
like to acknowledgéaculty of Graduate Studies for providinge travel awards duringly tenure as a

Ph.D.studentThis research was supporteddgreral grants; CIHRCanada Research ChamdNSERC
(toJ.R.D.)

Lastly, but not the least,thankmy parents for their unconditional love and support throughout

my life. Moreover,| thankmy loving husbandRony, for his love, patience, understanding and
encouragemenkEinally, this thesis would be incomplete without thankingvery smart daughter

Suri Jahan Kabir, who always been a source of peace after the exhausting day in the lab and

unsuccessful experimentsthank the Almighty for all the wonderful thingsnmy life.



Dedication

| dedicate this thesis

To my family

My parents MdShah Jahan and Mrs.Sabera Khatun

my husband Rongnd my daughter Suri

-Fortheir love and support



TABLE OF CONTENTS

Y 011 =T TR I.
ACKNOWIEAGEMENTS....eueiiiie i eeeei ettt eeee e e e e e et e et emmeennees iii
D Z=To[Tor= 1 1 o] o TR PPTPPPPP V.
LiSt Of ADDIEVIALIONS ......uiiiiiiiiiiiiiiiiiiic ettt nnees Xiii
LISt Of TaDIES. ...t nnne e XiX
List of Copyrighted Material for which Permission was obtained...................... Xxii
CHAPTER |: INTRODUCTION ..o e et e amemn e e e 1
1.1 Chromatin structure, histone modifiCatioNS...........uuiiieiiiiiii e e 2
1.1.1 Chromatin OMAIN..........uuuueiueiiiis it e e e e e e e emnnrs s s s e e e e e e e e e e e eeeeennnseeeeas 4
1.1.1.1 Defining the barrier €IeMENL..............uuuuiiiiii e eeeei e 5
1.1.1.2 Examples of some insulators and chromatin domains in vertebrates............ 7
1.1.1.3 Disease associated with altered chromatin Structure...............ccccceeerseeennne 10
1.1.2 Histone modifications and their distribution in the gename........................ 12
1.1.3  Histone acetylation..............uuuiiiiiii e eeeer e e e e e 15
11.4 Histone lysine Methylation............cc.uuuiiiiiiiiieeeiiiiie e 15
1.1.5 Histone arginine methylation.............cccuuuiiiiiimem e 16
1.1.6  Citrullination of NISTONES..........ccoiiiiieiiieeee s 17
1.1.7  Phosphorylation Of NIStONE............uuuiiiiiiiiiiieeeiiiiiie e 18
1.1.8 Other histone MOdifiICAtIONS...........ceiiiiiiiiiiie e 18
1.2 Chromatin modifying enzymes: Histone deacetylases.............ccccceeeeevieeeeeeennnn. 18
1.2.1 Classifications of Class | HDAC ... 19
1.2.2 Complexes of unmodified and phosphorylated HDACZ2................oovvvieeee... 19
1.2.3 Distribution of HDAC2 and pHDAC?2.........coooiiiiiiiiieee e 20
1.3 Chromatin modifying enzymes: Protein argininemethyltransferases.................. 22
1.3.1 Overview of mammalian PRMTS..........uuuiiiiiiiiii i e e eenn s 22
1.3.2 Mammalian PRMTs and their SUDSIrates..........ccceiviiieeicceecciie e 23
1.3.3  Arginine modifications by PRMTS.......cooiiiiiiiiiiieeeen e eeee e 26
1.3.4 Biological functions Of PRMTS......ccccuuiiiiiiiiiiiiiece e 29
1.3.4.1 PRMTs and transcriptional eactivator aCtivVity...........ccccceeeveiiiiivicmiiiiie e, 29
1.3.4.2 PRMTs and transcriptional @@pressor actiVity...........ccccceieieeiiieeneeceiiiieee, 29

Vi



1.3.4.3 PRMTs and chromatin barrier fUNCHUON. ........oe e 30

1.3.5 Association of PRMTs with human disease.............ccceevvvvvimmmeeeeieeeeeeeiiiiinnns 30
1.3.6 Regulating the regulator...........coooiiiiiiiiiiice e 31
1.4 Chromatin fraCtioN@AtiON ...........cooiiiiiiiiiiiiiiie e 32
1.4.1 Description of chromatin fractionation for different catlurces....................... 32
1.5 Innate immunity in avian SYSIEM......cccciiiiiiiiiiiiiiieeeeee e e eeneees 35
1.5.1  ChiCKEN TLRS...iitiiiiiiii e rimee bbb e e e e e e e e e e s eeeneee e 37
152 Chicken TLR 1, 2, 4, B.oereniiiiiiie e ee e e s 39
1.5.3 TLR3, TLR7, TLR8, and TLRO.......coiiiiiiiii e eeee e 39
0 T I I o 1 T PP 39
8 T I 0 G PP 40
156 RIG-1IIKE rECEPIOIS....uuiiiiiii i ettt 40
TR S T @4 (0] (1 =SSO PSSP 41
1.5.9 Immune regulatory pathways in avian erythrocytes..............cccccvvveeeeee. 42
1.5.10 Immune stimulants to induce immune pathways.............ccccuvvviieeeeiiiiiniennne. 47
1.6 Rationale, hypothesis and study ODJECHIVES.............uuueiiiiiiiiiiceeiiii e 48
1.6.1 General NYPOTNESIS...........uuiiiiiiiiiiii e 50
R = (T =] o = 51
CHAPTER II: MATERIALS & METHODS ..ot 83
2.1 Cell processing and related teChNIQUES. ........ccoovvieieeiiiiiieeeeie e 83
2.1.1 Animal Ethics and source of CellS........oouuiiiiiiiiiiiiccc e 83
2.1.2 Types of cells used in the study...........cccooiiiiiiieeei e 83
2.1.3 Treatment Of ChICKENS.........ooiiiiiiiiiiee e 33
2.1.4 Harvesting chicken erythrocytes and Storage............ccccvvvimeenniiiiiiiiiiniiiieeee 83
2.1.5 Preparation of media for erythrocyte cell treatment.................oeveeeeeiivviiinenenen. 84
2.1.6 Chromatin fraCctionatiQl............cccoviiiiiiiiiiiee e 84
2.3 Proteinbased teChNIQUES..........oooiiiii e ean 86
2.3.1 Preparation of cellular @XtracCt............ccoooiiiiiiiicceiiiee e 36
2.3.2 Electrophoresis and ImmunobIotting..............ooiiiiiceer e 87
2.3.3 Peptide DOt BIOt @SSAY.......uiiiiiiiiiiii i ieeee e eeeee e e e 87
2.3.4 IMMUNOPIECIPILALION. .. ..ciiieiiii e e ettt e e e ettt e e e e e e e mmmr e e e e e eaaa e e e e eesannns 88

vii



2. 35 HISIONG CAP ... oo e e e e eaann 88

2.3.6Chromatin immunoprecipitation (ChIP) assay and CH#lg assay............cceeeeeneen. 89
2.4 RNA-DASEA tECNNIQUE........iiiiiiiiiiiiii ittt e e e e 90
2.4.1 RNA extraction and CDNA preparation.........cccooeeeeeeeeeeeeeiiiiiis e eeeeeeeeeeeeaeeeens 90
2.4.2 1s0lation Of NUCIEAr RNAL.......u it a1
2.5 Polymerase chain reaction (PCR).........ooviviiiiiiiiiimme e e e eemran e 91
P22 T8 R o | = O S EUOSPTPPPRR 91
2.6  Library preparation for F1 DNA, total RNA, and ChIP -seq DNA...................... 91
2.6.1 Genomic DNA and ChIP DNA libraries, Sequencing and data analyses......... 91
2.6.2ChIP-Seq With the MISEQ........uuuiiiiiiiiiiiii e Q2
2.6.3RNAseq library preparation for SOLID...........ceviiiiiiiiiiiieeniieeeee e 92
2.7  BIioiNfOrmMatiCS @NalYSIS........cuvvruuiiiiiiiie e e e ceeeii s s e e e e e e e e e e e e e s ieeer e e e e e e e e e e e e e eeeeenananne 92
2.7.1SOLID nextgeneration sequencing data analyses...........ccccceeeivieevevvvvnnnnnnn. 92
2.7.2Detection of transcriptionally active chromatin domains..............cccceeevieeeeennnnnnd 92
2.7.3RNA-seq data @nalySES.......cceiiiiii i eeeeie e 93
2.7.4CHIP-seq data @nalySES........ccoiiuiiiiiiiiiieeeiie s e e e e eeers e e e e e e e e aeeeeeean 93
P S U= (=T =T Lo P 94
CHAPTER Ill: CHICKEN ERYTHROCYTE EPIGENOME .......cccoooiiiiiie 95
I R I 13 = T S 95
I 028 [ oo To 18 ox 1 o] o PP UPPPPPR 97
S B RESUIS ...ttt bbb 98

3.3.1 Genomé&yide mapping of polychromatic erythrocyte transcribed chromosomal
domains98

3.3.2 Features of saioluble chromatin...............c.euviiiiiiieeciii e, 104
I Yo 11 [ o SO 108
3.5 CONCIUSIONS ...cuiiiiiiiiiieieiee ettt ettt ettt e e e e e e e e e e e et e e e e e e e e e e e e e e e e s s mnee e e e e e e a s 110
3.6 MELINOUS. ... . e e e e e e ettt et nane e e e e e e eeeeaeaee 110

3.6.1 Isolation of chicken erythroCYteS.........couvveiiiiiiiiiiccc e 110

T OIS Y- 1| B = (o 1[0 1 F= 11 o o 110

3.6.3  ChIP-SEO ASSAYS. ... uuuuuurrririreiiiiiiiaeatitrrererteteetaaaaaeeeesamate e et e e e e e e e e e s e e e s e nees 110

3.6.4 Sequencing and mapping Of dafaL..........cooeviiiiiiiicccie e 111

3.6.5 RNA Isolation and Redime RT-gPCR AnalysSiS.........ccccoeeiiieiiiiiiiicciieeee, 111

3.6.6  Active chromatin detection and genomic distributian.................c...vvueemrnnnn.. 112

viii



3.6.7Chromatin profiling otranscriptionally active genes..............cccccuvvvvieeericiinninnnne. 112

3.7Data availability ............uuiiiiiiiiiii e 112
3.8 ACKNOWIEAGEMENTS. ... eeee e e e e e e e e eeeee e 112
S O REIEIBINCES. ...ttt ettt e e e ettt e e e e e e e e e e e e e e e e e e aermnne e e e e e e e 113
3.10Supporting iINfOrMALIONS .......oviiiiiiiiee e e e e erer e e e e e e e e e e eeee e 117
N ] 1 = Tod A TP PPPPPPP 122
7/ | Vi o o 18 ox 1 o] o PP PPPPPPRP 124
A 3 RESUIB.....coiieeeitt e e e e e e e ereer e e e e e e e e e e e e ettt e e nnnreeaeeeateeeeeerrrarnnnn 125

4.3.1 HDAC2 and phosphorylated HDAC2 association with active chromatin....... 125

4.3.2 HDAC2 cemaps with interchromatin channels of the nuclei......................... 126

4.3.3Phosphorylated HDAC2 binds to regulatory regions of transcribed .genes.....127
4.3.4 Recruitment of HDAC2 to promoter and coding region is dependent on transcription

................................................................................................................................. 129
4.3.5 Chicken erythrocyte HDAC?2 associates with RNA splicing factars............... 130
4.3.6 Association of HDAC2, but not HDAC2S394ph, with RNAPRIL........................ 131
4.4 DISCUSSION...ccetiiiiieeeeeeas s s s e e imme e e e e e e e e e e s s s s bbb eees s bbb bbbt e s e e et e e s amnssssseeeeeeeeaaaeeas 132
S 1 1R 134
4.5.2 Chicken erythrocyte chromatin fractionation and HDAC2 isolatian............... 134
4.5.3 MASS SPECIIOMELLY ...ttt eeeee ettt e e e e e e e e e e 134
4.5.4 IMMUNOBIOTING ...t eee e e e e e e e e e e e e e e e e s s as 134
4.5.5IMMUNOfIUOIESCENCE ASSAY.....eiiiiiiiiieeeiee it 134
4.5.6 Immunoprecipitation (IP) and-@mmunoprecipitation (cdP) assays.................. 135
4.5.7 Cell Culture and TreatMENLS..........uuuiuiiiiiiiiieeeiriiiiieieeiee e e e e e e e eeeeeeaeaeee e 135
4.5.8 Chromatin Immunoprecipitation (ChIP) assay............cceovvvviivieemeeeeeeeeeeeeeeiiinns 135
4.5.9 StatistiCal analySIS..........cooiiiiiiiiiiii e 135
SR = (=] (=] o 136
4.7 Supplementary iINfOrMatioNS..........ooiiiiiiiiie i reer e e 138
CHAPTER V: PRMT1 AND 5 MEDIATED H4R3ME2A AND H3R2ME2S
MODIFICATIONS IN TRANSCRIPTIONALLY ACTIVE CH ROMATIN ......... 140
SR I 13 = T PSS 140
o072 111 €0 T U Tox 1 o) o 1S 142
5.3 RESUILS ...t e e e e e e e et ettt reee e e e e e e e e eeeeeeeararnana 143



5.3.1 Association of PRMT1, PRMT5 and their products (H4R3me2a and H3R2me2s) with

active chromatin fraCtioNS.........cooooiiiiiiiieeeee e e 143
5.3.2 Correlation of H4R3me2a and H3R2me2s arginine methylation with highly
trANSCIIDEU GBNES... .o eeent bbb e ettt e e e e e e s amamr et e e e eeeeeas 146
5.3.3 Profile of H4R3me2a and H3R2me2s arginine methylation in highly transcribed genes
................................................................................................................................. 148
5.3.4 Profile of arginine methylation in lowly expressed genes of polychromatic
EIYINTOCYLE CRIIS....oeeiiieeeeee et eeer e 154
5.3.5Analysis of correlation between H4R3me2a with H3K27ac &&® peaks......... 157
5.3.6 H3 arginine dimethylation relationship with H3K4me3 and H3K2Zac............ 158
5.3.7 RNAPIIS2ph dependent recruitment of PRMT1 and 5 to transcribed gene rdgions
5.3.8 Association of PRMT1 and 5 with the nuclear matriX............ccvvvvvvvieeecnnennnee. 161
ST I 1S ot B 5= [ o U UPRRRR 162
54.1 PRMT1 and 5 associate with active chromatin..............ccccceeccceveeeeviennnnns 162

5.4.2 H4R3me2a associate with promoters of transcriptionally active genes.....163
5.4.3 H4R3me2a cdocalize with H3R2me2s at the hypersensitive sites-HS4 and

other distal regulatory region of transcriptionally active genes................cccccoeeeerenne 164
5.4.4 H3R2me2sdoocal i ze with H3K4me3 at the 506e
EXPIESSEA GEINMES ...utuiiiiiiiiiiiiiite et eeeet ettt et et e e e e e e e e e e e e s s st e e e e e e e e e e e e s e s s s e s nnne e e e e e e 165
545 H3 modified at R2me2s has K4mel and H3K27acC..........ccccvvvvvvieeeevnnnnee. 165
5.4.6 PRMT1 and 5 recruited through RNAPHS2ph..........ooovvviiiiiiiiieeeeeeii, 165
5.4.7 PRMTL1 and 5 binds to the nuclear matriX............cccuvviviiimemniiciiiiiiiiiieeeee. 166
SIS T |V =1 o o 167
5.5.1 Chromatin fraCtioNatiONL.........ueeeiiiiiiiiiii et 167
5.5.2 IMMUNODIOTING ...ttt 167
5.5.3 DOtDIOt ASS@AY......uuuutieiiiiiiiiiiii ettt 168
5.5.4Co-association of modification on H3 tail..............ooiiiiiiane 168
5.5.5 Chromatin immunoprecipitation (ChlIP) assay and GbtPassay...................... 169
5.5.6 Immunoprecipitation and-8B..............coiiiiiiii 169
5.5.7 Isolation of NUCIeAr MALIIX..........ceeeiiiiiiiiiir et 170
5.5.8 BIioiNfOrmatiCS analySiS........cccceiiiiiiiii i ieeee e reeee e 170
5.5.8.1 RNAseq and ChBeq analySiS...........coiiiiiiiiiiiiiccceiie e 170
5.5.8.2 ChiIPseq peak diStrDULION...........uueiiiiiiiiiiii e 170
5.5.8.3 ChiIPseq peak Correlationy..............ueiiiiiiiiiieeeiiiiiiiee e 171

X



SIS ) (=] (] 461 TR 172

5.7  Supporting iNfOIMELIONS ........uuiiiiiiiiiiiii e 176
5.7.1 SUPPOIING FIQUIES ....ceiiiiiiieeiee e eeeeees 176
5.7.1.1 Determining antibody specificity and cross reactiVity.............ccccceeeeeeecevvvnnnne 176
5.7.1.2 Association of PRMT1, PRMT5 and H3 and H4 arginine methylation with
transcriptionally active Chromatin............ccoooeeii i cceeiicccc e e 177
5.7.1.3 ChIP assay for H3R2me2s and H4R3me2a for highly transcribing genes of
polychromatic erythroCyte CellS............uuueiiiiiiii e 179
5.7.2 SUPPOItiNg table.........oueiiiee e ———— 181

CHAPTER VI: EPIGENOMIC LANDSCAPE OF IMMUNE GENES IN CHICKEN
ERYTHROGCYTES ...ttt ettt et enns e e e e e e et e e e e e e e snnnnsees 183

R I 13 - T PSPPSR 183

L7 11 0T U Tox 1 o] o 1SS 185

B.3 RESUILS ... .ottt e e erre e e e e e e e e e e e e e e et e eenrneeeeeeeeeeeeeeerararnnnns 187
6.3.1 Circos plot for immune genes enrichment in.EL...........ccoooiiiiiccc e 187
6.3.2 Transcriptome profile of immune genes in polychromatic erythrocytes and 6C2 cells
................................................................................................................................. 189
6.3.3Chromatin profile of highly expressed immune genes...........ccccoeeevvieeeeeeeeennn. 195
6.3.4 Chromatin profile of low expressed immune genes...........cccoeevvveeeeeeeeeeeeeee, 197
6.3.5 Induction of immune genes in polychromatic cells..............cccovvvieeeee 202

8.4 DISCUSSION....eeiieeeeieeee e e eeee e e e e e e e e st e et nnes b et s e e e e e e et e e e e smnssssseeeeeeaeaaeeeas 204

ST 1Y =1 o o L PSS 208
6.5.1 Cell culture and TreatMeNnL...........oovviiiiiiiiire e 208
6.5.2 RNA extraction and RPCR .........coooiiiiiiieeeee s 209
6.5.3StatiStiCaAl ANAIYSIS.......cooiiiiiiiiii e e 209

5.6 RETEIBNCES ...ttt eree e e e e e e e e e e ettt e e et et bnnne e e e e e eeeeeeeaannes 210

6.7 Supporting iINFOrMALIONS .......cccii i 214

6.7 SUPPOItiNg INFOrMALIONS........ci it e e e e e e eenen 214
6.7.1 SUPPOIING fIQUIBS ... it e e e e e e e e eeasmmmees 214
6.7.1.1 Transcriptome profile of several immune genes..........cccoevveevveeevvvennnnnnnn. 214
6.7.1.2 Chromatin profile of several immune genes in polychromatikrocytes....... 218
6.7.1.3 Microscopy for polychromatic erythroCytes...........cccovvvvvvvvimmmeeereeeeeiiiiinnnns 226
6.7.2 SUPPOIING tADIES. ... ...ttt 227

Xi



CHAPTER VII: DISCUSSION AND FUTURE PERSPECTIVE .......cccccciii. 228

7.1 SUIMIMATY ...ttt ee e ettt e ettt e e e eeeee e e e e ettt e e e e eesta e e aaaneeeeeeeennnnaens 228

7.2 Insight and perspectives from the StUdIesS............cc.uuviiiiiiiiieeeiiiee s 228
7.2.1 Insights and perspectives fromthestddy A Chi cken er yt.h2R8cyt e
7.2.2 Insights and perspectives from the sty fi T r a n-Bependept Assaciation
of HDAC2 with Act..ve..Chr.omat.i.n..O...... 229

7.2.3 Insights and perspectives fromthestddy i PRMT1 and 5 medi at e
and H3R2me2s modifications i.n..t.r.ans.c230 pti o

7.2.4 Insights and perspectives from the stddy...........ccccooeviiiiiiiiccciiiiiii e, 231
7.3 Conclusion, significance and study limitations..............cccovvvivviiieene e eeeeeeeeiians 232
A B (T (=1 =T 1= SRR 238

Xii



List of Abbreviations

A260
A280
ASFISF2
ATF
ATP
BAD
BAK
BAX
BME

bp
BRG1
BSA
cDNA
C/EBP
CHD1
ChiP
ChiP-seq
CLIP
CLIP-seq
DAPI

DMEM

Absorbance at 260 nm
Absorbance at 280 nm
Alternativsplicing factor 1/Splicing facte2
Activating transcription factor
Adenosine triphosphate
Bcl-2-associated death prater
Bcl-2 homologous antagonist killer
Bcl-2-associated X protein
b-mercaptoethanol
Base pair
Brahmarelated gend
Bovine serum albumin
Complementary deoxyribonucleic acid
CCAAT/Enhanceibinding protein
Chromodomain helicase DNA binding pretein
Chromatin immunoprecipitation
ChIP followed by higkthroughputsequencing
UV crosslinking and immunoprecipitation
CLIP followed by highthroughput sequencing

-diamidino2-phenylinddl® , 6
Dul

beccobd6s modi fied

Xiii

eagl e

me d i



DMSO
DNA

DRB

DSP
EDTA
EGTA
eRNA
FACS
FBS
H3K9ac
H3K14ac
H3 K9me3
H3S10ph
H3S28ph
H3R2me2s
H3R2me2
H4R3me2a
H4R3me2s
HAT
H3K4me3
H3K36me3
HCT116

HDAC

Dimethyl sulfoxice

Deoxyribonucleic acid
5,6-dichloro-1-b-D-ribofuranosylbenzimidazole
Dithiobis[succinimidylpropionate]

(Ethylenedinitrilo) tetraacetic acid

Ethylene glycolbis(2aminoethylethedN , N, {eNaadétidjacid

Enhancer RNA
Fluoresceneetivated cell sorting
Fetal bovine serubh Hours
Histone H3 acetylation on lysine 9
Histone H3 acetylation on lysine 14
Histone H3 trimethylation on lysine 9
Histone H3 phosphorylation on serine 10
Histone H3 phosphorylation on serine 28
Histone H3 dimethyl symmetric
Histone H3 dimethyl asymmetric
Histone H4 dimethyl asymmetric
Histone H3 dimethyl symmetric
Histone acetyltransferases
Histone H3 trimethylation on lysine 4
Histone H3trimethylation on lysine 36
Human colorectal cancer cell line

Histone deacetylase

Xiv



HDAC1

HDAC2

HelLa

HEK293

HP1

IEG

ING

JNK

K562

KAT

KDa

KMT

LSD1

MAPK

MBD

MCF7

Min

mMiRNA

MLL

MNase

Histone deacetylase 1
Histone deacetylase 2

Henrietta Lacks (Human cervical cancer cell line)
Human embryonic kidney 293 cell line
Heterochromatin proteith

Immunoblot

Immunodepleted fraction
Immediateearly gene

Inhibitor of growth
Immunoprecipitated fraction

c-Jun Nterminal kinase

Chronic myeloid leukemia cell line
Lysine acetyltransferases

Kilodalton

Lysine methyltansferase
Lysine-specific histone demethylade
Mitogen-activated protein kinase
Methyl-CpG-binding domaircontaining protein
Michigan Cancer Foundatien

Minutes

MicroRNA

Mixed-lineage leukemia gene

Micrococcal nuclease

XV



NAD
NCoR
NcRNA
NF-2 B
NuRD
p53
PAGE
PBS
PCR
Pe

Piso

ph

PIC
PKA
PKC
PCE
pHDAC?2
Polyl:C
PRMTs
PTM
gPCR
RbAp

RNA

Nicotinamide adenine dinucleotide
Nuclear receptor corepressor
Non-coding RNA

Nudear factorkappa B
Nucleosomaemodeling and deacetylase repressor
protein 53

Polyacrylamide gel electrophoresis
Phosphate buffered saline
Polymerase chaireaction

EDTA insoluble chromatin fraction
150 mM NacCl insoble chromatin fraction
Phosphorylation

Preinitiation complex
c-AMP dependent protein kinase A
Protein kinase C

Polychromatic erythrocyte cells
Phosphorylated HDAC2
Polyinosinic:polycytidylic acid
Protein arginine methyltransferases
Posttranslational modification

Real time PCR
Retinoblastomaassociated protein

Ribonucleic acid

XVi



RNA-seq Nexgeneration RNAsequencing
RNAPII RNA polymerase Il
RNAPIIS2ph RNA polymerae Il phosphorylated at serine 2

RNAPIIS5ph RNA polymerase Il phosphorylated at serine 5

RNase Ribonuclease

RNP Ribonucleoprotein
RRM RNA recognition motif
RT Reverse transcriptase

RT-PCR Reverse transcriptiepolymerase chaireaction
SDC Sodium deoxycholate
SDS Sodium dodecyl sulfate

SDSPAGE SDSPolyacrylamide gel electrophoresis

Sec Seconds
Se EDTA insoluble chromatin fraction
Sis0 150 mM NacCl insoluble chromatin fraction

SETD1A  SET Domain Containing 1A

SETD1B  SET Domain ContainingBL

SF2/ASF  Splicing factor 2/Alternative splicing factor 1

SiRNA Small interfering RNA

SMRT Silencing mediator of retinoid and thyroid hormone receptor
Spl/Sp3  Specificity protein 1/3

SnRNPs Small ribonucleoprotein particles

SR proteins Serine/arginirgch proteins

Xvii



SRSF1 Serine/arginingich splicing factor 1
SUMO Small ubiquitinlike modifier

SWI/SNF  Switch/sucrose nefermentable

TBB 4,5,6, #tetrabromobenzotriazole
TBP TATA-box binding protein

TBS Tris buffered saline

TBP TATA-binding protein

TE Tris-EDTA

TFF1 Trefoil factor 1

TIP60 Tatinteractive protein 60

TLR Toll-like receptor

TPA 12-O-tetradecanoate i&cetate
Tris Tris (hydroxylmethyl)aminomethane
TSA Trichostatin A

TTBS Tris bufferedsaline with Tweer20
U2AF U2snRNP auxiliary factor

UPR Upstream promoter region

UsnRNPs Uridine-rich small ribonucleoprotein particles

USF1 Upstream stimulatory factor 1
UTR Untranslated region

uv Ultraviolet

YY1 Yin Yang 1

XVili



List of Tables

Table 1: PRMT¥catalyzed methylation marks on mammalian histéneés ¢ ¢ ¢ é ¢ € € 2 4

Table 2 Properties of 150 mM salt soluble and sa#toluble chromatin isolated from chicken

s 7 7

erythrocytee e e e é ¢ eeeéééeeeceeééeceeceééeeeceeééeee. 338,

7

Table 3 Pattern recognition receptors between human and cliicked é é € € é € € é 3 4

s 7

Table 4: List ofcytokine repertoire between human and chiékéné é ¢ é é ¢ € € € € 3 9

Table 5: Table reports functions associatedrighrocytesn mammals, fish, amphibian, reptiles
and birds. Referencese numberedccording to appeararce ¢ ¢ é € € éé e ééé . 41

Table 6: Analysis of cytokine and other immunological genes in chicken erythrocytes after 3h
poststimulatoné ¢ é ¢ é ¢ é 6 ééeééééécéecéééééeéeéeéeéeée. 42
TableS31: Table with information regarding all segpucing

tracke e ééeéeéeééeéeéceeéeéeéeéeéeéecececéeé. . 81
Table S3.1: Description of polychromatic erythrocyte sample sctirées € € é € € é é 8 4
Table S3.2Primers folRT-QPCRassay8 € ¢ é ¢ ¢ é é e éé e e ééeéééeéeé. 85
Table 4.1:Protein composition of HAfafnboundHDAC2 complexes in the polynucleosome
fraction (F1) of chicken erythrocytéest ¢ é e 6 é ¢ é e ééééeéeéeéééeéenb
Table S4.1:List of antibodies used in immunoblotting (IB) andmunoprecipitation
(IPeééeéecéecéecécéeéeéeéeéeéeéeéeéeéeceeceeée. . . 104
Table S4.2:Primers used in ChigPCR

experimenté ¢ é ¢ é ¢ ééeéeéecééeééeéeéceeéeéeéeéeéeé. . 105
Table S5.1PrimersusedforChIPqPERe ¢ ¢ € é é é éé e e eeéééééélasb

Table 6.1 Expression of immune compams in chicken polychromatic erythrocytes and
Chicken eythroleukemia cell (6C2)
cells é é6éééééééééeéeéecécécéeeéeeeeeeeéeeéeeceéee. 716

s 7z

Table S61: PrimersusedforChIPqPERe ¢ € € € € é 6 ééé e éeéeéééééélal

XiX



List of Figures

,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,

"""""
//////////

,,,,,,,,,,,,,,,,,,

//////////////////////

rrrrrrrrrrrrrrr

/////////////////////

Figure 3.2: Active chromat i né édéiésétéréiébéuét.i.obrd an
Figure 3.3: Chromatin profile and transcriptionat t i v 4globin dambig 6 € é € é . .69.

Figure 3.4: Chromatin profile and transcriptional activity ofi@agf interest on chromosome

/////////////////////////////////////

Figure 3.5: Chromatin profile and transcriptional activity of moderately andypexpressed

genes. ecé&é@&eéceéecéeceeceéeecéeecéecéeeceéeet?

Figure 4.1. HDAC2, HDACZ25394ph, SRSF1 and H3K36maf® associatedith the
transcriptionallyactive chromatin fraction of polychromatic erythrocgtes é ¢ é e e e . . . 91

erythrocytee e é é e é e e éeéeéeééeééeééeeceéeecéecéeeée. . .92

XX



Figure 4. 3.HDAGRIIadspharoynl aotfed-SBDARGR) (IDACAce
H3 (H3Ac) CABNEASgE he
regéeéaseéecééeceééecéecéecéeecéeecéeéeéeceéeecé. s

Figure 4.4 Transcriptiondependentecruitment of unmodified HDAC2 tGA2andGAS41gene
regong e éeéeéeéeececeeceecéecéeéeéeéecéeceecee. b

/////////////////

,,,,,,,,,,,,,,,,,,,,,,,,,,

fraction é e eeééeeceéééeeeceéééeeceeceééeeceeceeééeeee. . 112

fracion® é 6 é 6 éééééééeéeééeééeécécécéeceéeeéeéeée. . 113
Figure5.4: Profileof H4R3me2a aBunctionof gene expressigné ¢ ¢ é e ¢ éééé. . 114
Figure 5.5: Profile of H3R2me2s amctionof gene expressiené ¢ é é é é ééeéé. . 115

Figure 5. 6: Distribution of-glddiBdddameoR s and H4F
polychromaticerythrocyteé ¢ é é e € € é €6 ééééecéeeéeéeééééééeéee. 116

//////////

XXi



Figure 6.1: Distribution of salt soluble immune genes in chicken erythrocyte géndréde. 1 5 3
Figure 6.2. Transcriptional activity of &LR3and b.TLR21gene in chicken erythrocytes.154

Figure 6.3. Transcriptional activity @iLR6in chicken erythrocytésé é ¢ ¢ é ¢ ééé . 155

/////////

,,,,,,,,,

,,,,,,,,

XXii



List of Copyrighted Material for which Permission was obtained

1. Jahan S, Davie JR (2014) Protein arginine methyltransferases (PRAbIes)n chromatin
organizationAdvances in biological regulatiob7:17384.© 2014 Elsevier Ltd.

2. Jahars, Wayne Xy Shihua HeCarolina Gonziez, Genevieve P. Delcuvand James R.
Davie The chicken erythrocyte epigenomEpigenetics & Chromatin2016) 9:19 © The
Author(s). 2016

3. Jahan S, JiaMin Sun Shihua He Davie JR Transcriptiondependent association of
HDAC?2 with active chromatin] Cell Physial 2017;18.© 2017 Wiley Periodicals, Inc

4. Figurell: Higher order chromatin structure (Reprinted with permission f8mence,
volume 297: 1824 © 2002, The American Association for the Advancement of Science)

5. Figure1.2: Chromosome territories within the nucleliReprinted with permission from
Nat Struct Mol Biolyolume20(3): p. 2969. © 2002, Annual reviews).

6. Figure 1.3: Good Fences Make Good NeighbgiReprinted with permission from
Molecular cell, volume 16: 56802© 2004 Elsevier Ltd).

7. Figure 1.4 Histone modifications in thél-terminaltail of core histondReprinted with
permission fronReproductionvolume 136(2): p. 1346 © 2008 Bioscientifica Ltd).

8. Figure 1.5 Distribution of histone modifications across the genome (Reprinted with
permission fronCurr Drug Targets16(7): p. 70010. © 2007, Elsevier).

9. Figure1.6: Binding of phosphorylated and unmodified HDAC2 to chromatin (Reprinted
with permission fromClin Epigenetics 4(1): p. 5. ©©2012 Delcuve et al; licensee BioMed
Central Ltd).

10.  Figurel.10 PAMP recognition by intracellular TLRs (Adapted with permission frisiat
Immunol 11(5): p. 37384. ©2010 nature publishing group).

11. Figure 11 Innate immunity in birds (Adapted with permission frdfet Res44: p. 82. ©
2013 Chen et al.; licensee BioMed Centril.).

12. Table 3 Comparison of pattern recognition repertoire between human and chicken
(Reprinted with permission frowvian Patho) 39(5): p. 30924.© 2010Taylor and Francis

13. Table4: Comparison of the cytokine repertoire between human and chicken (Reprinted
with permission fromAvian Patho] 39(5): p. 3024.© 2010Taylor and Francis).

XXili


https://www.researchgate.net/profile/Sanzida_Jahan
https://www.researchgate.net/profile/Wayne_Xu4
https://www.researchgate.net/researcher/39118807_Shihua_He
https://www.researchgate.net/researcher/2036754757_Carolina_Gonzalez
https://www.researchgate.net/profile/Genevieve_Delcuve
https://www.researchgate.net/profile/James_Davie
https://www.researchgate.net/profile/James_Davie
https://www.researchgate.net/publication/303501598_The_chicken_erythrocyte_epigenome?ev=prf_pub
https://www.researchgate.net/researcher/39118807_Shihua_He

14. Table 5:Table reports functions associated to erythrocytes in mammalsarfigihibian,
reptiles ad birds (Reprinted with permission fronVet Res 42: p. 89©2011 Morera and
MacKenzie; licensee BioMed Central Lid.

15. Table 6: Expression levels of cytokine and other immunological genes in chicken
erythrocytes aB h postpoly I:C-stimulation (Reprinted wi permission froniRes Vet ScB5(1):

p. 8791© 2013 Elsevier Ltd.).

XXV



CHAPTER I: INTRODUCTION

This chapter contains materials from the following publication:

Jahan S Davie JR(2014) Protein arginine methyltransferases (PRMTSs): Role in chromatin

organization. Advances in biological regulation. doi:10.1016/j.jbior.2014.09.003



1.1 Chromatin structure, histone modifications

During theinterphasestage othecell cycle, whertellsare not undergoing cell division, chratm exists

in variousstructurs. Chromatinis anucleoprotein complex composed of histones and DNA molecules.
Nucleosomesthe unit of chromatingonsists ofour core histonegH2A, H2B, H3 aad H4) along with

146 base pairs of DNAL]. Histones are evolutionarily conserved, basic proteins. The histone octamer
contairs an (H3)2 (H4): tetramerflanked by twodimers of H2A-H2B [1]. Core histones have three
domai ns; gl obul ar centr al ¢histone fold),a O-ragda iCiteeméenal b y
domain.The globularcentral domain binds to DNA as depicted in the crystal structime Nterminal
andC-terminal tailsof the histonesindergaseveraposttranslationamodificationg[1]. In a recent study,

it was demonstratedhat the globular domai of histonesis also subjectedo posttranslational
modifications[2, 3]. Histone H1(linker histone) binds to the linker DNA, which joins the nucleosomes
togetherH1 histone contributes to condensation of thectatinfiber resulting in higher order chromatin
structurs. Unlike the core histones, whidre highly conservedmong species, histone slare less
conserved4]. Histone H5 ioone of thasoformsof H1 and ifound in nucleated erythrocyte$birds and

fish [5].
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Figure 1.1: Higher order chromatin structure. In the interphasestage of thenuclei, chromatinhas
higher order structuse Interaction of nucleosome witleighboringnucleosores gives rise to 30 nm
structure and fiberfiber interactios lead to theertiarystructureof the chromatirj6]. The figure and the
textwere reproducedith permission from Figure [B].

Chromatin statexan be changedoetweeneuchromatinand heterochromatin based on the type of
modifications at the Nerminal core histone tail Euchromatic regionare organizes adecondensed
chromatin, which allows accessf transcription factors, transcription initiation complex, histone
remodellersand histone modifying enzymes to bind to st turn on the active transcription. On the
contrary, theheterochromaticegion is in a&condensed chromatgonfigurationbuilt up due to fibefibre

interactiors, which arenaccessible to RNA polymeraaadothertranscriptionrelatedmachinery[7].
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Figure 1.2: Chromosome territories within the nucleus Chromatin domain foldings determinedy
thetranscriptionahctivity of genome region8oundariegorm at the interface of active and inactive parts

of the genome. Highesrder domains of similar activity status cluster to form chromatin domains, which
assemble into chromosome territorigepressive regions ofitomosomes tend to contact other repressive
regions on the same chromosome arm, whereas active domains are more exposed to the outside o
chromosome territories. Active chromosomes have a higher chance of contacting active domains on the
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other chromosomeria and other chromosomes, giving rise to topological 'superdomains' composed of
multiple, functionally similar genome domain$he location of territorieds constrainedby their
association with the nuclear periphery, transcription hubs, nuclear bodies and centromere Thesters.
figure and the textvere reproduceavith permission from Figure [B].

In higher eltaryotes, genomes are organized spatially in arandom way within thaucleusIndividual
chromosomes are located in specific nuclear locations, defining a chromasoitey [9]. The
interchromatincompartment thatredes achannelaround the chromosomgerritory is believedto
facilitatethe transportation/diffusion afuclearmoleculego the chromosomal regiofis0]. A generich
transcriptionally active chromosome tends to residkemucleamterior, while genepoorchromosomes

tendto reside at the periphef9]. Thelocation ofactive chromosomal regiomsthe nuclear interior may
facilitate access of thactvegenomi ¢ region to the fAtranscripti
within thenucleug11].

1.1.1 Chromatin domain

Chromatin domainiBaveindividual gensor gene clustes, with the genes in the clus&xhibiting distinct
expression pattesduring developmental stages and in differentiated ¢g&#sl4]. Expression of the
genes withina domainis controlled by several regulatory elements, namelyhancerssilencers,
promotersand locus control regions. Enhancarsregulatory elementthatcanactivate target genes in
cis over a significantdistance while silencers repress transcriptifb]. In vertebrates, euchromatin or
transcribed gene regioase separatedom the adjacent heteroomatin regions by chromatin boundaries
[16]. A chromatin boundary separates active anattive chromatirstateswvhich differ inhistoneand/or
DNA modifications or chromatin accessibilityln fact boundaries ardransition regions between
heterahromatin and euchromatin thatomprise boundary elemerdpecific or norspecific DNA
sequences or specific protei(fsigure 1.3. Therefore, boundary elementsgulate the expression of
genes withinndividual domains ilependent of their surroundinds].

The barrier chromatin boundaries mostly act as insulators to shield genesdnspecificsignals that
exudefrom its surroundinggl?, 18] Insulators can inhibit the action of a distal enhancer on a promoter
when theyare locatedetween an enhancer and promoter. Moreover, actibgragrsthey ca prevent

the encroachment of nearby condensed chromatin and prevent silencing of gene exi@s$Some
insulators can at the same time block enharargilsactas a barrier in a particular gene region while others

limit their function to either one.lle mechanisms underlyirag insulatob specificrole ina particular
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system are still elusivel, 20, 21] It wassuggestedhat insulators employ protéiprotein interactions

to interfere with enhancigpromoter communicatiofi22]. However, insulators may also protect the
propagation of heterochromatin into active chromatin regions through histone modi§egdtioh set up
protein complexes. kvas demonstratethatdeletion of the histone modifying enzyppeotein arginine
methyltransferasé (PRMT1)at t h e -globim akier site fe@sulted in the loss of active histone
PTMs and spread of repressed histone PTMs along the globin d@3jifherefore, the protein complex
that binds to the insulator regicanrecruit histonemodifying enzymes and thereby constitutes a barrier
to prevent the spread of condedshromatin region by creating localized region of open chrorfiatin

25]. Histone modifying enzymes maintain the open chromatin region by sustaining specific modgication
of histone tail. Theskistonemodificationsare acetylation and3K4 methylation in the active chromatin
domain[26]. However, thenechanismthat segregates the open chromatin domain from heterochromatin
region remain poorly characterized.

1.1.1.1 Definingthebarrierelement

Boundary elements are present in almost all eukaryotes from ydmshsm but they do not possess any
consensus motif across spedi&g. The lack of a fixed boundary is the basis of posi@fiect variegation

(PEV), where the stochastic spread of heterochromatin formation results in the heritable silencing of a
neighboringgene[16]. Insulators bind specific transcriptidactors,and their locatioris confinedto

DNasel hypersensitive sites. Intors recruit histone modifying and chromateémodelingenzymes,
whichaidi n t he formation of the hypersensitive si
clustering together to separate gene and regulatory elements in distinct loopsesidt, genesare
sequesteredhto specific compartments in the nuclg@8-30]. Proteinsin vertebrates that havbarrier

activity include CTCF, USF1/2, VEZF1, and TFIIIC (GTF3CR1-33].



Heterochromatin Insulator Euchromatin

absence of acetylation

H4 acetylation
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Figure 1.3: A Model for Chromatin Barrier. The chromatin barrier function of the HS4 insulator from

the chickerb-globin LCR requires the USF1/USF2 proteins, which interact with footprint IV (Bliés

of HS4and recruit PCAF and CBP/P3@® acetylate K9/14 of H3, and SET7/9 to methylate K4 of H3.
These and possibly other modifications work together to prevent the assembly of heterochromatin typified
by the lack of histone acetylation, H3 K9 methylation, and HP1 recruitfieatfigure andhe textwere
reproducedwith permission from Figure [B4].

1.1.1.1.1 CTCF

CTCEF is a transcription factor which is also known as insulator binding protein or 11 zinc finger protein
[35, 36] CTCF is consideretb be the primary insulat@roteinin mammals and is the first factor shown

to act as an insulatam vertebrate [25]. This protein binds to the three regularly spaced direct repeats of
the core sequend@CCTC,and therefore it named asCCTC binding factor or CTCR7]. CTCFis a

highly conserved protein sharing 10@%ino acicsequence homology among mouse, chicken and human
within its eleven zinc finger central DNAinding domaing38]. This protein formsa CTCFDNA
complex that is DNA rathylation sensitive and is involved in gene activation, repression, silencing and
chromatin insulatiof38]. The CTCFDNA complexes customize their structure with the involvement of
zinc fingers to make base contaatsdtarget specific surfasdo enable interaction with other nuclear
proteins[38]. This property of CTCF confers its versatile functions because different zinc fingers have
different consensus sequences which resultvamious binding partnersdifferent posttranslational

modifications, and ultimately multiple functional rol@9].



1.1.1.1.2 USF1/2

Upstream stimulatory factordr 2 (USF1/2)s abasic helixloop-helix leucine zippetranscription factor
thatbinds to DNA at the pyrimidin€éch initiator (Inr) elements an&-box motifs to allow transcription
activation[40, 41] These transcription factors bind to a typical symmetrical DNA sequeHoex@s) (5
CACGTG3) in a dimerconformation They recognize and bind to the degenerateo¥ sequence
CACGGGfoundint he i nsul ator at the 506 ehnygidibimdreanassiat i v e
USF1/USF2 heterodimg42]. USFpot ei ns al s o b-glabid H32 enhandersiféd, 4dhan b
It is suggestethat both at insulator and enhancer sites, USF is involveetmiting hstone modifying
enzymes resulting inucleosome modificati@thatmake the region more accessible for other factors to
bind [45].

1.1.1.1.3 VEZF1

Vascular endothelial zinc finger 1 or VEZF1 is a transcriptional regulator. This novel chromatin barrier
protein plays a rolé the protection of the gene promoters from DNA methylation.VEZF1 binds to the
(dG-dC) string ofthe 5 -#1S4regionof thec h i c¢ iglebm ddmain but does not interact with the 3' HS
enhanceblocking element, which lacks the ef& string like motifs and barrier activiig6]. Binding of
VEZF1 to the globin cHS4 sitend APRT gene promoter region was sufficient to protect these regions
from DNA methylation[46]. Therefore, this barrier element protects a gene promoter from DNA

methylatioamediated silencing poikdy by preventing the binding of DNA methyltransferase to the site.

1.1.1.1.4 TFIIIC (GTFC5)
General transcription factor IlIC (TFIIIC) is involved in RNA polymerasenigdiated transcription.
TFIIIC has a boundary function with bobarrierand enhanceblockeractivities[47]. It binds to two

internal control regions (ICR) named as box A aod B of tRNAgene[48].

1.1.1.2 Examples of some insut@s and chromatin domainsvertebrats

1.1.1.2.1 The H19 ICR insulator

Theinsulinlike growth factor [gf2) andH19 genes in thenousearereciprocally imprinted. Imprinting
refers to thesexspecificgene marking procesisatstarts at the germ line where expression siftzseof
genes depends on their parental origif]. Igf2 andH19 genes lie within a large imprinted region on
mouse chromosome 7 separatedad¥) kb region. Only the paternal allelelgf2 is expresseth males
whereas only the maternal alleletd19 is expresseth femaleq50]. It is suggstedthat the imprinting

of this regionis controlledby the imprinting control region (ICR) whiadk locatedfar upstream of the
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mouse/humaii19 gene[51]. H19ICR containstwo DNasé hypersensitive sites, each of whitastwo
CTCF binding sitein mouseandseven CTCF binding sites humars [52-55]. Insulatoractivity of the
ICR is responsible for the imprinting tfie Igf2/ H19 gene Several groups have reported that CTCF
dependent chromatin insulatthrat is residing within ICRs crucial forlgf2 repression in somatic cells
[53, 54, 56, 57]However, thex are two differentially methylated regions (DMRs), with DMiiEinga
methylationsensitive silencer and DMR&Z&inga methylation sensitive activator lying upstreamgf®
geng58-60]. Unmethylated ICR asts arinsulatorin thematernal chrmosomesetting facilitating H19
transcription andigf2 generepressionn cis. Moreover theenhancerwhichis located downstream difie
mouseH19gene forms asmall chromosome loop by interacting witie ICR. This loopblocksthe access
of RNA polymerase tégf2 [50]. Upstream DMRs and downstream enhancers are two regulatory regions
that controtthe parentakllele-specificexpression oH19gene. Nevertheless, CT®dingsites within
theH19ICR confer the protection agairg# novanethylation as methylation dfis siteabolishesCTCF
binding[61-64]. CTCF binding to thé119ICRis a key componeuw the higher order chromatin structure
of this region. CTCF binding to this ICR is preventedddA methylation[65].

1.1.1.22Chi c kgbbin géne domain

One of thebestcharacterizedand first identified insulators in vertebratesthe HS4 insulatorof the
chicken b gl obi n thp¥® end of thelonws icamtrol regiora(LC&)dn thastgene domain.
This insulator contains both enhancer blocking and barrier actif66e89]. Chickenb gl obiis dom
demarcatedby two DNasel hypersensitive sites;F3S4 and 3HS where SHS 4 s e p a kglwldine s  t |
domain from condensed chromatin region #rmelipstream folate receptor gefi®]. On the other hand,

3'HS separateB-globin domain from chicken olfactory recept@R) genes which areactive in the
chickenerythroid cell but active in olfactory epithelium and brain cgll. In chicken erythrocytes-5'

HS4 acts as amsulatorhaving bothenhanceblocking and barrier activédswhereas 3HS acts onlyas
anenhancer blockdi71]. CTCF binds to both enhancensdis involved in the enhancer blocking activity

by creating a loop and independent transcription unit with the insulat¢25jt68] The barriefunction

of 5-HS4 is mediated through upstream stimulatory factors USF1 and U3E2USF1/2recruits
chromatinmodifying enzyme (e.g., acetyltransferagesto this site. Proteins responsible for
heterochromatin formation, e.g., HP1 (heterochromatin protein 1) and Suv39H1l (lysine
methyltransferase) are also recruited upstreamd4' site. The 58454 is always active independent of
thetypeof tissue and age ofdevelopmentThis element separates the pattern of active or inactive histone
modifications(acetylation and methylatipon both side®sf the elementlepending on the expression of
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e i t kglehbin démain or folate gerjé2]. Studies showed that chicken HS4 can exert insulation property
both in human androsophila cells when expressed exogenougg]. Barrier -H8&isi vit
depend upon the binding of USF1 and USF2 to the site which recruit histone modifying enzymes. This
was demonstrated in chicken and mouse erythroid4®ll72] Therefore, it indicates that chicken HS4
maintain its insulator property irrespective of cell type and prevent the propagation of condensed

chromatin[73].

1.1.1.23T h e h ughohimlocis

H u ma-globim locus is approximately 50 kb lmmeadth andontairsf i v e f u-lke dlobiogerzes b

0, ®2 %o {iandb positionedn 5' to 3' order. The expression of these genes is controlled developmentally
througha LCR located 6 kb upstream ofjlobin geneTheLCR inthehuman b gl obi n 1 oc
of five developmentally stable DNasel hypersensitive sites among whiclarfeerythroidspecific (5'

HS1 4) and one ubiquitous (5' H34]. | n  kglobimdoous,difactory receptor@R) genes replace

the folate receptor locus tife aviarb-globinlocus[74]. Similartot h e ¢ hglobirkl@us humans*

HS5 and 3HS1 act as enhancer blockers they contain CTCF binding sit#4]. Moreover, similar to
chicken, the human-5iS5 also possesses barrier activity as demonstratedthsipgsitioneffectassay

[75]. Deletion of the LCR and 1S5 results in heterochromatinization and inactivatioglolbin gene

expression that pathologically gsase to thalassemia6].

1.1.1.24 Th e muglobimlecusb

Genomi c or gani Zlabiniloous is mdrsimilar tolh un @ a-gbobib locusthan it is to the
chickenb-globin locus[77]. It contains six DNasel hypersensitive site$1S1 5-HS6in the 5' region
and one 3HS at 3' end of the locus. Within thetsS6 and 3'HS h e  meglobindoeushbBsfour genes
o, b" M andb™"[74, 78] The hypersesii t i v e s i tg®tEn locus contairr enhareer blocker
propertes and have CTCF binding s&¢74, 78, 79] The 3*HS also contaira USF binding sitan the
CTCF binding region. Deletion of thédwypersensitivesite in this bcus does notlead to

heterochromatinization of this reg which indicates they ladbarrier activity[80].

1.1.1.2.5 The humarapolipoproteiriocus

Humanapolipoproteirocus is approximately 47 kb longindis composed of four gend$OA1, APOC3,
APOA4 andAPOA5gened81]. APOA1 APOA4 andAPOASgenesaretranseibed in the same directign
wherea?APOC3geneis transcribedn the opposite directiof@1]. These genes are involved in metabolism
and redistribution of lipoproteins and lipif&2]. The expression APOAL1,APOA4 and APOA5gene
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products contribute to the formation of highnsity lipoprotein (HDL). The plasma level of HDL is
negatively correlated with atherosclerosis. clortrag, the APOC3 gene products involved in the
production of very lowdensity lipoprotein (VLDL). Therefore, expression of these genes needs to be
controlled properly82]. The insulators AC1, AC2, AC3, and ARL1 in this lobasborCTCF andcohesin

protein RAD21 binding site These insulators have enhancer blocking pragsesihd mainain higher

order chromatimrchitecture bynaking two longrange interactive chromatin loojsvivo[81]. Insulators

AC2, AR1 and AC3 often ctocalize together and undergo looprfation inAPOgene locus. However,
insulator AC1 does not docalize with AC2 and AC3 and undergo loop formation. It is hypothesized
that the binding of cohesion at AR1 leads to the connection AC2 to AC3 and thus gives rise to two

chromatin loops in theegion[81].

1.1.1.2.6 HumantRNAlocus

HumantRNAgenes are transcribed by RNARAHd their expression eell-cycledependent and regulated
developmentally83]. ThetDNA is composed of internal promoter A and B box, whachinvolved in

the recruitment of TFIIC. TFlICparticipates in theaecruitment of TFIIB, followed by RNRIII
recruitment to initiatéranscription at this sitf84, 85] Barrier insulator and enhancer blocking activity
of tRNAwas shown to be dependent partly on the binding of TFIIC to thexBpromoter otDNA
Moreover,tRNAgenes are often organized in clusters. Analysis oftRWNA clusters revealed that they
contain binding sites for CTCFhis observation further added that in addition to CTCF and TFIIIC other
factors may also involve in loaginge chromatin interaction f6RNA gene[86-90]. Moreover,tRNA
genes are oftenofind near boundaries of repressed chromatin domains and function as repressed
chromatin blockes in preventing heterochromatinizatidl1]. tDNA flanking regions contain active
histone markspossibly due to thenteractionof TFIIIC with acetyltransferase p300 at this site. Thus,
p300 @etylates historsn this region which helps to provid@openchromatin structure fortber factors

to bind[91]. Further, transcription factors such as QEDS/JUN, MYC, and CTCF bind to theNA
flanking region and can thus help to regulate transcription dDiN& gene[92-95].

1.1.1.3 Disease associated with altered chromatin structure
Disruption of barrier binding and mutation of barrier elements leads to disease pathogenesis. Some of the

diseases are listed below
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1.1.1.3.1Hi s p a nthalassemiab

Mutations intheh uman b gl obin | ocus af f g3} Thoughtheibs agnl dosb i onf
locus hasbeen extensively studiedhe mechanissregulatirg genes in the locusemain poorly
under st ood.-globirelUCR aind 87nkb up$treain causes Hispaniethalassemiageading to
heterochromatinizati on g%M738] Theobservatiogndicatesghatthee b g
DNA regionupstreanof the LCR knownas an upstrearHispanic region (UHR) contasnacis-acting
sequencehatcontributsstoma i nt ai ni ng @ open o-globmlausiant i i sspgaruica
thalassemia, the entikispaniclocus transforms inta DNasé-resistant chromatin structunghich is is
transcriptionally imctive. h healthy individuals the downstream LCR i®Nasetsensitiveand the
chromatin is in atranscriptionally active state The Hispanic deletion prevents the transcriptional
activation of thecis-| i n kgbolin genes at any developmental stage. Moreover, either all or a subset of
the developmentallyatb | e hyper sensi t i alebingandare deletedprs t & veamy od
thalassemialn Hispanic thalassemiaeplication ofthe globinlocusoccuss late at Sphagecompared to

early S phase replication of thermalb g | o b ilnnthe diseasedstate the globin locus was devoid

of DNasel hypersensitive sg§/6, 98, 99]

1.1.1.3.2 Hereditary spherocytosis syndromes

AHeredi tary spherocyt osi s such yas ahenvam eesuarent ijaundioe, v e
splenomegaly, and the existenmesphereshaped erythrocytes on peripheral blood ssgE00]. In
peopleof northernEuropeamancestryijt is thecommoncause of inherited anemia. However, it can also
affect people from all over the worl@he primary cause of spherocytosis asframeshift or nonsense
mutations in the erythrocyte membrane protiRkyrin-1 gene[101, 102] A recentstudyreportedthat a
region of theerythroidankyrin promoter show$arrier insulator activity and thatmutation in this site
leads to defestin barrier function and therefore@ductionin ankyrin expression. Mutation 81084 153
upstream of theankyrinrl promoter harboring spherocytosimssociated mutationgesults in the
perturbation of barrier function and failure to bind barrier prateithis region. Restoration of erythroid
ankyringeneexpression was possible whiire cHS4 barrier insulator was inserted into transgenic mice
flanking the mutant 108/ 153ankyring e rs erydhroid promotershowingthe crucial role of théarrier

elements in spherocytosis disefHea3].
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1.1.1.3.3 CTCF in cancer

CTCF binds to a crucial gene regulatory element that plays a diverse role for regulating gene expression.
CTCF can act aganscriptional repressor when binding to the promoter and upstream silencer region of
the chicken lysozyme, and to the promoter region of chicken and hdM@&mgene. On the other hand, a
CTCF acts as a transcriptional activator when it is bind to binds to the amyloigrotgan precursor
(APP) gene promoter arRFgene promoter (also known as p14ARF in human and p19ARF in mouse)
[104, 105] Altered expression of these genes was shown be linked with tumour progrésgemits
diversefunctionin gene regulation and genomganizationjt was predictethat CTCF might havbeen
involved in cancerdevelopment Tumorspecific missense mutations in ZF domain of CT@fere
reported or breast, pr os l@1eE] CTEFZH domainmutesicds modifyr@d rCe 6 s
bindingto promoters/insulators of genes that are involved in cell proliferaibfQ, ARF, PIM1, PLK
andIgf2), andreducea the expression of these genes. In contrast, CTCF binding to othée.tpcihe b-

globin insulator,lysozymesilencer, APP promotej remains unaffectedy CTCF ZF domainmutations

Thus, mutations in CTCF carhangethe function of some ges and therebig consideredas anovel

tumor suppressofl07]. In anotherstudy, the role of CTCF was describad tumor initiation or
proliferation in individual cases of invasive ductal breast carcifao&.

In addition, CTCF was reported to have the ability to intapibptosis obreastcancer cell§107]. Thus
CTCF has a direct effeattranscriptional level or indireetffectonthe posttranslational levebf proteins
involved in apoptosige.g, anti-apoptoticproteinsBCL-2, BCL-XL, MCL-1 and preapoptoticproteins
BAX, BAK, BAD, BIK, BID, and BOK) [107]. However, themolecular mechanism by which CTCF

renders breast cancer cells resistant to apoptosis is still elusive.

1.1.2 Histone modifications and their distributionthe genome

Histonesare subjectedio variousposttranslationainodifications, whichare mostly reversible. Histone
posttranslational modifications can affect almost all genomic events such as transcription, replication,
recombination, DNA repair, andr@tochore and centromere format[@08]. In respecto transcription,
appropriatehistone modifications can alter the active chromatto aninactive state andice versa
Together with histone modifying enzymes, whiale categorizedh s A R efiaVdreirtider a6 e r
AEf fect or o ,aistahe mMoBificaiens qar regulaie the transcriptional g8 110] Histone

cross talkis definedas a cmbination of histone posttranslationadodificationsthat can code for
transcriptional activation or repression inantextdependenimannef111]. Histonecrosstalkcan occur
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eithercis or trans, involving events orthe same histontil or nearby histone tail within the same or
neighboringnucleosomg112]. It was demonstrateithat serinel0 phosphorylation on H3 enhances the
GCN5 mediate@cetylation of H3 at lysine 1/413]. Histonecrosstalkcanbe initiatedoy preventing the
nearby histone modificationslistone H3 asymmetridi-methylation(H3R2me2a) was shown prevent

the MLL mediated formation ofli- and tri methylation of H3 lysine 4 (H3K4me3/H3K4me2).
Interestingly, the presencef H3K4me3prevens PRMT6-mediated H3R2meZ4 14]. The advancement

in the technology with tools such eé&romatin immunoprecipitation (ChlP) and CkdBquencing (ChHP

seq) enablesneto determine the crosstalk between different writers and readers or effector molecules.

Lysine acetylation (H3, H4, H2A, andl2B), lysine and arginine methylation (H3, H4, and H2B), serine
and threonine phosphorylation (all), and lysine ubiquitination (H2A, H2B),-Abdsylationat glutamine
(H1) and sumoylation are some of the walbwn histone modifications. Several of thietone marks
are exclusively associatedth active chromatin statevhile othersarewith theinactivechromatin state
[112].
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Figure 1.4 Histone modifications in the Nterminal tail of core histone. Histone tail modifications.
Specific arginine residueéR) can be methylated.p8cific lysine residues (K) can be either acetylated,
methylated or ubiquitylated.p®cific ®rine residues (S) can be phosphorylated. Acetylation, orange;
methylation, green; phosphorylation, red; ubiquitination, puifie.figureand the textwere reproduced
with permission from Figure (115].
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1.1.3 Histone acetylation

Histone acetylatiowas first reportethy VincentAllfreyand hi s group in 1964. A
the dynamic and rapid histone acetylation using nuclei isolated from calf th¥frG6}sFollowing on this
study,theylater reported that histone acetylatmrturso n-antino lysine residyand theyalsoidentified

histone deacetylase activity in the nuclei. In 199&h Dr.Davie and Dr Allfrey reported forthe first

time that Rbutyrate actasanHDAC inhibitor [117, 118] Hyperacetylation of histone H3 and H4 and to

a lesser extent H2A and H2B was observed upon sodium butyrate treatrirentet line investigated

[117]. DNA sequences associated wiitle hyperacetylated histones showed increasedsBli¢ensitivity

in HeLa and chicken erythrocyte celisl8]. Thefirst report of adirectlink between histone acetylation

and transcriptionally active chromaitame from the studyy Dr. CraneRobinso® groupusingchicken
erythrocyteg119]. In this studychromatinimmunoprecipitatio{ChlIP) assay was uséar the first time

to demonstrate that acetylated histomesassociatedith transcriptionallyactiveDNA sequencefl19].

The relationship between histone acetylation and transcription became established after the discovery of
lysineacetyltransferas€&ATs) were ceactivatord120]. Acetylation of histone and ndristone proteins

is catalyzed by KAT$121]. Dynamic and reversible histone acetylatigrcatalyzedy KATs and histone
deacetylases (HDACsJT.he rate of histone acetylation can vary across the genomic segithnsome
regionshaving a faster rate of dynamic acetylation while some have slower or[h®2f Histone
acetylation can modulate the chromatondensing feature of linker histone Hagilitate solubility of

the regionat physiological salt concergtion and maintain the unfolded chromatin strucfa&s, 124]

KATSs are categorizehto four different groupsiCN5, MYST (SAS/MOZ), P300/CBP and SRC/p160

nuclear receptor coactivator fam[ii22].

1.1.4 Histone lysine methylation

The Nterminaltail of histone lysine and argining methylatedy lysinemethyltransferased&KMTSs) or
protein arginine methyltransferases (PRMTpno, di or trimethylation of lysine and mono ali
methylationof arginine carbe distinguishe@s active or repressive chromatin mgi®5, 126] Lysine
and arginine methylation of histoneanserveeitheras abinding site or occlude the binding of other
modifiers to the site and thereby plagracialrole in histoneposttranslationamnediatedsignalingevent.
Due to theexistingsignalingevent,aberrant binding of the modifying enzynemlead to diseased state
as observed for several cancdra7-129]. EZ, SET1, SET2, SMYD, SUV39, SUM2D, RIZ are among
the major family of lysine methyltransferagd80]. S-Adenosyl methionindSAM) serves as methyl
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donor and cdactor for both KMTs and PRMT[4.31]. Genomic distribution of lysine methylation varies

depending otthe type of marks or degree of methylation as illustratédguare 1.5.

Correlation with

—_ S J Transcription rates
Histones S — e ’ =
H2AZ =
AcH3/H4 +
H3K4me1 = . -/+
H3K4me2 T - +
H3Kdme3 _ .. =~~~ +
H3K36me2 -/+
H3K36me3 _ R +
H3K79me T =/+
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HoKome | =i
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H2aub1 L L i
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Figure 1.5: Distribution of histone modifications across the genomeélhedistributionof histones and

their modificationsare mappe@n an arbitrary geneelativetoi t s pr omoter (5N | GR)
The curves represent the patterns #ratdeterminestia genomewide approaches. The squares indicate

that the datare basedn only a few case studidsxcept forthe data on K9 and K27 methylation, most

of the datare basedn yeast gene3he figure and the textere reproduceaith permission from Figure
1[108].

1.1.5 Histone arginine methylation
Arginine methylation of histones by PRMTs can é#her symmetrical orasymmetricaland they are

categorized based on this chemical feature. Similar to lysine hagtimy arginine methylation can
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contribute to the active or repress the chromatin stateamtextdependenimanner{132]. More details

of these modifications wilbe discusseih the later section of the chapter.

1.1.6 Citrullination of histones

Proteinarginine deiminase (PAD) family of enzymeatalyzecitrullination from the amino aciérginine.
To date, PADs havieeen identified?AD1-4 and PADG133]. As shown irFigure 1.6,PADs replace the
ketamine (=NH) group of arginine to keto group (= O), thereby resuling net charge fronthe
positively charged arginin@his change in charge due ¢drullination alters the structure and function of

the protein as well affect tH®nding of protein interacting partngrs34].
H
0 9
H,0 ,N
R iR R
R \ PADS
\'
N
N H ' Jli H
HZNJ\N ’ O\ H
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Figure 1.6: Citrullination of arginine by PADs. Protein arginine deiminase enzymalrolyzed arginine
molecule and converted it to peptigytrulline. Theprimary amine group of argininis convertedo keto
group upon reaction with cysteine of PADs.

It was reportedhat both PAD2 and PADdould catalyzecitrullination on a histone tail, albeit it is PAD4
which is involved in citrullination of monomethyl arginifiE35, 136] Symmetric and asymmetric mono
and dimethylation of arginine H3/Hdere reported tobe catalyzel by Jumonji domaircontaining 6
protein (JMJD6]137]. However, later it was shown that JMJDG6 is involved only in theatlgytation of
mono anddi-methyl H4 arginine residu¢l38]. Although JMJD6 has been reported as a candidate for
demethylation of argininethere is still a lack of sufficient biochemical evidence for tivdreover,

demethylatiorof H3R2 was nobeendetected yet.
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1.1.7 Phosphorylation of histone

Histone phosphorylation on serine, threonine or tyrosine residue is catalyzed by kamakes
dephosphorylated by phosphatafE39]. Histone fosphorylation regulatedbe DNA damage response
pathway, transcription, chromatin compaction and apopt@s#9-143]. Although most of the
phosphorylated modificatiorare associatedith chromatin condensation, phosphorylation of serine at
10 and 28 in histone H8 correlatedvith geneactivation of inducible genes aatterexposureo different
stimuli during interphase stafd@39, 144, 145] Phosphorylation of H3S10 prevents the dang of
heterochromatin protein 1 (HP1g the H3K9 dimethylated sitfl46]. Moreover, phosphorylation of
H3S10 enhances thability of GCN5to bind and generate H3K14He17].

1.1.8 Other histone modifications

Histoneubiquitinationor ubiquitylationrefersto theaddition of ubiquitin molecule to the lysine residue.
Lysine can be mono or pelybiquitinated. Ubiquitination of lysine ithe histone moleculés associated
with active and repressed chromatin regidmsnoubiquitinationof H2A leads to gene silencinghereas
monc-ubiquitinationof H2B is linkedto gene activatiofl48]. RING1A/RING1B/BMI1 is the enzyme
involved in themonoubiquitinatiorof H2A and mediang polycombmediatedyene silencingl49, 150]
RADG6A/B, RNF20/40 are the enzymes that catalyze monoubiquitination of H&2B

SUMOylation is a less studied histone modification which isatidition of small ubiquitirrelated
modifier (SUMO)to the histong152]. Unlike ubiquitination,SUMOylation does not lead to protein
degradation; ratheit is involved in inhibition of ubiquitirmediated degradation, protgbmotein
interaction, protein localization and transcription regulation. Binding of H4 to SUMO conjugating
enzymes leads wumoylationof H4 bothin vivoandin vitro resulting in thesilent chromatin statd 52].

1.2 Chromatin modifying enzymes: Histone deacetylases

HDACs are enzymes involved iremoving anaceyl g r o u p -a@mimm lysinelof histone. It has the
opposing action oKATs which catalyze lysine acetylation. HDA@sd KATstogether maintain the
dynamic histone acetylatiatatein transcriptionally active chromatin regiota the opposing action of
these two enzymd453]. In vertebratedour classes of HDACBkave been identifiedClass | HDACs are
HDAC1, 2, 3 and 8¢lass Il are HDAC4, 5, 6, 7, 9 and 1@asslll include thesirtuin family of NAD*
dependenHDACs. HDAC11 is in class IV HDAC. All classes of HDACs except for class Ill HDACs

uses ZR" as acofactor[154].
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1.2.1 Classifications of class | HDAC

Classl HDAC, whichincludesHDACL, 2, 3 and 8, are mainly located in the nucleus except for HDACS.
HDACS is found equally distributed ithe nucleus and cytoplasm. Class | HDACs show ubiquitous
expression among tissu¢s54]. Among the class | HDACs, HDAC1 arldDAC2 share sequence
similarity of 85% as they evolveddm a recent gene duplicatiofl53]. HDAC1 and HDAC2 form
homodimes and heterodimer Formation of dimer complex a requiredfor catalytic activity. The
enharced enzymatic activity of HDAC1/2 dimer hdseen observewhen these dimers are present in
multiprotein complexes such as Sin3, nucleosome remodeling histone deacetylase (NuURD) and CoREST.
Formation of these complexelepends otHDAC1 and HDAC2phosphoryltion. The Sin3complex
consistoof HDAC1 andHDAC2, Sin3A or Sin3B, SAP18, SAP30 and retinoblast@ssociated proteins
(RbAps) RbAp46 and RbAp48. Corepressor comp@RD containHDAC1 and/or HDAC2, Mi2 U
and/or Mi2 bRbAp46/RbAp48p 6 6 U or p 6 éabsociatadeptoteis familg (MFAL, MTA2 or
MTAS3) and lysinespecific demethylase 1 (KDM1/LSD)55-157]. A different NURD complex haseen
reportedwhich consists of HDACandHD A C 2 MTA1l or MTAZ2, p66U0U or
helicaselike ATPase Mi2. This complex is also known as Nan@nd Octd4associated deacetylase
(NODE) complex [158]. The CoREST complex contains HDAC1, HDAC2, RCOR1/CoREST,
HMG20B/BRAF35, PHF21A/BHC8(KDM1/LSD1 and sometimeszinc finger protein ZNF217 and
chromatin remodelingcomplex SWI/SNF or the @&rminal binding protein (CtBP)159]. These
complexes may also contain several other prewimprotein complexef 60].

1.2.2 Complexes of unmodified and phosphorylated HDAC2

In vitro studies haveshown thaHDAC?2 is phosphorylatedt S394, S422, and S424 by casein kinase 2
(CK2), andthatphosphorylation increasés enzymatid161, 162] Phosphorylation of HDAC2 at these
sites is a prerequisite for the formation@in3, NURD, and CoREST corepressor complexegghly
phosphorylated HDAC# recruitedo regulatoryregiors, and the status of phosphorylation is crucial for
this even{162-164]. However, studies have demonstrated timthosphorylateiDAC2 is recruitecto

the coding regin of transcribedgenes[163, 165] Recruitmentof phosphorylated HDAC2 to the
regulatory region was reported to be medidigdranscriptiorfactors, for exampleSpl, Sp3, p53, NF

kB and YY1[154, 163] Non-phosphorylated HDAC# targetedo the coding region in a complex with
splicing factors ina RNA-dependenmanner[165]. Loss of RNA showed the reduced recruitment of

HDACS2 to the transcrilmbgene as well as resulted in tbesof its interaction with splicing factor SRSF1
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[165]. However, the interaction of HDAC2 to preRNA was indirect as the binding of HDAC2 was

considerable lower in U¥rosslinkedcells compared to that ingP andJV crosslinkedcells [165].

Sin3 HDAC complex  NuRD HDAC complex CoREST HDAC complex

{/ .
HOACH ‘ HDAC2ph Protein Phosphatase

&
RbAD46/48 r—eeeeees
CK2
Bound to chromatin Bound to chromatin
Cross-links to DNA Cross-link to DNA

with formaldehyde with DSP and formaldehyde

Figure 1.7a: Binding of phosphorylated and unmodified HDAC2 to chromatin. Multiprotein
complexes containing HDAGHDAC2 home or heterodimersare shown HDAC2 is shown as
phosphorylated, which is a requirementraultiprotein complexormation.Phosphorylation is indicated
by a redoutlined yellow triangleThe figure and the textere reproduceavith permission from Figure 1
[166].

1.2.3 Distribution of HDAC2 and pHDAC?2

It hasbeen demonstratatiat there is more unmodified HDAC2 than phosphoryld8RC2. In both

human breast cancer T5 cells and MCF7 cells, more unmodified HDAC2 was observed compared to
phosphorylatedHDAC?2 [163, 167] When HDAC2 is phosphorylated it shows reduced mobility on
electrophoret gel. When lysates from cisplatin (protgirotein cross linker) crodsmked T5 and MCF7

cells were treated with alkaline phosphatase, it resulted in the disappearance of the slow migrating

phosphorylated form of HDAC2 leaving the unmodified forrmos3inking using formaldehyde can
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efficiently map phosphorylateHDAC2 to the chromatin butnly poorly mapsunmodified HDAC2to
chromatin (Figure 1.7b) [163]. Standard ChIP conditien with formaldehyde thus can map
phosphorylated HDACDut are not sufficient to map unmodified HDACZ herefore, amadditional
crosslinkng process (protetprotein crosslinking) was used to map all forms of HDAC2 (phosphorylated
and unmodified) across the genomégion (Figure 1.7b) [163, 165] Dual crosslinkingChIP assays
which combine the crosslinking of cells with 2 mM disuccinimidyl glutarate followed by 1%
formaldehydevereappliedfor genomewide profiling of HDACs HDAC1, HDAC2, HDAC3, HDACG6)

and KATs (CBP, p300, PCAF, Tip60, MO human CDA4T cells This study revealethatHDACs and

KATs were mainly located iactive chromatin regior{4.68].

Phos  Phosphorylated HDAC complex

HDAC1 HDAC2ph

RbAp46/48

KAT SAPso@ @
Not phosphorylated

SAP18 Sin3
p30% HDAC complex
N/

HDAC1 and 2 ,H1
VA

SWI/SNF
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Dynamic Protein
Acetylation

re=mMRNA
Transcription factors :

Promoter Coding

Figure 1.7b: Recruitment of HDAC1/2ph complexes to the regulatory region and neph HDAC1/2

to the coding region of expressed geneshe figure was reproduced with permission from Dr.Jim
Davie. Phosphorylated HDACZs in a large multiprotein complex (Sin3, NuRD, CoREST) which is
recruited to the promoter region through its interaction with transcription factors. KATs are also recruited
by transcription factors to these regulatory regions. Together the KAT and HD#Ct@&nplexes
mediate dynamic acetylation of nucleosomal histones in this region. Thehesphorylated HDAC2 is
associated with RNA binding proteins and is recruited to the newly formed transcripts. It is from the
transcript that noiphosphorylated HDACZ2/ deacetylate nucleosomal acetylated histones present at the
560 end of the coding region -nifiatimmxomplexssed genes.
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Interestingly, the association of HDACs is positively correlated with the level of RNAPII bound to
trarscribed genefl68]. The function of HDACs in transcribed gene region has been adttiliatreset
acetylation and chromatin modifications after transcription [168]. Primed genes (genes poised for
transcription) that contain H3K4me3 undergo dynamic histone acetylation and deacetylation; however
repressed genes lacking H3K4me3 do not conteiT/HDACs [168]. Nucleosomes containing
H3K4me3 undergo dynamic histone acetylation by KATs and HDACs [165, 169]. There is evidence that
nonphosphorylated HDAC2 act from the transcript to deacetylate acetylated nucleosomal histones
associated with the cod) of region of transcribed genes. Nphosphorylated HDAC2 binds to RNA
binding proteins that are involved in pmeRNA splicing [165].

1.3 Chromatin modifying enzymes: Protein argininemethyltransferases

1.3.1 Overview of mammalian PRMTs

The amino acid arginine ontains five potential hydrogen bond donors in its guanidino grieigpie 1.7).
These can interact withvaide range of hydrogen boratceptors ilDNA, RNA and proteins, imparting

a unique feature to this amino a¢i®b9]. For each methyl groupdded, one hydrogen donisrreleased
from arginine. This methylation evenhanges the amino acid conformation, making it slightly more
hydrophobic. As a consequence, methylation of an arginine may impact the structure of thepdébein
the protein'anteraction surfac¢l69]. In the context of nucleosomal histones, methylation of specific
arginine residues will influence interactions with chromatin readers and effectors, either providing
docking sites or preventing bindifitj70, 171] Mono and dimethylation of arginiraee catalyzety three
types of protein arginine methyltransferases (PRMTs): PRMT1, 3, 4, &laaldnging to type I, PRMT5
and9 belonging to type Il, and PRMT7 being a tyfilanethyltransferasgl72]. PRMTSs catalyze arginine
methylation by using @denosyl-methionine $§AM) to form monomethylarginine (MMA), and
asymme t-N G,eNG-dimethytarginine or ADMA) (type |l ) or s y mh6 - Nj@
dimethylarginine or SDMA) (type Il)Rigure 1.8) [169, 173] Arginine methylation is evolutionarily
conserved and isbiquitous across species, such as fungi, pl@asnorhabditielegansDrosophilaand
vertebrate animald74]. Other than histones, a wide range of proteins, including RNA binding proteins,
proteins involved in signal transduction processes such as interfeypokines and Tcell signaling
proteins are also substrates for PRMI$5-177] Therefore, aberrant expression of many of these
enzymes is involved in several pathological conditions such as pulmonary diseases, cardiovascular
diseases, cancer and diabgi9, 178180].
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Figure 1.8 Methylation of arginine residue by PRMTs. Amino acid Argininecontainsfive potential
hydrogen bond donor site PRMTs transfer methyl groujp these site$rom Sadenosylmethionine
(SAM) resulting in Sadenosylhomocysteine (AdoHcy) and methylarginine. This reaction gives rise to
monomethyl argininégMMA); asymmetricdimethylargininesgDMA) and symmetric dimethylarginines
(sDMA). The figure and the textere reproduceavith permission from Figure [iL81].

1.3.2 Mammalian PRMTs and their substrates

Eleven PRMTs have been reported and categorized into three groups; type I, Il and 1lI1,PRMT
categorizedunder the typé, was the first identified mammalian PRMI82]. It is primarily localizedn

the nucleug[183]. The majority of the arginine methylatiae catalyzedby PRMT1, which has a
preference for an arginine residue flanked by one or more glycine refld@4¢sPRMT1 is active aa
homodimerthe evidence of whicis supportedby its threedimensionaktructurd185]. PRMT1 catalyzes

the formation of MR3me2a and H2AR11mg23, 186]

PRMT2 contains the SH3 domain along with the methyltransferase domain. This SH3 clamaract
with N-terminal region of PRMTS8 to present it to its substfa8¥]. PRMT2 harbors a very weakvitro
type | methyltransferase activitgwards H4. PRMT2 was reported to bind to and act esctigator of

both androgn receptor and estrogen receptor alpha. PRMT2nteélnit NF-o Bdependent transcription

in a similar wayas PRMT4 by decreasing the binding of-SSlB t o DNA. It causé
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accumul atl oann do ft hlesrBe b yo susoeptibiktyats apaptosjdBsg In it |PRMT2
will produce H3R8me2f189, 190]

PRMT3is localizedn the cytoplasm. The f&rminus zinc finger domain of PRMT3 binds to its substrate.

One such substrate is the 40s ribosomal proteii D).

PRMT4 (CARM1): Correlation between arginine methylation and transcription event was first made
evident with PRMT4 whiclis also designateas an activator of steroid receptors. It acts asactivator
of p160 family of transcriptional activatorghis is the reasothatthis enzyne is also known as the-co
activator of the associated arginine methyltransferase or CAR82]. PRMT4 null mice showed
prenatadeath and exhibited smaller size compared to their litterrfie82% Moreover, PRMT4leficient
mice showed aberrant estrogesponsivegeneexpression in their fibroblasts and the embrji3?].
PRMT4 is responsible for thymocyte differentiation becadtaeani(-/-) cells do not show methylation of
thymocyte cyclic AMPregulated phosphoprotein [193]. The Carml-/-) mice had
delayedendochondrabssificationand decreased chondrocyte proliferafip®4]. Moreover, the loss of
PRMT4 in mice increases pulmonary cell proliferation and alveolar cell different{d®®). PRMT4
catalyzes the formation of H3R17me2a, H3R26me2a and H3R4Za®#2&97]

PRMT5 is expressed at a higher level in heamiscle and testis than in other tissug98]. The
subcellular localization of PRMT5 is predominantly within thecleus but this enzymés also localized
in the cytoplasm and Golgi apparatus. The enzyminjgortant in maintaining the Golgi architecture
[199]. PRMTS5 recognizes GAR motifs, and its targets include spliceosome proteins along with histones.
PRMT5 methylates several Sm protearsd isinvolved in snRNP biogenesis in the cytoplagdfO].
Similarto PRMT4, PRMT5 acts as a transcriptionalambivator by associating withSWISNF ATR
dependent chromatimemodeling proteing201]. However, when PRMT5 interacts with COPR5
(cooperator of PRMTY), it acts as transadpal carepressof202]. It was indicatedhat COPRXould
regulate the substrate specificity for tRRMT5 complex in nuclei. COPR&ctsas anadaptorfor the
nuclealPRMT5 compbex to drive it towards target genomic site in chromgiR]. So far, itwas reported
thatH3R2me2s, H3R®e2s, H4R3me2s, and H2AR3mefs producethy PRMT5[186, 203]

PRMT®6 is localized primarily in the nucley204]. PRMT6 catalyzes asymmetric dimethylation of
arginine residas. This enzyme is involved in transcriptional repression of tumor suppressor genes;
therefore promoting cell proliferation and preventing senescg@®s. PRMT6 methylates H3R2,
preventing the methylation of Lys 4 by the MLL complex. The enzymeahbgher affinity for
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monomethylated substrates compared to unmodified[20€]. H3R42me2a, H3RBe2a (n vitro),
H2AR3 (in vitro) and H2AR29me2a are also produced by this enZ¢mk, 186, 197)]

PRMTY7 is categorized as a type lll PRMT and is dependent on other polypeptides for its functionality
[207]. This enzyme is present mainly in thymus, dendadétls and testis. PRMTTs localizedin the

nucleus and cytoplasm. This enzyme catalyzes monomethylation of arginine residues though some studies
have also documented their involvement in dimethylation of argjif@. In conjunction with PRMTS5,

this enzyme is involved in the snRNP biogenesis in human[26. PRMT7 showed both sensitivity

and resistance towards DNA damaging agents, and thus it serves as a marker for kidney damage due t
antibiotic treatmenf209-211]. In pluripotent stem cells, PRMT7 acts as a marker similar to OCT4, loss

of expression of PRMTWas observedh differentiated embryonic stem ce[12]. PRMT7 catalyzes

monomethylation of several R sites in histones, including HBRR17, and H3R.9[186].

PRMTS8 is a type | PRMT and shares 80% homology to PRMT}]. PRMT8 is found primarily in the
neuronal region othe brain[187, 214] The subcellular localization of this enzyme is within the plasma
membrane as it interacts with membrane lipidi by N-terminal myristoylation motif[187]. The N
terminal region also harbors two prolirieh motifs that enable it to interact with several SH3 domains
and also with PRMT2187]. The enzymatic activity of this enzyme resides in the conformation of its N

terminal end which increases with the losshid domain.

PRMT9 (FBXO11) contains two Admet binding domains similar to PRMTI7.t Nbterminus contains
two tetratricopgtide repeats whicliacilitate proteinprotein interactiofi215]. PRMT9 is a typel PRMT,
whichis widely expresseth mammalian tissues. This enzyisdocalizedin the cytoplasm and nucleus
[173]. Loss of PRMT9 activityvas associatedith middle ear inflammatiof216].

PRMT 10 and 11 are homologouws RRMT7 and PRMTY, respectivelyhese two enzymes and their

substrates have nbeen characterized
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Active marks

H3 |[R2me2s PRMT5 [217]
R8me2a PRMT2* [190]
R17me2a PRMT4 [196, 218, 219]
R26me2a PRMT4 [218, 219]
R42me2a PRMT4/6 [197]*

H4 | R3me2a PRMT1/6* | [23, 220, 221]

Repressive marks

H3 [R2me2a PRMT6 [114, 221, 222]
R8me2s PRMT5 [203, 223]

H4 | R3me2s PRMT5 [203, 224]

H2A | R29me2a PRMT6 [225]

* Only observedn vitro, ** Transciptional stimulation only observed vitro

Table 1. PRMT-catalyzed methylation marks on mammalian histonesThe first column represents

the histone molecule, the second column represents the type of arginine modification on the histone tail
and the thirccolumn represents PRMT enzyme responsible for the particular modificBtieT.able and

the textwere reproducedvith permission from Figure fiL81].

1.3.3 Arginine modifications by PRMTs

Arginine modifications of historghave important roles in chromatin modeling and transcriptional state
[226, 227] Studies using chromatin immunoprecipitation assays have determined the location of the

modified histones and in somestudies knockdown of specific PRMTs have given us an idea of the

enzyme substrates and their functidalfle 1).
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H3R17me2aPRMT4/CARML1 catalyzes the production of H3R17me2a. This H3 BIfdundwithin

the upstream promoter region of several genes asdi-F1, E2F1, CCNE1,AP2 ,Oct 4 and Sox2,
CITEDZ2 andScn3 suggesting a role for this PTM in transcriptional activaficdt®, 228, 229]Increased
H3R17me2a parallels the increased occupancy oK&E CBP/p300, suggesting that acetylation of
H3K18 by CBP/300 igmportantfor the recruitmentidPRMT4/CARM1[230]. Uponcellularstimulation

(such as by estradiol) histone craéalk can be initiatecat specific gene promoters as described for the
estrogerresponsive gen€FFL1. In this case, acetglion at H3K18 and K23 promotes H3R17 methylation

by PRMT4 upon estrogen stimulation resulting in the activatiaieT FF1 promoter[230, 231] This
phenomenonvas also reportefibr GADD45gene[232]. Acetylation at specific sites of H3 increases the

rate of the CARML1 reaction or the binding affiniBd3]. Acetylation of H3K18 can neutralize the positive
charge, which increases the nucleophilic attack osulfier methyl bond of Sadenosyl methionine. Thus

this modification on H3 makes PRMT#ore amenable to bind to the H3K18ac peptide. Moreover,
loading of PRMT4 at the estrogen respondii#€-1 gene promoter was found to ocamiia cyclic manner

at 40-minuteintervals[234]. Additional analysis revealed the enrichment of H3R17 methylation-in M
phase cells whicls correlatedwvith the appearance of H3S10 phospletrgn [235]. Using ChIRchip

analysis for H3R17me2an t he est r o g e n positve MGF7 lwreast eahcer fvedl ling, B R U)
was foundhat this PTM marks enrichedat the enhancari ch c¢cl usters Ecl and E
CARM1 was recruitedo these distant enhancer regions following the addition of estr#6]. In
addition to marking the ERU associated enhancer
region of thelTFF1 gene[234, 237]

H3R26me2a:H3R26me2a is a less studied H3 PThan H3R17me2aand it is also produced by
PRMT4/CARML This H3 PTMis associatedvith the upstream promoter region oyclin E1 gene
(CCNE) whichis transiently expressdzefore the cells enter into the S phfaE)]. H3R26me2a may

have a crucial role in regulating gene expression as it is adjacent to the repressive mark H3K27me3.
Further experiments are needed to determine whether H3R26me2 has a role in bhedkinding of the

H3K27 modifier EZH2 or making the binding sites unavailabletfer carboxyterminal domain of
polycomb protein EED238].

H3R2me2aPRMT®6 is the major methyltransferase responsible for the genesis of H3RiBrag2aThis
H3 PTM antagonizes the MLL1mixed lineageleukemia)-mediated trimethylation of H3K4, by
preventing the recruitment of WDRS5, a subunit of the MLL com{#&4]. Thus, H3R2me2a by blocking
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the docking site for MLL1 and treubsequennethylation ofH3K4 functions as a transcription repressor
[221, 222] This phenomenowas supportethy the ChiPsequencing data of human upstream promoter
regiong114, 239] H3R2me2a was present at pericentromeric regions, while H3R&asefbundat sub
telomeric region$240]. H3R2me2avas not enricheth the promoters of active gensi1].

H3R2me2s:Symmetric dimethylation of H3R% catalyzedby both PRMT5 and PRMT7 WDR7
complex. This modification usually localizes at thenucleosome relative to the TSS where its role is to
keep he region free of nucleosomddoreover, it prevents the binding of CAF1 by blocking RBBP7
(retinoblastoma biridg protein 7) interaction with H3 to prevent the heterochromatiniz§2ibn). The
underlying mechanism to prevent heterochromatinizationpseeentH3K27 methylation by PRC2 and
deacetylatiorby NURD and Sin3a. H3R2me2s recruits WDRS5 which is a subunit of seveaatieator
complexes (MLL, SET1A, SET1B, NLS1, and ATAC) that produce H3K4me3. WDR5 is the reader of
the H3R2me2s mark, and this interactisnmediatedthrough the WD40 domain of WRb [217].
H3R2me2s at distal promoter sites EtatheWDRS5 bindingpocket and these regiorage also enriched

with H3K4me1l and H3, H4 acetylation.

H4R3me2a and H2AR3me24distone H4 and H2A contain identical residues at the first five amino acids
and therefore possess functional similarity. Together these two sites are known as the 'RB7 hjotif
PRMT1 and PRMT6 are involved in the asymmetric dimethylation of H4R3 located on the active
promoter region. The upstream promotegions ofTFF1, CYP3A4, CITED2ndb globin gene locus

were enrichedwith H4R3me2a[23, 242244]. Top-down mass spectrometry analysshowed the
association H4R3me with acetylation of lysine residues and often in combination with the H4K20me2
mark[245, 246]

H4R3me2sand H2AR3me2sPRMT5 is responsible for the catalysis of H4R3me2s and H2AR3me2s
marks[223, 247] H4R3me2ss associatedith promoters and CpG islands independent of transcriptional
activity or DNA methylationf247]. H4R3me2ss associatedvith the imprinting control regions (ICRs)
where it resides with other repressive marks (H3K9me3, H4K20me3 and rD&tAylation)[247].
H4R3me2ss localizedwithin silenced upstream promoter region (e.g. that of the silenced fetal globin
gene and H19 imprinting control regjdi203, 248, 249]H4R3me2s was not present at enhancers with
H3K4mel or repressed regions with H3K9me3. It is possible that PRivEbated H4R3me2s marks

poisedpromoter regionswhile PRMTXmediated H4R3me2a marks transcriptionally active promoters.
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Further sequential ChIP assays will be required to determine whether H3K4me3 is associated with a

nucleosome with H4R3me2a but not with H4R3me?2s.

H3R8me2s:This symmetric methylationis also catalyzedy PRMT5 which marks transcriptionally
repressed gene regiof23]. This mark is associated with H4R3me2P&MT5 catalyzes botrChIP
analysis indicated its presence along the repressed promoter region where RBRbEFGitedthrough
several factors such as Snail, ZNF224, Ski and BRD3, 250253]. H3R8 methylation was shown to

be preventetdy the acetylationfdH3K9 andH3K14, but the reverse effect of these modifications has not
been tested ye{254]. However, H3R8 methylatiorcan block the methylation everty the
proteinmethyltransferas&9a[254]. More research is needed to decipher the mechanism of how PRMT5
mediated H3R8meds associatewith thetranscriptiondly repressed status.

1.3.4 Biological functions of PRMTs

PRMTsregulatechromatin structure and function through transcriptional activation, repression and their
interaction with chromatin barrier elemef@26, 227] PRMTSs are also involved in praRNA splicing,
nuclear/cyoplasmic shuttling, cell cycle and DNA repgl65-257]. The focus of next sections will be on

the role of RMTSs in transcription and chromatin organization.

1.3.4.1 PRMTs and transcriptionab-activatoractivity

PRMTs methylate several transcriptional coactivators such as@B®)and SRC3, which indicates their

role in regulating the activity of these coactivators. Moreover, as described in the earlier section of this
review, PRMT4/CARM1 acts aa nuclearreceptor coactivator whereas PRMT4 and PRMT1 have a
synergistic effect on thsteroichormoneinducedgene activatiof258]. This observatiomvas supported

by single and double knockout studies and transcriptome analysis where the loss of both PRMT1 and
PRMT4 leads to the downregulation of transcription faStbAT5 [243]. A wide range of transcription
factors such abSF1,p53, YY1, NFk B, PPARDO, R U ErX regulatedly BRMES]2B, P43,

259]. So far the only reported mechanism of action of PRMT1 as a transcriptional coactivator was
described for RUNX1. Methylation of RUNX1 by PRMT1 leadghe dissociation of the transcriptional

repressor SIN3A, thus promoting the transcriptional activation of RUJ4Z9].

1.3.4.2 PRMTs and transcriptional e@pressor activity

PRMT5 mediated symmetrical methylation was reportdgetassociatedith transcriptional repression.
PRMT5 can interact wittMBD2 (methytDNA-binding protein 2)/NuRD histone deacetylase complex.
Methylation of DNA at the CpG island causes the recruitment of PRMTS5 to the promoter where it confers
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symmetric H4R3 methylatioat the promoter site to repress the target g26e]. A role of PRMT5
similar to thesuppressoof tumorigenicity 7 (ST7) and nonmetastatic 23 (NM23) tusuppressor genes
was observedipon its interaction with SWI/SNF chromatin remodeling complexes. In this instance,
PRMT5S overexpression in these cellas accompaniedly H3R8 methylation and H3K9 deacetylation
[223].

1.3.4.3 PRMTs and chromatin barrier function

The proteins binding to barrier elements recruit chromatin modifying enzymes which elevate the steady
state level of active histone PTMs at the barrier element and acrasditlechromosomal doain [23,

261] The USF1/ 2 heterodi mer r e-globindoman. FRRIMmetiatédo HS
H4R3me2a plays a critical role in dstishing and maintaining active histone marks, such as H3K4me2
and acetylated histones, at th@anb-globin domain by recruiting lysine methyltransferases (SET1) and
KATSs [23, 261] H3R2me2s is also an active histone maihkich is catalyzedby PRMT5[217, 262] It

is currently not known whether USF recruits PRMT5 to the HS4 barrier element.

1.3.5 Association of PRMTs with human disease

PRMTs, as with other chromatin modifiers, are aberrantly expressed in canceAlsella common

theme in cancer cells is alterations in splicing, with different cancer cell types expraiésingtive

PRMT isoforms, which may have different proper{i283, 264] In the case ohcute myeloideukemia

(AML), PRMT1 was found to be a component of MBEN oncoprotein complex where PRMT1
catalyzed H4R2limethylation wasnvolved in leukemic transformatidd78]. Thisis further explained

by the knockdown study of PRMT1 which resulted in the suppression ofiukdiated transformation.

The MLL-PRMT1 fusion protein will transform primary myeloid progenitdrg8]. The catalytic activity

of PRMT1was requiredor transformation. Moreover, the methylation of RUNX1/AML1 by PRMT1
promote myeloidcell differentiation. Methylated RUNX1 lost its interaction with SIN3Arepressor

driving to leukemic stag259]. Thus, a PRMT1 specific inhibitor could be considered a candidate for a
therapeutic approach for AMI265]. TDRD3, which is amethylarginine effector molecule and
transcriptional coactivator, interacts with H4R3me2a and H3R17me2a. Interestingly, increased levels of
TDRD3 was associatedith poor prognosis of breast cancer patig@&6]. The association of PRMT1

and PRMT4/CARM1 with several nuclear receptors have made these proteins of interest in cancer
researchi267, 268] Elevated PRMT4 levelsere observeth several castratieresistant prostatsancers.

For example, the growth and differentiation obgtate cancer cell line LNCaP required PRMZ@9].
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PRMT4 expressiowas analyzedh clinical samples where more than the 75% patients showed aberrant

PRMT4 expression relating to clonal survival and anchenadgpendent growt[269, 270}

PRMT5is overexpresseid various types of cancers, and it has a role in the inhibition of tumor suppressor
geneq271]. The symmetric methylation of H3R8 or H4R3 by PRMT5 promotes cancer cell survival. It
also induces anchoragedependent cell growth because the loss of PRMT5 results in increased E
cadherin expressid203, 223] Reducing the expression of PRMT1 and 6 in bladder and lung cancer cells
resulted in the suppression of cell gro\&f2]. Based on theséeervations, PRMTE considereds an

oncoproteir273].

1.3.6 Regulating the regulator

PADI4 (peptidyl argininedeaminaset) and JMJD6 jamonji domaircontaining protein 6) catalyze
arginine demethylatiofi274]. Human PADI4 catalyzes the deamination of arginine moedomethyl
arginineto citrulline, but it is unable to act on symmetrical or asymmetrical dimethylarginine. However,
PADI4 is not considered to be a true demethylase as it is unableetdlydconvert methylarginine to
arginine through the removal of the methyl gr¢ip6, 275] JIMJID6, a family of the Jumonji domain
containing proteins, is capable of removingith@no methyH3R2 and H4R3 groupa vitro andin vivo

but is not capable of doing so for H3R8, HIRH3R26 or H2A sitefd 38]. It will be of interest to further

characterize the existence of addiabarginine demethylasga75].

PRMT activity is also regulatedoy PRMT interacting protein partners that regulate arginine
methyltransferase activity. hCAF1 [CCR4 (CC chemokine receptasgciated factet] is one such

protein that inhibits the PRMT1 catalyzed H4R3 methylation in a substrat@ogedependenimanner
although it does not show any effect on the target of PRMT1, which is hnRNFA]L Differentially
expressd in adenocarcinoma of the lung (DAL is a tumor suppressor protein which was shown to
interfere with the activities of PMT3 and PRMT5[277]. Nuclear protein COPR5 (emperator of
PRMT5) can regulate the recruitment of PRMT5 at its target gene which also sustains a specific enzymatic
function for PRMT5. It causes PRMT5 to catalyze H4R3 but not H3R&aarget sit¢202].

There is considerable evidence for the involvement of PRMTs in cancer cell proliferation and
differentiation, making these proteins promising candidédesherapeutic targets in various types of
cancel[278]. Our appreciation of the role of the PRMatalyzing histonenodifications igncreasingout

is limited by nothavinghigh-quality antibodies to eacarginine R) methylated histone site. $\are also

gaining an appreciation of the mechanisms by which the various histone modifications influence each
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other and the readers these histone modifications attract or[i86el231] This knowledge will be
requiredto understanthe role the PRMTs and their histone substrates have in regulating epigenetic events

andin the organization of the genome.

1.4 Chromatin fractionation

Chromatin fractionation is a popular method to characterize the features of chromatin. Chromatin
fractionation to profile chromatin accessibility was first described by Sanders in 1978 using rat liver
[279]. Varying salt concentratioaswere used toseparatechromatin subfractionsfrom micrococcal
nuclease digested nucl&haracterization of these chromatin subfractions revealed that they differ in
molecular composition, DNA fragment size, contents of linker histones, histondiyistone protein
compositionBased on these varying features three different types of chromatin structure was identified.
In that study, itvas showrthat low salt extraction of nuclei (0.2 M NaCl) released chromatin regions that
were MNase sensitive and structurally opgv9]. In contrast, the salt concentratioh 0.6 M NacCl
releasd mostly bulk chromatinThe step wise increase in NaCl concentrations of micrococcal nuclease
digestednuclei released nucleosomes with differeamgpositiors. This study showedhat chromatin
fractionation usinga salt extraction procedure can separate functionally different patte gjenome

Such chromatin fractionation ptocols were used tdsolate and characterize structurally different
chromatin populations inariouscell types. Fractionation iDrosophilaand chicken erythrocytemre

describechext.

1.4.1 Description of chromatin fractionation fdifferentcell sources

Chromatin fractionation in Drogzhila

The chromatin fraction isolated with low salt concentrations (80 mM or 150 mM NacCl) from micrococcal
digested nuclei fronbDrosophila melanogaste®2 cells contain mostly mononucleosomes and represent

t he OGacti ved c[B80]oChamatimsolaed with dow tsdlieas enrichecatt he 506 e n ¢
upstream gene promoter, 36end of gene and reg!
chromatin vas mostly oligomers enriched witla differert i a ¢ & population presumably transcribed
chromatin associated with the nuclear matiixanscriptionally active chromatis bothlow salt soluble
andinsoluble (nuclear matrix associatefd80-282]. Due to the presence of larger complexes such as
RNAPII and splicing factors, transcriptionally active regions attached to these complexes are insoluble
and nuclear matrix associat@81-283]. Separ ati on of two different ¢
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and high sk concentrationndicatesthat two fractions exhibit differeémctive chromatin properties, albeit

sequencelerivedfrom same or overlapping genomic region.

Chromatin fractionation process to isolate transcriptionally active chromatin from chexgimrocytes

Chicken erythrocyte expresslinker histone variant H5n addition toH1. Chicken polychromatic
erythrocytechromatin has about 1.3 molecules of histone H1/H5 per nucled282e284, 285]Most
vertebrate cells have an average coveragentyf 0.8-1.0 molecules of H1/nucleosoni284]. Chicken
polychromatic erythrocytes, isolated from anemic birds, are cells at the stage before maturation and are
transcriptionally activg286]. A very smallpopulation (~12%) of chromatin ofchicken polychromatic
erythrocytes undergoes dynamic histone acetylation. With the aildwfsalt solubilization process, it

was possible to isolate and characterize tlaesge chromatin populationfom chicken polychromatic
erythrocytesEigure 1.9 [285, 287] In our experience, chickamrythrocytesare the only eukaryotic cell
source in which a biochemical fractionation protocol is capable of isolating polynucleosomes (fraction
F1) that are soluble at physiological ionic strength (0.15 M NaClgamdhighly enricheth transcribed

DNA (Figure 1.9 [282, 285] Similar salt fractionation protocols applied to other chramaburces

yi el ded mononucl eosomes associ at e[@80wdutphblicatioress 5 6
showed that the combination of localized highly acetylated histones and the higher than usual levels of
H1/H5 explains why the chromatin fractionation protocol watilychromaticerythrocytesyields salt

soluble polynucleosomes enriched in transcribed PN, 288] Furthermore, the DNasel sensitivity of

a polychromatic erythrocyte hr omat i n region is directly prop
physiological ionic strengtf289]. The majority of th@polychromatic erthrocytechromatin does not have

highly acetylated histones and is insoluble at physiological ionic strength. Thus, histone acetglhtion
solubility at physiological ionistrength are features of DNasel sensitive active chromostonains in
erythroidcells.Saltsoluble(150 mM NaCl) chromatin fractions isolated from chicken erythrooytre

mostly enricheavith mononucleosomes. However, polynucleosome and oligonucleosome fragments (F1,
F2)were also enrichexh the 150 mM NaCl soluble chromatin fragment with distinct feati2@7]. The

F1 fraction polynucleosomes are dynamic atypical structures exchanging with newly synthesized H2A
and H2B and to a lesser extent with newly synthesized H3 and H4 [28893P1t should be noted that

GO0 phase cells synthesize the four core histone in the absence of DNA replication [298rq2@5lies

of the transcriptionally active polynucleosortgomatin isolated from chicken erythrocytes listedn

Table 2.
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Figure 1.9 Overview of chromatin fractionation process in chicken erythrocyte cellg285].
Fractionatiorof chickenerythrocyte chromatin. Chicken polychromatic erythrocyte nuatee incubated

with micrococcal nuclease, and chromatin fragments soluble in a low ionic strength solution containing
10 mM EDTA were recoveredh fraction $. Chromatin fraction Swas madel50 mM in NaCl, and
chromatin fragments from the salbluble fraction (&o) were sizeresolved on a Bigsel A-1.5m column

to isolate the F1 fraction containing polynucleosonidse figure and the textere reproducedvith

permission from Additional Figure 1a85].

34



1.4.1.1.1 Features of low salt soluble transcriptionally active chromatin F1

Features of salt soluble chromatin S150, F1,
F2

Features of salt insoluble chromatin
P150

Active/poised DNA

Repressed DNA

Acetylated histones

Unacetylated histones

HDAC1 and 2 HDAC1/2 low or absent
uH2B lacks uH2B

H3K4me2, me3 H3K9me3

H3.3 S28p H3.2

Newly synthesized H2A, H2B, H3.3

No histone exchange

On-going H3 and H4 methylation

No ongoing histone methylation

Atypical nucleosomedJ-shapedl

Canonical nucleosomes

Table 2: Properties of 156nM salt soluble and salhsoluble chromatin isolated from chicken
erythrocyteg§124, 163, 287, 290, 291]

Finally, thelonger(poly/oligonucleosomgefragment size of transcriptionally active chromagsembles
more thestate ofnative transcriptionally activechromatin. Under the physiologicabnditions the
regulatory region maylocate further away from the target gene region. Therefore, characterizing
polynucleosome chromatin fragments is valuatdgardinganalyzingthe interrelationship between
transcription and higher order chromatin structure.

1.5
Innateimmunity is the first line of defense against infectious pathogeaptive immunity or acquired

Innate immunity in avian system

immune response rely on the signal generated by pattern recognition receptors (PRR) for proper
recognition and effective clearance of the pathogen from 8tersj292]. Different types of PRRexist

in vertebrate cells to detgmathogerassociatedholecular patterns (PAMPS). Upon exposurmtection,

PAMP triggersthe activation of th® RR mediated downstream pathway tihablvesdifferent adaptor
proteins, transcription factors, expression of interleukins and release of cyf@dggdnnate immunity

in theaviansystem iglifferentfrom its mammalian counterpart despite sharing an evolutimusaserved
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genomic regioi294]. The site of Bcell development and hematopoiesis in birds is the bursa of Fabricius
as they lack lymph nodes presentirammals Birds lack functional eosinophils and have heterophils to
replace the functioof theneutrophil In birds,Harderianglands located behind the eyeballs playial

role in theadaptivemmune response. Chickens have a somewhat similar and distindk&aéceptors
(TLRs), chemokines, defensins, antibodies, cytokines andaesther immunological particles when

compared to humans as demonstratethinle 3[294-299].

Endocytic

Cytoplasmic
NLRs
NODs

NALPs
RNA helicases

Mannose receptor
Glucan receptors
Scavenger receptors

NODI
NOD2
14 genes
RIG-I
MDAS
LPG2

Pattern recognition receptor Human Chicken
Membrane-bound
TLRs (signalling) recognizing cell surface PAMPs TLR1/6/10 TLRILA and TLRILB
TLR2 TLR2A and TLR2B
TLR4 Present
TLRS Present
TLRI11* Absent
TLRIS5 (predicted®)
TLRs (signalling) recognizing pathogen nucleic acid TLR3 Present
TLR7 Present
TLRS Pseudogene
TLR9 TLR9 absent; CpG recognized by TLR21

Present
Present
Present

Present

Absent

All absent

Absent, but present in duck
Present

Absent

Table 3: Comparison of pattern recognition repertoire between human and chickerilhe table and
the texiwere reproduceavith permission from table [R94].

PRRsare present in various immune and simmune cells such as macrophages, dendritic cells,
lymphocytes, mucosal epithelial, endothelial and fibroblasts cells. Cytosolic PRRS includieToll
receptors (TLR), retinoic acithducible gene | (RIG)-like recetors (RLR), and nucleotidieinding
oligomerization domain (NODBjke receptors (NLR). These PRRs playracial role in recognizing
doublestrand RNA (dsRNA), singistrand RNA (ssRNA) and foreign DNA molecul@®0, 301] In
mammalian system, 12 TLRs habeen discoveredheres human contain 10 and mouse possess 12;
amongthem,chickens share orthologues for some of the TLRs. However, some of the TLRs are specific

to chickenand chicken lack some of mammalian TLRB82-306].
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1.5.1 Chicken TLRs

TLRs are typel transmembrane proteins, whidonsistof three separate domains. Thetédminal
extracellular domairwhich contains leucingich repeatsis involved in the detection of PAMBoth the
transmembranelomain and intracellular Totinterleukin 1 (I-1) receptor (TIR) domain mediate
downstreansignalingevens due to exposure to PAMB06, 307] TLRs areuniqueto their ligand or
PAMP such as lipids, nucleic acid, lipoprotein and proteins derived from microorgdB88)sTLRs

are distributed in th@lasmamembranegndosomdysosome,and endolysosomes to defend against a
ligand of bacterial, viral, parasitic or fungal origin. TLRs recruit specific adaptor molecules in response

to signal,and their mechanism of action varies with cell t{g@7, 309, 31Q]
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Figure 1.1Q PAMP recognition by intracellular TLRs. TLR3 recognizes dsRNA derived from viruses

or virusinfected cells; dsRNA binds to-Mind Gterminal sites on the lateral side of the convex surface

of the TLR3 ectodomain, which facilitates the formation of a homodimer via-teen@nal region. TLR3
activates the TRIFlependent pathway to induce type | interferon and inflammatory cytokineBGg

TLR7 recognizes ssRNA derived from ssRNA viruses in endolysosomes and activadeBNFa nd | RF
via MyD88 to induce inflammatory cytokines and typeterferan, respectivelyAlso, autophagy is
involved in delivering sSSRNA to TLR&xpressing vesicles. TLR9 recognizes DNA derived from both
DNA viruses and bacteria. Proteolytic cleavage of TLR9 by cellular protsasegiiredor downstream

signal transduction. TLR9 recruits MyD88 to activate®B a n d pDEHIR3,TUR7,and TLR9

localize mainly to the ER in the steady state and traffic to the endolysosomes, where they engage with
their ligands. UNC93B1 interacts witha@se TLRs in the ER and is essential for this traffickiing figure

and the textvere reproduceavith permission from Figure [B06].
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1.5.2 Chicken TLR 1,2, 4,5

Chicken TLR 2, 4, 5 andare orthologous to mammalian TLRs where chicken canthiplicated TLR2
gene chTLR2a and chTLR2m the dicken genomehuman TLR1/6/10 locusubstitutedoy TLR1LA
and TLR1LB and hence inferred they @goize a narrow range of antimicrobial agdBtsl]. TLR1LA
and TLR1LBareuniqueto birds and form &eterodimewith chicken TLR2a and [812, 313] Chicken
TLR5 gene shows polymorphism, whitdadsto inferring the distnct ability of this receptor than a
mammaliancounterpart for recognizing PAMPs. However, #miviral immune response for chTLR1
and chTLRS5 has not been demonstrafd8d4]. On he other hand, mammalian TLR2 binds to
hemagglutinin from measles vir{d15] and envelop protein of human cytomegalovirus (HCNBA6],
varicella virug[317], herpes simplex viru& [318]. Similarly, TLR4 was also involved in recognition of
viral components such as viral protein from Respiratory Syncytial virus ([B39), Mouse mammary
tumor virus (MMTV)[320], Coxsackievirus B8320].

1.5.3 TLR3, TLR7,TLRS, and TLR9

TLR3 recognizes the viral antigen and triggers the pathway for type | IFNs mediated antiviral defense.
Endosomal TLR3 detects viral dSRNA which is produced during replication cycle of thewihis
endoplasmic reticuluniB06]. ChickenTLR3is homologous to its human orthologues and shares 48%
amino acid sequence similarity. Simitarhuman, ciLR3is distributedn awide range of tissues; with
moderate expression observed in bone marrow, skin, muscle cells and as well as chicken CD4+ T cells
[321]. chTLR7 recognize viral nucleic acid similar to chTLR3 and shares 63% of amino acid sequence
similarity with that of humar295]. In contrast to its humamrthologuesthe distribution of chTLR7 is
restricted to immune cells only. Chicken erythrocytes that showed expressionL&z; 3, 4, land21

lack the expression for ¢hR7[322]. Chicken lack th&LR9gene, TLR8exists as @pseudogen§323,

324].

1.5.4 TLR15

One of the avian specific TLRs TLR15, which hasbeen identifiedin chicken, turkey, goose and
Japanese qudiB11, 325, 326]Experiments in chicken embryonic fibroblasts (CEF) cedated with

heat killedS. enteric serovar Typhimuriumshowedthat this TLR presumably plays defensiverole

against bacterial antigei325]. In chicken,the expression ofLR15gene hadeen observeth bone
marrow,bursa,and spleerf325]. TLR15 upregulatet he pr oducti on of I L1b i
primary respmse gene (Myd88) dependent pathway in response utonethylated CpG
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oligodeoxynucleotides oG ODN) as demonstrated itne chicken macrophage cell line HD11.
Moreover, crosstalk between TLR2 and si§nalingeventscan lead to dL1b reduction in these cells
[327]. TLR15canbe highly expressedn r esponse to Marekods disease
Thisdemonstratethe potential role of TLR15 against antiviral infection simimammalian TLR4 and

9[328]. However, tis researclarea needs more investigation.

155 TLR21

TLR21hasbeen identifiedn chicken and turkey and homologous to fish and amphibidhR21with
amino acid sequence similarity >6(J%29]. It shares 47% sequence similarity with mutiing3 [329].
ChTLR15 and chTLR21 recognize mammalian TLR9 ligand CpG @Dbdlcangenerate an antiviral
immune response. Similar to human TLR9, chTLR21 is localizetie endoplasmiaeticulum [330].
Expression of chLR21was found highest in spleen and burs#&alricius with a low levetletected in
chicken intestinal CD4+ and CD8+ T cells, skin, lung, kidney, brain and[824r, 332]

1.5.6 RIG-1 like receptors

RIG-1 like receptors (RLRsS) are cytosolic and detect RNA viruses. This faroidesRIG-1, melanoma
differentiationassociated gene 5 (MDAbS) and laboratory of genetics and physiology 2 ([33BR)Both
RIG-1 and MDAS receptors contain four domains. These domains inclaae N-terminal caspase
activation ad recruitment domains (CARD). RiIGand MDAS corain one of eacBEX (D/H) box RNA
helicase domainC-terminal RNAbinding domain and a repressor domain. LGP2 contaiofdliese
domains except fothe CARD domain Among vertebrates, the gene synteny of the region containing
MDA5andLGP2receptor genes well conserved compared to the conservation of synteiRi€4 gene
[334]. However,RIG-1 homologues are absent in chicken and most fish sppg8ies335]

RIG-1: RIG-1 is categorizedsa IFN-stimulated gene (ISG) family. It is involved in tigeneratiorof
IFN typel andlll -mediatedmmunestimulation in response to RNA virusg36]. TheRIG-1 genewas
identifiedin duck and goosdut notin chicken. It can recognize dsDNA frdapsteinBarrvirus, dSRNA
andt SiNpbhosphate (5Njppp) dsRNA[38%337,838]ti ve of vir

MDADS5: Similar as RIG1, this is a key cytosolic receptor and both are conserved in their mechanism for
recognizing viral pathogens in vertebrgd834]. Human and chicketDAS5 share 60% of sequence
similarity with the C-terminalend of the gene being most conserved (7(B89]. MDAS5 detects the
invading virus and activasethetype | interferon response pathway. MDA5 danactivatecdy dsRNA
andanalogof dsRNA, poly (I:C). ltwas demonstratethat the length of poly I:C could activate either
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RIG-1 or MDAS5; long poly I:C sequences (>1 kbp) potentially actitaeeMDAS5 mediated immune
response pathway whitamallpoly(l:C) sequences (<1 kbp) activéite RIG-1 dependent pathw4$40].
ChickenMDAS shows thehighestexpression in thentestine however MDA5S is alsoexpressedh other
tissued341]. Due to the strong | FNBtermimahd83angno acersespleen s e \

it is consideredor use as &accineadjuvant against highly pathogenic avian influenza virus H3M2].

LGP2: LGP2 is a negativeegulator ofRLR-mediatedsignaling LGP2 shares 53% o&mino acid
sequence similarity with human and 52% with mo[8#8]. In D1 chicken fibroblasts and HD1
chicken macrophagkke cells, sSIRNA mediated knockdown assay wasquened for LGP2 followed by

viral co-transfection to stimulate the RLR mediated signaling path@44j]. The result demonstrated that
reduction of LGP2 correlates with the reduced level of type | IFN secretion in these cells. Consistent with
mammalan system overexpression lo6P2,there wasa down regulation of F Nekpression in these
chicken cellg344]. Therefore, chicken LGP2 fsinctional and a part othe RLR-mediatedsignaling

event. More investigations are required to decipher the connection betwedfDike and LGP2

signalingevensin response to influenza virus infection in chicken.

1.5.7 NLR

NLR is another cytosolic receptor thaintainsmore than 20 membens the group. Theseeceptors can
detect both PAMP and nd@AMP moleculesndact in response to cellular stress to secrete inflammatory
cytokines[345]. Thesereceptors mainly recogniZeacterial ageistand provide animmune response.
However, in mammal NLR has been demonstrated to recognize viral pathogedsiinEINA and RNA
virus and regulatéhe antiviral immune respong@46]. There are three domains in NLR receptot; N
terminal domain whictconfersproteinprotein interaction, @erminal leucineich repeés (LRR) that
recognize PAMPand acentral domain whicprovidesnucleotide binding anself-oligomerizatior[347].
NLRCS5 is one of thenemberof NLR family group receptors. Based on the experiments with the chicken
HD11 cell, NLRC5 expression increased witl’S but not with poly I:.C treatmenf348]. This
demonstratethat NLRCS5 is activated mainlyy abacterialinfection. Subsequently, loss of NLRC5 was
found associated witdownregulatiorof type | IFN (IFNU a n db )1, F No u-& andhMHC clésk |
[349].

1.5.8 Cytokines
The chicken genomeontainsfewer cytokine genes thdnuman[350]. However, there are sevehalman

orthologues of chicken cytokines that have identified s@Table 4). A total of 23 interleukins and 24

41



chemokinesXCL, 14 CCL, 8 CXClndCX3CL havebeen identifiedn the chickengenome. All type |
interferons and wesegse detettethicmcken.The éickengendmicdhtains albf
the colony stimulating factorsGM-CSH present in human as well d@se tumor necrosis factor
superfamily(TNFSH members

Cytokine Human Chicken
Interferons
Type I IFN-z, IFN-f, IFN-x, IFN-w, IFN-1 All present except IFN-t
Type 11 IFN-y Present
Type 111 IFN-41 to IFN-43 Single IFN-4 gene only
Interleukins
IL-1 family 11 members (IL-1z, IL-1§, IL-1RN, IL-18, IL-1F5 to IL1-F10, 4 members (IL-14, IL-1RN, IL-18, IL-1F5)
1L-33)
IL-10 family 6 members (IL-10, IL-19, 1L-20, IL-22, 1L-24, IL-26) 4 members (IL-10, IL-19, IL-22, 1L-26)
IL-12 family 4 members (IL-12, IL-23, 1L-27, IL-35) Two members (IL-12, 1L-23)
IL-17 family 6 members (IL-17A to IL-17F) 5 members (IL-17E (aka IL-25) absent)
T-cell proliferative IL-2, IL-15, IL-21 All present
Th2 family 4 members (IL-4, IL-5, IL-13, IL-31) 3 members (IL-31 absent)
Others 1L-3, IL-6, IL-7, IL-9, IL-11, TL-32, 1L-34 All present except 1L-32
Transforming growth factors 3 members All present
Tumour necrosis factors® 17 members 11 members
Colony-stimulating factors 3 members All present
Chemokines®
XCL 2 members 1 member
CCL 28 members 14 members
CXCL 16 members 8 members
CX3CL 1 member Present

“For TNFSF members and the chemokines, there are some direct orthologous relationships between human and chicken, but also
distinct family members between the two species.

Table 4: Comparison of the cytokine repertoire between human and chickerlhe table and the text
were reproduceavith permission from table [294].

1.5.9 Immune regulatory pathways in avian erythrocytes

The major function of vertebrate erythrocytes is oxygen transport and gas exchange in lungs and tissues
(Table 5. Nonrmammalian vertebrates with a few exceptions have a nucleus and other organelles in their
erythrocytes.These includesbirds, reptiles, amphibians and figB51]. The presence of theucleus
howeverdoes not affect thexygencarryingcapacityof birds as resultthis erythrocyte functions well
conservedetween human and bir{l352]. The halflife of erythrocytes varamong vertebrates with a

range of 120 days for human, 40 days for avian;&@Dfor reptiles, 304400 for amplbians and 80

500 days in fish[351, 353355]. As nucleated cells, chicken polychromatic erythrocytes are
transcriptionally active but do not replicate. For tl@asonchicken erythrocytebavebeen a popular

system to investigate the relationship between transcription and transcrgitad rmechanismia the
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absence ofeplication[285, 356] Therefore, due to the presence ofualeusthe physiologicalfunction

of nucleated erythrocytes could extend to more than oxygen transport. Mammalian nucleated erythrocytes
canproduce cytokines such as interleukins, interferons, transforming growth factdrgrasmahecrosis

factors as demonstrated for the firghe in a studyconducted on human erythroblast antigen+ and
glycophorin A+ cells isolated from human bone mar{8%7]. Severalstudies reported that nucleated
erythrocytesn vertebrats, such as in fish, chicken tmout, possesanimmune responseapability[322,
358,359] | FNU is produced bppnespadureio salmer andneus [360]yIh & s
different study, macrophage effector functas stimulatedin trout in response t€andida albicans

[361]. Further, the phagocytic capacity of macrophagasincreased in response to soluble molecules

from chicken erythrocyteshen treated witiCandida albican$362].
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Proposed functions Mammals Fish Amphibia | Reptiles | Birds
n
Gas exchange function| [363] [363] [363] [363] [363]
Sugar transport [364] [372] [379] [381] [385]
Calciumhomeostas [365] [373] [380] [382] [386]
Redoxhomeostss [366] [374] - [383] [387]
Cell proliferation [367] - - - [388]
Antiviral response [360] - i -
Antimicrobial activity - - -
Immune complex [368] [375] - -
ROS production [369] [376] - - -
Hemoglobin [370] [377] - -
[384]
Other related function | [371] [378] - [362]

Table 5: Table reports functions associated t@rythrocytes in mammals, fish, amphibian, reptiles
and birds. Referencesare numbered according to their appearance in this introductory chapter.
The table and the textere reproduceavith permission from Table [B59].

In a study to demonstrate the immune response in nucleated mature chicken erythroggsefound
that the erythrocytesespoml against several tested PAMIP358]. Production of chemokine CCLA4,
i nt er f e myxoviru resistance Mx 1), TLR3 and TLR21 showedifferentresponses against
three different tested PAMRASPS poly I:C, PGN, and a ecombinant cytokine, rainbow trout tumor
necrosis factealpha (TNF) [358]. | Wwald Etimulatedn response taPS, poly I:C,PGN,andrTNF,
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while MX showed dow level of induction for all these PAMPs. Expression of CCL4 was low or none for
all the PAMPs except fdtPSand PGN. TLR3 showed theghestinduction withLPSandrTNF and a
lower inductionfor poly I:C and PGN. In contrast, R21 was induced highly in responseLféS and
PGN[358]. Therefore, the stimulation of the gememsdependent on both the type of PAMiRldhe time

of incubation[358]. This emphasizeshat functioral activity of nucleatederythrocyte in producing an
immuneresponse i PAMP-PRR driven way anéxtendsthe possibilitythatthis could be a possible

function for noamammalian nucleated erythrocyte in addition tdr@nsport.

Expression levels of cytokine and other immunological genes in chicken erythrocytes
at 3 h post-poly l:C-stimulation.

Gene Expression
IFMN-2 ++

IFM-B +++

iNOS +t

2'=5" DAS ++

MHC I

CcDso

CD40 -

IL-1p -

IL-8 ++

A “#++" indicates a high degree of expression, while a “++" indicates a moderate
degree of expression, while a *“+" indicates a low level of expression, while a "<"
indicates no expression, as determined by real-time PCR.

Table 6: Expression levels of cytokine and other immunological genes in chicken erythrocytes3at
h postpoly I:C -stimulation. The table and the tewtere reproducesith permission from Table[322].

To understand the immune response iitkdn erythrocytesa second study addressed the expression
profile of several TLR3$n response tdifferent PAMPS[322]. The study demonstrated the differential
expression of TLRecludingTLRs 2, 3, 4, 5 and 21, type | IFNmdinterleukins such as IL8 in response

to different PAMPsl F NIUF, Naimd IL8wereupregulated &8-hourpost poly I:C stimulation of chicken
erythrocyteqTable 6) [322]. Alowdose of poly | :C upr eg#dumandk3d bot
hour posttreatment On the contrary, high dose of poly lidwnregulatedthe IFN response and
upregulated IL8. However, both low and high dose of CpG QIpMegulatedhe expression of both
interferong322]. Interestinglypoly I:C of varying length has been shown to stimulate varying repertoires

of TLRs in murine myeloid and fibroblasts c€l889]. These findings indicate a PRR response can be

driven in a dose antime-dependenas well as cell type specific manner.
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Figure 1.11 Innate immunity in birds. The plasma membrane receptor of TLR15 recognizesGCp@E

derived from viruses and bacteria. Viral recognition relies on intracellular vesicles of PRR, whose ligands
are dsRNA derived from viruses or virirdected cells (TLR), ssRNA derived from RNA viruses
(TLR7), ChOGODN ( TLR21), s hor-b anl MpypgRNA (MBAS)ATLRIRURGand

TLR21 localize mainly in the ER in the steady state and traffic to the endosome, where they engage with
their ligands. The recogian triggers the downstream signal transduction to activate MF or | RF 3
finally induces interferon and inflammatory cytokine productibhe figure and the textere adapted

with permission from Figure [293].

Dosedependentesponse of TLR3 against poly IMas explainedy the possibility that poly I:C may
interact with other dsRNA binding receptors, which antagonize TLR3 mediated antiviral IFN response
[322]. Chicken erythrocytes showed higher induction of-ipfmmatory cytokine IL8 compared to
thrombocyts, monocyts or heteroph# against poly I:C treatment. IL8 is a chemokine and usually
released from macrophages or endothelial cells to atteterophis and other cells causing them to
migrate to the site of infectid890]. Thisindicateghat nucleated erythrocytes may plagignificantrole

in the innate imnune defense against pathogens invadingblbedstreamor blood borne pathogens
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(Figure 1.11). Chicken erythrocyt@gunctionis somewhat similar to leukocyt@sbirds albeit there is a

lack of evidence that they exhibit phagocytic functions.

1.5.10 Immunestimulants to induce immune pathways

Theimmunestimulantghatarecommercially available anagsedfor research purposese discussedext.

Polyinosiniepolycytidylic acid poly 1:C): poly I:C is an immunestimulant and a synthetic analog for
dsRNA virus It binds toToll-like receptor TLR3 thais usually expressedt the surfaces of -Bells,
macrophages and dendritic c¢B91]. Poly I:C from different suppliers and sources varying in length can
elicit differentimmune modulatory pathwayA studyreportedthat the length opoly I:C has aifferent
effect and it is cell type specifi889]. Poly I:.C with a smaller molecular weight have greater immune
inductionpotentialin myeloid cellsas compared tiarger molecular weigtgoly I:C. In contrast, the result
wasvice versdor fibroblast cell§389]. In anothereport,it was showrthat longpoly I:C inducesantiviral

immune response mediated throulgaMDA -5 pathway[392].

Lipopolysaccharide LPS): Commercially used immune stimulahPS is derived from the outer
membrane ofGramnegativebacteriaEscherichia coli.lt inducesthe TLR4-mediated innate immune
response and known agonist for TLR4. Howel&S from P. gingivitis has been shown tactivatethe
TLR2-mediated immungathway[393-395]. LPS stimulate rapid NkB activation and production of
pro-inflammatory cytokines via MyD88 dependent pathway. However, LPS activated MyD88
independent pathway results in rapid uotion of interferon regulatory factor genes and thereby
product i on o-KB adtivation \was deByed in theRater pathy296].

Peptidoglycan (PGN): PGNs derived from a surface component of grampositive bacteria
Staphylococcuaureus It binds to TLR2to activate N8 B and) TR i at ed | NODLne r ¢
and NOD2 pattern recognition receptor can sense PGN throwugglidamytmeseDAP dipeptide and
muramyl dipeptide respective]$97-402].

CpG oligodeoxynucleotide¢CpG ODN): CpG motif from bacterial DNA has potent@dthogen
associated molecular patterBAMPS9 that are lackingn the vertebrategenome. Itmediatessignal
through binding to TLR9 andtimulatespro-inflammatorycytokines. Synthetic sSDNA molecule that
mimicsbacterialunmethylated CpG dinucleotides (CpG motifs) are commercially available to investigate

the immune stimulant property GG ODN. Several classes of synthetic CpG ODN has been generated
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based omumber and location of CpG dimers. They varthie mechanisrm stimulatinglFN and TLR9
dependentN® B s i d403&405] n g

These immune stimulangseoften usd as avaccineadjuvant and therefore the mechanisnaction in

different cell type needs tme characterized

1.6 Rationale, hypothesis and study objectives

In chicken polychromatic erythrocytes active/competent genes that are associated with dynamically
acetylated histones are soluble at low ionic strengthl® mM NaCl). Acetylation is the key feature
that prevent histone H1/H&nduced chromatin insoluldyi for these regions at physiological ionic
strength [124, 406] We applied a powerful chromatin fractionation procedure to isolate the
active/competent chromatin from chicken polychromatic erythrocytes. Our findings revealed that salt
soluble polynucleosome chromatin fraction (F1) is enriched in activA-B&fuences, active histone
marks, and dynamically acetylated four core histq@88, 291] Transcriptionally active/poised genes
such-ghsesbbn, U g Iwere enriched in isadt sotulrieepolyiicleosome chromatin fractions
[282]. However, repressed genes such sdlogenin was depleted in 150 mM NacCl soluble chromatin
fractions[282, 407] Further, it is important to characterize the chromatin features of genes that are
soluble at physiological ionic (F1 chromatin) strength.

Transcriptionally active chromatin undergo dynamic histone modifications by the opposing activities of
two enzymes; HDACs and KATEI08]. HDAC2 is a major histonenodifying enzyme involved in
dynamic histone acetylatietheacetylation process along with KATs. Phosphorylated HDAC2 in
association with HDAC1 forms Sin3 and NuRD multipnoteomplexes that are recruited to the promoter

of the target gene and involved in transcriptional reguldti®4]. Alternatively, unphosphorylated or
monophosphorylated HDAC2 binds to serine/arginine {%R) proteins and the RNAinding protein

Hu antigen R (HUR/ELAVL1) which then assembles into the spliceosome complex within thg codi
region and hence involved in splicifitp3, 166] Nevertheless, the chromatin componenthat retain
HDAC?2 onto the coding region and the distribution of HDAC2/phosphorylated HDAC?2 along active
chromatin region are not fully characterized.

PRMTs are involved in the transfer of a methyl group from SAM to the guanidine nitrogen of arginine.
PRMTs catalyze arginine methylation by -NGN&g a
dimethyk ar gi ni ne) (Type-NG) -dirnghydasgimmep ([Type 16) or (nmonomethyl
arginine[181]. PRMT1 which is a major type | PRMT appears to be critical in maintaldig83me2a,
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acetylated histones and H3K4me2 as the loss of PRMT1 causes loss of these histone PTMs and disruptiol
of the chicken active][23. PRMTS ibthenmajoraypedliPRMTcrespohsible ma t
for the symmetric methylation of H4R3me2s (inactive mark) and H3R2me2s (active imarkp.
H3R2me2s recruits WDRS5, which is a subunit of severalativator complexes that produce H3K4me3

(an active mark) while H3R2me2a (inactive mark by PRMT6) prevents the binding of WDR5 to the site
[114, 217] Thus, methylation of histones by PRMTs can block the docking site for other effector
molecules and can interfere with the orchestration of histone PTMs (active marks). Although-genome
wide distribution of H3R2me2s has been demonstrated in human and Bioebdéine [217, 409] there

is no current report on the genomewide distribution of H4R3me2a. Moreover, the distribution and
recruitment of PRMT1 and 5 enzymes yet to be characterized.

Arginine methylation of H4 by PRMT1 at H®Hn barr
showed a difference in the distribution of this modification at different developmental stages of
erythrocyte cell[23]. Distribution of H4R3 methylation was found to be enriched in HSA regulatory
elements near the promoter of the Folate receptor (FR) gene, at the 5'HS4 insulator site and over the HS:
globinl ocus control region (LCR) in 6C2 cellsd In
embryonic erythrocyte cells. This indicates a transcription dependent role of PRMT1 in the regulation of
globin domain structure during erythroid differentat [23, 125] Therefore, it is necessary to
characterize the distribution of PRMTs and arginine modifications in chromatin fractions. Previous
studies done by Gary Felsenfeldobs group showed
b-globin gene by the transcription factor USB5]. However, it is currently unknown how PRMT1

and 5 are recruited to the body of transcribed genes.

Interaction of PRMTs with a wide range of RNA associated proteins indicates the involvement of these
enzymes in a splicingssociated event possibly through ratgion with RNA[175]. Using ‘interactome
capture' analysis to define the mRNA interactome in proliferating HelLa cells, the Hentze group reported
PRMT1 as one of the candidate RNA binding profdih0]. Recent findings from our lab provided
evidence that the chromatin modifiers HDAC1/2 are associated with hnRNP, suggesting via interaction
with RNA, HDACs catalyze dynamic histone acetylation along the transcribed genglbéiiywe have
previously demonstrated thatstone deacetylase is a component of nuclear ma8ik. It is possible

that similar as HDAC2, PRMT1 and 5 could be targeted tdhe transcription machineries that are

associated with nuclear matrix.
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1.6.1 General hypothesis

Thehistonemodifyingenzymes, HDAC2, PRMT1 arPRMT5, associatavith active chromatin regions
andare recruitedo transcriptionallyactive chromosomal domainsarRNA-dependenmanner. PRMTs
establish andnhaintain active histone PTMs, whiehneresponsible for the operhromatin structure of

trarscriptionally active chromatin.
Thesis objectives:
Specific objectives of experiments in this thesis are:

A) To map salt soluble traogptionally active chromatin domains tine chicken polychromatic
erythrocyte.

B) Genome wide ltaracterization of active histone PTMschickenpolychromaic erythrocyte.

C) Tocharacterizehe distribution of HDAC2 and HDACG3394%hin thetranscribedegiors of
chromatin and to derminethe associatiorof HDAC?2 to the transcribed region.

D) To characterize the distribution of PRMTs and their substrates in chicken ergtiligiednd b

elucidate the mechanism of PRMTSs recruitment to the ackik@mosomal domam

E) To characterize the epigenomic features of immune genes in erythrocyte cells.
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CHAPTER Il : MATERIALS & METHODS

2.1 Cell processing and related techniques

2.1.1 AnimalEthicsand source of cells

Animal ethics approval was obtained from University of Manitoba Animal Protocol Management and
Review Committeebefore starting all chicken work. Authorization to use controlled drug was obtained
from Health CanadaAll methods involving the use of chickewere approved by the committee and
carried out in accordance with its guidelines and regulatidisegglaying hens were purchased from
Clarks Poultryandthen raised in a pulléd growfor 18 weeks before moving into the animal care facility,
University of ManitobaChickens were purchaséadrough Central Animal Care Services, University of
Manitoba. They were housed under standard conditio@eirtral Animal Care Services, Basic Medical
Science Building.All methods involving the use of chickenvere approved by and carried out in
accordape with the University of Manitoba Animal Care Committee guidelines and regulafions.

biological sample consisted opaol of red blood cells from 112 anemic chickens

2.1.2 Types of cells used in the study

In this study, chicken polychromatic erythypeswere usedor most experiments. For some parts of the
study chicken mature erythrocytes and 6C2 celisre used Chicken polychromatic erythrocytes
represent the stage of erythrocytes before final maturation[2&@jeMature erythrocytes were collected
from nonrranemic chicken6C2 cells are transformed cells with erythroblastosis virus and represent the
early colony forming unit (CFU) stage of erythropoiefid 1]. The 6C2cells were a generous gift from

Dr. Suming Huang from University of Florida.

2.1.3 Treatment of chickens

Chickenswere mae anemic with theadmnistration of phenylhydrazine solution (3.5 mL 95% ethanol,

25 mL double distilled water and 0.15 g acqtilenylhydrazine) in alosedependenmanner for6
consecutive days. They were injected intramuscularly with 0.7 mL on the first two days, 0.4 mL on the
3rd day, 0.6 mL omhe4thday, 0.7 mL orthe5th day and).8 mL onthe 6th day.

2.1.4 Harvesting chicken erythrocytes and storage

Chickens were anesthetized with the following anesthetic solution: 3p&etamine, 1 pawf Rompun,
2 partsof saline (collection buffer pH 7.4: 75 mM NaCl, 25 mM EDTA, pH 8.0, 25 mM-A&, pH
7.5). Birds were injected with anesthaticthe breas{0.2 mL or 0.5 mL for larger size chickgngVhen
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the chicken was fully anesthetizetle jugular vein was severedth a blade, and blood was collected
quickly in a large 2 litre plastic jug containing an amount of collection buffer equal to the final volume of
collected blood. The blood was filtered through at least 4 layetkesse clothining a buchnerfunnel

into a 500 mL or 2L flask placed on ice. Approximately 30 mL of blood was aliquoted intmlde
polycarbonate tubes (clear, opepped and nofiexible tubes). It was then centrifuged at 3.5K rotations
per minute (rpm) for 80 minute at 4°C in a S$4 rotor. Supernatant anthe white cell layer were
removed immediately abovkered blood cell pellet with a vacuum aspiraftie pellet was resuspended

in approximately 30 mL collection buffer, and centrifugation was performed at 3.5K rpaitninute

at 4°C in a S84 Rotor. The pellet was washed with collection buffer for at least 3 more times. Packed

cells were stored a0 C overnight and then transferred-8) C for long term storage.

2.1.5 Preparatiorof media for erythrocyte cell treatment

MEM Alpha (1X) minimum essential medium (Life Technologies, cat#1Z%43) containing L
glutamine, ribonucleosides, deoxyribonucleosides. Media was supplemented with 10% FBS (Life
Technologies), 2%chicken serum (Sigma), InM HEPES (Life Technologies), 0.5 mM-

mercaptoethanol (Sigma) and 0.1M peniciimeptomycin (Life Technologies).

2.1.6 Chromatin fractionation

1. Packed chicken erythrocytes were washed for four times with RSB buffer (10 mi@ITpis$ 7.5, 10
mM NaCl, 3 mM MgC#, 5 mMNa-butyratg. 300 uL NR40 (stock of 25% v/v) and 300 uL PMSF of 100
mM stock solution wreadded to 30 mL RSB buffer (stored at 4°C) to the cell pellet.

2. Resuspended cells were homogenized for five times in slow motion using a glass homogenizer. Cells
were pelletedby centrifuging at 3.5K rpm for 10 minute at 4°C (SS34 rotor).

3. Supernatant was decanted carefully using capillary pipette. Pellet was then resuspended with chilled 30
mL RSB buffer containing Nautyrate, 300 uL NP0 (stock of 25% v/v) and 300 uL PM$$§tock100
mM) followed by centrifugation at 3.5K rpm for 10 minute at 4°C.

4.The pellet was washed with RSB buffer after the removal of supernatant and centrifugation at the above
mentioned speed. Pellet was resuspended witt 8L of cold W&S buffer I M hexylene glycol, 10
mM PIPES pH 7.0, 2 mM Mg&l 1% thiodiglycol, 30 mMNa-butyratg, and A260 was determined.

5. Resuspended nuclei were diluted to 50 A260nm U/and absorbance wasmeeasured. Nuclei were

incubated in a 37°C water bath with shakior 10 minute in order to ensure the sample mixes well.
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6. CaCb was added to a final concentration of 1 mM and incubated for 10 minute.

7. Micrococcal nuclease (MNase) (Worthington) was added to a final concentration of 15 units/mL and
incubation wagontinued in the shaking water bath forrhiihute The concentration and time of MNase
digestionshould be optimized prior to the experiment to get polynucleosimed fragment sizes
(average size 1-8 kb). When using a new enzyme or if activity was looxer time of MNas&torage

a series of digesti@meed tobe performed by keeping the digestion time constant and increasing the
amount of enzyme (ie. 1x, 1.5x, 2x, 2.5x, 3X, 3.5%, dudds/ml). To resuspend the enzyme, 2 mL of
50%glycerol was addito a vial of 45kunits of MNase (Worthington). This makes a stock of 2215kL

of MNase enzyme. After the digestion, a quick DNA extraction can be performed by adding an equal
volume of phenol/chloroform followed bwnixing and centrifugatiorat 13K rpmfor 15 minute.
Subsequently RNase A (J/mL final) was added and incubated at 37°C for 30 minute. To view the

DNA sizes samples were run on a 1% agarose gel.
8. MNase reaction was stopped by adding EGTA to a final concentration of 10 mM.
9. Nuclei wascentrifuged in two preooled tubes, at 10K rpm and 4°C for 10 minute.

10. Supernatant was discarded, and the pellet was resuspended in 10 mM EDTA/5 mM sodium butyrate
pH 7.4 with a glass pipette and was left on ice for 30 minutes. To enhance theotldasenatin, the

suspension may be homogenized for three times.

11. Chromatin was centrifuged at 10K rpm and 4°@i8S34 rotor for 10 minute&EDTA-soluble(Se
fraction) chromatin fraction was collected as supernatant while EDTA insoluble pellfea¢Ron) as

pellet fraction.

12. A260 units/mL ofthe Se fraction was measured and multiplied by the total volume for total A260 of
Se. The total recovered A260 nm units of thefrf&ction should amount to 600% of the total A26@Gim

units of nuclei (ie, total S/total nuclei = 6870%). The pellet (Pfraction) was saved and stored at 4°C.

13.In order to make 5o or Pisofraction, the §fraction was diluted to 30 A260 nm units/mL with 10 mM
EDTA/5 mM sodium butyrate pH 7.4. Absorbance was measnmabhdruplicate to confirmghas been
diluted to 30 A26Gm units/mL.

14. NaCl was addedropwisefrom a 4M stock to a final concentration of 150 mM to thes8lution

followed by centrifugation at 10K rpm and 4°C for 10 min (SS34 rotor). Cautioricsheufollowed to
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gently mix the solution while adding NaCl in order to ensure proper mofitige chromatin with salt.
The pellet (Rsofraction) was saved and stored while the supernatagtf(&ction) was measured for total

volume.

15. An A260 nm measurement was taken foispto determine the concentration. The total recovered
A260 nm units of the &o fraction should be approximately 10% of the totalA260 nm units used in

preparing the o fraction.

16. Sis0 must be concentrated using polyethylene glycol (PEG) 8000 (Fiskred)absorbance was
measured. Sowas placed in a prevetted dialysis membrapandthe sample was placed onto a bed of
PEG. The top of the 1§ containing dialysis bag was covered wWREG and placed at 4°C. Samples

should be checked every hour or two to ensure concentrating process is running smoothly.

17. Si50 should be concentrated down tel@ ml.In the meantimethe Bogel A1.5 column BioRad)
should be washed with Column Runnimgffer (100 mM TrispH 8.0, 10 mM EDTA, 150 mM NacCl).

18. Chromatin fractios F1 (polynucleosomes), F2 (oligonucleosomes), F3 (oligonucleosomes/
mononucleosomes) and F4 (mononucleosomese separated from 15 chromatin by gel exclusion
chromatographwith a BiogelA1.5 columnat a flowrate of 0.11 murhinute

19. Fraction collector (BioRad, model #2110) wasaget3 minute to collect BL fraction in each tube.
The run should take168 hours to complete.

20. Absorbance was measured from each tabdthe DNA isolated fromthefractions were rumn 1%

agarose gel tdeterminethe size of collected fragments.

2.3 Protein-basedtechniques

2.3.1 Preparation of cellular extract

Erythrocytes were washed with RSB bufféwice andresuspended ianappropriate volume of cold lysis
buffer (50 mM TrisHCI, pH8.0, 150 mM NacCl, 1.0 mM EDTA, 0.5% NR) containing phosphatase
and protease inhibitors (Roché)he @Il suspensiorwas sonicatedusing probesonicator (Fisher
scientific, sonic dismembrator, mel#100) 23 times 3X 10 sec each with 1 minute intervalioga
Supernatainwas collected after centrifugatian 7,000 g for 10 minutes at 4°C. The protein concentration

of the supernatant was measured using BCA protein assay kit (THesmer Scientific) as per
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manufacturerdéds instructions usi ThgelR8racswetesteradne s
at-20°C or-80°C.

2.3.2 Electrophoresis and Immunoblotting

EqualA260 (2.0 A260) of each chromatin fractiorn:(Be, Siso, Piso, F1-F4) wasdenatured by boiling for

5-6 minute in SDSloading buffer [65 mMTris-HCI, pH 6.8, 2% SDS, 10% glycerol;2% v+ v b
mercaptoethanol (BMEpand 0.01 mg bromophenol bluBfoteinsvere resolvethy SDSpolyacrylamide

gel electrophoresis (SBBAGE) to separate proteins based on their molecular weight under denaturing
conditions, accor dJjdiRpProteioswasaseparated depesding onasize @rc886| 10%

or 15% polyacrylamide gels using MiRrotean® 3 Cell apparatus (Bia&). In order to get théesired
resolution gels were run at a constant voltage of 120V for approximateh?.0.5our. Proteinswere
transferredrom SDS geto 0.45 um nitrocellulose membranes (BioRad) using the wet transfer apparatus
(BioRad) at a constant voltage of 100V fohour at 4°C. Membranes were stainaftier transfer with
Ponceau S [0.5% (w/\BonceauS, 1% acetic acid] to determine the efficiency of the transfer. Membranes
were blocked with 5% (w/v) nefat dry milk in 0.05% TTBS (0.05% Twe&20, 50 mM TrisHCI, pH

7.5, 150 mM NaCl) for 14.5 hour at room temperature on a rocking platform (VWR, Model 200).
Membranewvas incubated with primary antibody for 2 hour at room temperature or overnight at 4°C on an
orbitron (Boekel Scientific,Model 260200) depending oie antibody Next day, membranes were
washed three tingewith 0.08%6 TTBS (10 minute/wash). After the washing step, membranes were
incubated with secondary antibody (isotygpecific to primary antibody) by placing on rocking platform
(VWR, model# 200) fod hour at room temperature. Secondary antibodies conjugated with horseradish
peroxidase (HRP). Using theytper f i Il m ECL ( Amer sham) wi-BCh Wes
reagent (Perkin EI mer) ac ¢ctleeantbodieg tptotans of mteresswegp | 1 e

visualized.

2.3.3 Peptide DdBlot assay

Nitrocellulose membrane was labelled to specify the location of the pefaesles weredirectly added

onto the membrane and allowed to dry ai6for 15minute Membrane was incubated with blocking
solution (5.0 % skim mil0.05% TTBS) for 1 hour at room temperatuviembranewas then incubated
with primary antibody solution for overnight. After three washes with 0.05%, TTBS incubation with the

secondary antibgdsolution (diluted in blocking solution) was performed for 1 hour at room temperature
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with rotation. After incubation with the chemiluminescent E@le film was developed for the sigrul

the antibody

2.3.4 Immunoprecipitation

Cells were washed with $8 buffer (10mM Tris-HCI pH7.5, 10mM NaCl, 3mM MgCl) twice. Cell
pellet was dissolved with low stringency IP bufe® mM TrisHCI, pH 8.0 150 mM NacCl, 0.5% NP
40, 1 mM EDTA). Cellular extract was then sonicated using probe sonicator (Fisher scisotifc
dismembrator, model#100) at setting 2 for 10 seconds twice. Supernatactdlleeted after 10 minute

centrifugationat high speedsing benchtop centrifuge (Sorvall Legend Micro.17)

2.3.5 Histone cdP

Packed erythrocytes were washed with R8Bdy (10mM Tris-HCI pH 7.5, 10mM NacCl, 3 mM MgCl).

Nuclei were isolatedising cell lysisbuffer & mM PIPESpHed with KOH to 8.0], 85 mM KCI, 0.5%
NP-40) buffer with the incubation at 4°C. Supernatant was discarded after centrifugation for 10 minute at
10,000 rpm using microcentrifugeléttich Mikro 20 Centrifuge)The nuclear pellet was resuspended in
MNase Digestion Buffer (10 mM TrHBEICI pH 7.5, 0.25 M sucrose, 75 mM NaCl) plus
phosphatase/protease inhibitors. A260 of the suspension was measuledvasaétided to the samples

to a final concentration of 3 mM and incubated at 37°C for 10 minute. MNase was added to a concentration
of 4.5 U/mL and incubated for 20 minute. MNase condition was optinizgét mononucleosome size
fragments. Reaction wasopped by adding EDTA pH 8.0 to a final concentration of 5 mM. Nuclei was
lysed with SDS (0.5% final concentration) by rotating at room temperature for 1 hour. Insoluble material
was separated by centrifugation (10k rpm, 5 minute) (Sorvall Legend Micran@i7jiscarded. Nuclear
lysate was diluted with RIPA buffer (10 mM T#4Cl pH 8.0, 1% TritonX-100, 0.1% SDS, 0% sodium
deoxycholateéSDC) plus phosphatase/protease inhibitors added freshly. Lysate wateared with
protein AG agarose (Santa Cruz) beads i@@er mL of lysate) for 1 hour at@. Beads were pelleted

by centrifugation by using microcentrifuge (Hettich Mikro 20 Centrifuge) f8rrinute at 1200 rpm.
Supernatant was transferred to new tubes. After measurid@6@t: 1 ug of antibody was used per A260

of lysate. It was allowed to incubate overnight at 4°C with rotation. Next day Dynabeads Protein G
(Invitrogen) were added and incubated for 2 hours with rotation at 4°C. Beads were washed with RIPA
buffer 4 times aroom temperature for 5 minutes with rotation. One A260 of supernatant was collected

for immunodepleted (ID) fraction. Immunoprecipitant (IP) was eluted by adding appropriate volume
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(usually 40 uL) of SDS loading buffer to the beads. Equal amounts df amplulD (usually 0.2 A260)

and 1 A260 IP were loaded onto gel for Western blot analysis.

2.3.6 Chromatin immunoprecipitation (ChIP) assay and €dg assay

1. Packed blood cells were washed twice with 1X PBS.

2. Cells were incubated with 0.50¢/v) formaldehyde atoom temperature for 10 minutes.

3. Subsequentlyl25 mM glycine (final concentration) was added to stop dinksg (made up in
1xPBS).

4. After 5 minutg incubation at room temperatusgpernatant was removed by aspiration after
centrifuging cells at 4k rprfor 10 minute

5. Cells wae washed twice with RSB buffer apdlleted by centrifuging at 1200 rpm (3%§) for 3
minutes. RSBvas remove@nd cells were stored €80°C if needed or continue with next step.

6. Cell pellet was suspended in 5 mf cell lysis luffer (RSB plus 0.5% NRO0) plus
phosphatase/protease inhibitors and incubated-idr Binutes at 4°Qvith gentle shaking on a
rotor.

7. To obtain the nuclethe resuspended peligas centrifugedior 5 minutes (2000g). This wash step
was repeatedt leastbne more time. bcleiwereobservel undera microscopeafter second wash
step to ensure the proper isolation of nuclei

8. The ruclearpelletwas resuspendeslith anappropriatevolume (approximately2 mL) of MNase
digestion hiffer (10 mM TrisHCI pH 7.5, 0.25M sucrose, 75 mM NaCl) with
phosphatase/protease inhibitors depending on the pellet size.

9. Nucleiwerelysed using 0.5% SDS and rotating at room temperature fori3@es.

10.Chromatin was sheared using praoaicator (Fiker scientific, sonic dismembrator, model#100)
atsetting 3. Sonication was performed for 10 sec then leave tube on ice for 30 sec. Sonication time
has tobe optimizeduntil the average fragment size280-300 bp ofthefragment

11.Nuclear lysate was dilat (5 fold) with RIPA buffer (10 mM TrisiCI pH 8.0, 1% TritonX-100,
0.1% SDS, 0.1% SDC) plus phosphatase/protease inhibitors (4 mL of RIPA to 1 mL of sonicated
lysate).

12.The lysatewas precleared with protein A/G agarose beads (800) f or 1 hour at
A/G beads per mL of lysate). Beads were pelleted by centrifugation at 1200rpr3 foir2ite

using microcentrifuge (Hettich Mikro 20 Centrifuge).
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13. Approximately 5 A260 of the lysate was incubateith rotation overnight at £ with 5 ug of
specific antibodylsotypespecificlgG was includedasa controlto the ChIP experiment.

14.Next day, magnetic Dynabeagsotein G beads (Invitrogen, cat# 100.04D) were added and
incubated for 2 hours wi t 260)rMagnatic beadswesetpelleted C (
using MagneSphere® Technology Stands (fRmmmega)and supernatantgere removed

15.Beads were washed witlow Salt Wash Buffe(0.1% SDS, 1% TritorX-100, 2 mM EDTA, 20
mM Tris-HCI pH 8.1, 150 mM NaCl)High Salt Wash Bffer (0.1% SDS, 1% TritotX-100, 2
mM EDTA, 20 mM Tris HCI pH 8.1, 500 mM NaCI)L.iCl Wash Buffer(250 mM LiCl, 1% NP
40, 1% deoxycholate, 1 mM EDTA, 10 mMis-HCI pH 8.1)and1xTE Buffer(10 mM TrisHCI
pH 7.5, 1 mM EDTA) at least twice.

16. Antibody/chromatin complexesere elutecby adding200 uL of Elution Buffer (1% SDS, 100
mM NaHCQ) to the beads.

17. After reverse crosslinking at 65°C overnigtamples were treated wiphoteinase KSigma)(0.5
ng/mL final concentration) for 1 hour at 5 and RNase A(Sigma) (0.02 ng/mL final
concentration) for 30 minutes at 37°C. DNA was purified ugiegliagen PCR purification Kit.

2.4RNA-basedtechnique

2.4.1 RNA extraction and cDNA preparation

RNA from polychromaticerythrocytes were isolated using RNea®us mini kit (Qiagen) following
manufacturer's instruction. DNase digestwars performedPromega) to remove any genomic DNA in
the purified RNA. RNA stockvas dilutedto 100ng and cDNA preparation reaction mixture was set up
as followsusing GeneAmp ® PCR system 2700 from applied biosystem.

4 ul RT mix ( TrahscriptiopSupermiRie®m BioRady

8 ul ddH20

8ul of youdiluted RNA (100ng RNA)

Total 20 uL
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cDNA was synthesized using the followipgpgram

Priming ndnutes at 25°C
Reverse transcription 30 minute at 42°C
RT Inactivation 5 minute at 85°C

2.4.2 Isdation of ruclear RNA
Nuclei were isolated fromolychromatic erythrocygeusing the previously described protd@a&7]. RNA

was isolated from the nuclei using commercially avail&ieasy plus mini kifrom Qiagen.

2.5 Polymerase chain reaction (PCR)

2.5.1 RFgPCR

RT-gPCR was performed usirging of prepared cDNAstock 100ng)0.2uM of forward and reverse
primer. 10uL of UniversalsybergreerSupermixfrom BioRadand 6.6uL of ddH20. Progranused for
PCR reaction was as follows,

98°C for 3minute
98°C for 0:15minute

60°C for 080 minute Go to 39 more time
72°C for 0:15 minute+ Plate read
95°C for 0:10 minute

Melting curve 60°C / or the temperature specific for specific primer to 95 for 0
minute + plate read

2.6 Library preparation for F1 DNA, total RNA, and ChlP-seq DNA

2.6.1 Genomic DNA and ChIP DNA libraries, Sequencing andatab/ss

Genomic DNA libraries and ChiBeq libraries for H3K4me33K27a¢ H3R2me2sand H4R3me2a
were prepared according to tB00 SOLID fragment library protocol (Lif€echnologies Five ng of
sheared genomic DNA ar3 ng of ChIP DNA were enckepaired and size selected (12&0bp), followed
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by dA tailing, ligation of SOLID barcodes and library PCR amplification. Libraries webgected to

emulsion PCRePCR) and loaded on thewchip for sequencing.

2.6.2 ChIP-Segwith theMiSeq

ChlIP-Seq library preparatiowas performedaccording to the NEBNext ChHBeq library preparation
protocol. Twentyng of ChIP DNAwas enerepaired and dAailed. Ligation products were sizelected
and PCR enriched. Libraries were quantified by gr@Bnormalized. ChIP DNA and Input libraries

were sequenced using the MiSeq platform and v3 sequencing reagents.

2.6.3RNAseqlibrary preparation for SOLID

SOLID total RNA-seq kit was used to prepare whole transcriptome libraries. RNA quality and integrity
wereassessed using the RNpico Kit and 2000 Bioanalyzer (Agilertechnologies Four to sixng of

total RNA was subjectedo ribosomal depletion (RiboMus Eukaryotesystem v2, Life ‘€chnologies)
followed by RNAselll fragmentation, adaptor hybridization and reverse transcription. Reversed
transcribed DNA wasizeselectecand PCR amplified. Libraries were sequenced in a piekimanner,

pooling two libraries per lane.

2.7 Bioinformatics analysis

2.7.1 SOLID nextgeneration sequencing data anedys

The DNA-seq, RNAseq, and Chigeqwere mappedn the chicken reference genome (Galgal3)
Lifescope v2.5.1 software (Life Technologies) witm&smatch settings after quality check and filtering.
The mappedbam or wiggle files were visualized by IGVor Partek Genomics Suite v6.6 (Partek
Incorporated,St. Louis Missouri, USA). @nes were annotated using Ensembl Transcripts database

release/0 or UCSC refGenes.

2.7.2 Detection of transcriptionallycive chromatin domains

Since the domain could sparregion & large as tens of kibaseswe applied a clustering apyach
(SICER) for identification of islandsf DNA-seq enrichment using FANA-segmapped BAM files as
inputs[413]. These islands separatbg gaps of size less than or equal to a predetermined parameter
formeda contingent domain. For identicadads only one read was usdd remove the repeats from
genome structurer PCR amplification. SICER parameters of window size 1000 bp and gap size of 1000
bp was used The island scoreepresenthe negative logarithm of the probability of finding | reads in

the window if the reads can land anywhere on the genome with eqbabjity, i.e. a background model
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of random reads. The higher the sasrthe more reads the domain has. We used the island scores to plot
the domains using CIRC(J814].

Total number of islands: 9467, score >= 100, 4409, size >10k size,

We rank the genes by aszore. We first calculate the gene enrichment values (including exon and introns
of each gene) as per 300 bp coverage subtracted byrmalized enriched value oélevantgene of &
control. We then calculate the backgroundan and standard deviation (SD) by simulating every 300
bases orthewhole genome of each sample for 20,000 regions. Fheore is the gene normalized value
subtrated bythe mean and further divided by SD.

2.7.3RNA-seq data analyse

The SOLID sequence readgre countecgainst gal®nsemblelease’0 genes by the Lifescope whole
Transcriptome WT counts module. The reads per kilobase per million re&dy ¢f greatetthan 5 of
each gene were furtheimormalized to zZRPKM415].

2.7.4 ChlIP-seq data analyse

We used thenodetbasedinalysis of ChiPseq (MACS) to process ChHBeq mapped bam files for histone
modificatiors by removing redundant reads, estimating fragment length, building signal profile,
calculating peak enrichment, and refining and reporting peak calls. The genes within thevgeaks

annotatedy using software CEABI16]. We use IGV an®artekto visualize ChlFseq data.
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CHAPTER I1'l: CHICKEN ERYTHROCYTE EPIGENOME

3.1 Abstract

Background: Transcriptional regulatianimpactedy multiple layers ofgeromicorganization. A general
feature of transcriptionally active chromatintgssensitivity to DNase | anitk association with acetylated
histones. However, very few of these active DNasenisitive domains, such as the chicken erythrocyte
b-globin domain, have been identified and characterized. In chicken polychromatic erythrocytes
dynamically acetylated histones associated with DNasensitive, transcriptionally active chromatin

prevent histone H1/Hhduced insolubility at physiological ionic strength.

Results: Here, wglobally identifiedand mapped alif the transcriptiond active chromosomal domains

in the chicken polychromatic erythrocyte genome by combining a powerful chromatin fractionation
method with nexgeneration DNA and RNA sequencing. Two classes of transcribed chromatin
organizationsvere identifiedon the bas ofthe extent of solubility at physiological ionic strength. Highly
transcribed genes were present in multigeniessalible chromatin domains ranging in length from 30 to

over 150 kb. We identified over 100 highly expressed genesvéirat organizedn broad dynamically

highly acetylated, sakoluble chromatin domains. Highly expressed genes were associated with
H3K4me3 and H3K27ac and produced discernible antisense transcripts. The modaratdéby-
expressingenes had highly acetylated, ssdiude chromatin regionthatwereconfinedt o t he 5 Nj €
the gene.

Conclusions: Our data provide a genewide profile of chromatin signatures in relation to expression

levels in chicken polychromatic erythrocytes.

Keywords: Chromatin fractionation, Chrosmmal domains, Histone acetylation, H3K27ac, Histone

methylation, H3K4me3, Chicken erythrocyte transcriptome
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3.2Introduction

Histone acetylation plays a critical role in the structure of transcriptionally active chromatin. The seminal
studies of Weintraub and Groudine demonstratedttaascribed chromatin has an increased sensitivity

to DNase | (approximately twofold to threefold greater than the bulk of chromatin) [1]. The dynamically
acetylated histones bound to transcribed chromatin are largely responsible for this DNase itysensitiv
Genomic mapping of acetylated histones (H3K9/14ac, H4K16ac) demonstrated that the acetylated
histones are located around the transcription start site of expressed gdngs.[2 Howe-a@md, bf o1
globin genes in mammalian and chicken erythroid célls dynamically highly acetylated histones are
broadly distributed to encompass transcriptionally competent and active globin genes. These extensive
acetylation patterns display sharp edges where acetylation drops abruptly, defining acetylation domains
[517] . The boundar i-gobin dorhaintcdnap wihahode pflthe DNadesldn s i-t i v e
globin chromatin domain [8]. The dynamically acetylated histones also render the active/competent
chromatin soluble at low ionic strength (30 mM NacCl),by preventing histone H1/Hiediated
chromatin insolubility at physiological ionic strength [9, 10]. In parallel with the decline in acetylated
histones and DNase | sensitivity, the chromatin salt solubility at physiological ionic strength falls sharply
att he 5 Nj b o u-glabia dognaingil]. Tthdn@Nask | sensitive and dynamically highly acetylated
chromatinofthe3& b ¢ hi ¢ k e rglolenrdgntaih is ané af thebbetter characterized domains [12].
Other DNase Ekensitive domains containing onernore expressed genes have been mapped in chicken
and mammalian cells. In the chicken hen oviductSfBRPINB14ovalbumin) gene and two pseudogenes

of theGAPDHgene lies in a kb DNase {Isensitive domaifiL4]. In human hepatocytes, the APOB gene
resides in a 5@b DNase {sensitive domain [15]. Within the DNasgdnsitive domains are regions of
hypersensitivity (about 16fbld more sensitive than bulk chromatin), which are nucleostepéeted

regions associated with regulatory elements such aseats, locus control regions and promotéhe

study of the chromatin structure of chicken mature erythrocytes and polychromatic erythrocytes from
anemic birds has advanced the field. Polychromatic erythrocytes are transcriptionally active, while mature
erythrocytes are transcriptionally inert [16]. Polychromatic and mature erythrocytes are nucleated, non
replicating GBphase cells. Thus, histone posttranslational modifications related to cell cycle do not
confound the analyses of transcribed chromatinlPy c hr omat i ¢ er yt h riglobint e s
geneasdoay chicken embryo er yt Hrglongene a docblladflatd o n
embryos and newly hatched chickensi[l9]. Approximately 12 % of polychromatic and mature

erythrocyte chromatin has dynamically acetylated histones [10, 20, 21]. Due to a particularly high density
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of H1/H5 linker histones [22], the bulk of chicken polychromatic erythrocyte chromatin is extremely
condensed and insoluble at physiological ionic stiengowever, the dynamically highly acetylated
histones associated with transcriptionally active/poised chromatin prevent H1/H5 from rendering
active/poised gene polynucleosomes insoluble at physiological ionic strength [9]. Exploiting these
properties ofchicken polychromatic erythrocyte chromatin, we designed a chromatin fractionation
protocol to isolate transcriptionally active/competent chromatin. The polynucleosomes (fraction F1) are
enriched in active histone marks including the dynamically highlytyted four core histones,
H3K4me3 and uH2B [23, 24]. Furthermore, F1 chromatin is enrichessiraped atypical nucleosomes,
which were first di sc oVZ Eenudepsomes in the F yracton rhpadly o r ¢
exchange with newly synglsized histones (replicationdependent class of histones) and are readily

dissociated by DNA intercalators [280], demonstrating the lability of the F1 nucleosomes.

OQur previous studies hav-globimahpmatia domadinghatagNplubleat nd ar
physiological ionic strength [11, 23]. We exploited this powerful chromatin fractionation procedure to
further mapthesak ol ubl e o r g a-glabia ehtomabtimdonoain and determine whether other
regions of the chicken polychromaecr yt hr ocyt e genome had domai ns
globin chromatin domain. In conjunction with nedneration DNA and RNA sequencing (DM&g and
RNA-seq) as well as chromatin immunoprecipitatioNA sequencing (ChHeq), we could identifsll

the active chromosomal domains that were soluble at physiological ionic strength. Furthermore, we
determined their structural signatures in relation to expression levels of genes contained within the

domain. Herein, we present the functional orgaropadf the chicken polychromatic erythrocyte genome.

3.3Results:
3.3.1 Genomd&yide mapping of polychromatic erythrocyte transcribed chromosomal domains

To isolate fraction F1 chromatin, chicken polychromatic erythrocyte nuclei were incubated with
micrococcal nuclase, bulk chromatin € was released, and chromatin fragments soluble at 150 mM
NaCl were isolated and skzesolved [22]. The F1 chromatin consisted of chromatin fragments ranging

in size from 0.4 to 3.4 kb, with the average DNA length being 1.5igoife S3.7). Next-generation DNA
sequencing ofF1l chromatin generated an uneven profile with clusters of read enrichment varying in
intensity and breadth, interspersed with regions deptdtexhds. In contrast, the track of bulk chromatin

(Se) was flat.These data are exemplified in Fig. 1 showing the sequence reads for a 1,000 kb region on
chromosome 1 and a 2,300 kb region on chromosome 9. Both regions displayed long stretch88@500

kb) of saltsoluble chromatin interrupted with equally long sthets of salinsoluble chromatin. Within a
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Fl-enriched region, chromatinaks-solubility fluctuated and when welooked closely we could

di stinguish several di stinct d o magiobins(HB®)i donlainn  t h
(Figure 3.1a,S31b). The profiles generated from two biological repeats of F1 chromatii @fid F1

2) were similar. Thus, we only show tracks fromZih the following figures.
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Figure 3.1: Representative browser snapshots of F1 and8hromatin DNA-seq.The DNA from two
biological repeats of F1 (F1 and F12) and $ chromatin fractions isolated from chicken polychromatic
erythrocytes was sequenced. The positions are indicated in Mbs. a Region of chromosome 1. b Region of
chromosome 9.

To visualize thegenomewide profiling of salisoluble chromatin, we show a Circos plot oféiriched
sequencedjgure 3.2a). The chicken karyotype consists of 38 autosomes and a pair of sex chromosomes
(ZW female, ZZ male), and is made up of maenad microchromosomeSeveral arbitrary chromosome
classifications exist [3@3]. Here, we use the initial categorization, defining chromosor8sghd W

as cytologically indistinguishable microchromosomes [34]. Early studies estimated that
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microchromosomes constitute 23% thle chicken genome and contain 48% of all genes [31]. In
agreement, sequencing of the genome showed that gene density is inversely correlated to chromosom:
length [32]. As seen in the Circos plot of-Edriched sequenceBigure 3.2a), there was a higheedsity

of saltsoluble chromatin in polychromatic erythrocytes on microchromosomes than on
macrochomosomesThe F1 reads were used to rank genes contained withisabaliile chromatin
domain. The rank order of these genes was used for GO term analysisn$ of molecular functions,

genes involved in the hemoglobin synthesis pathway were the predominant sets of active genes in F1
chromatin, followed by genes encoding proteins involved in transcription regul&igurd 3.2b). In
summary, the chicken paehromatic erythrocyte genome is organized in clusters of discretsotalttie
chromatin domains, and these expanses of chromatin gmbibn open structure alternatingth long

stretches of salhsoluble chromatin.
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PRMJ7RPKM values had relatively similar transcr
We also isolated and sequenced nuclear RNA and
and nucitlseqgr dRNA set ser pksoteandigad mbpleéh @watdd fng f
HY t r anksicgruirpgt sS38o4eoveq, d®NA analysis reveal ed
expressed genes, tpheartc einst ialbeo uctl atshse, ftihresrte e2mlateh a
transcription Afpptemdli xo&dhng rmreagicrence transcri
regions of cellul aAppamdimxu@dl ear transcripts (
There are two types of hi sdteopneen dgeennte sam dt htolsged et dita
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and H#4, (4. However ,t heeg @& teiissdieopne noddent HBFS8 Conkl24€Ei
H1H50 was hi gh.

Chicken erythroid progenitor cells wundergo a
di fferentiati on program [ 35]. We observedal ha
cytoskel eton as SSPciA@sle e c geinees ya lhperhoacayl R Bcd plr) o tgesinnn
4. 1), ANKMHOdL , ( ANKR®@iI”Tng for ankyrin repeat dom
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i solate transcriptionally active chromati n. For
TSS than at the TTStwalehhddglentrhe hdneht eraende& Sb e
for the top 129 expressors. The sequence enri
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nucl efdseme TSS demonstrated that solubility of

| itmed to the first nucleosome of thEi ghke [a36, r
37]. Heat maps ofselfl reelardematrioru nRINA he TSS and TT
top to bottom were consi gt enhte wiutihnttihe edraiscler

enri chment for about the top 60% of expressors

(Fi ggz ¢.

Regarding the chr omosomal | ocati on, mi crochrom
peercti |l e group. SI'ightly more of the actively ¢
were | ocated on the macrochromosomes. Thus, t

pol ychromatic erythr ocytaecsr owahsr ogrloisghrtelsy. iTro fcawn
overall correlation between | ewvseollsubofl igeyneofe xtphr

chromati n.

3.3.2 Features of sakioluble chromatin

To compliment the F1 chromatin sequence and transcriptome analyses, we mapposditres of two

active chromatin marks (H3K4me3 and H3K27depggre S3.3. H3K27ac is the signature of active
enhancers and promotef#l7], while H3K4me3 maps to the 5' end of the body of active genes in
mammalg125, 418, 419]JH3K27ac or H3K4me3 average coage around the TSS was determined for

each of the 20tpercentile classes described above. Both H3K27ac and H3K4me3 were only significantly
enriched in the 5' region of the most highly expressed genes (firspéfitentile). The average profile

was sharpefor H3K4me3 than H3K27ac, with H3K4me3 peaking between 0.5 and 1.5 kb downstream
of the TSS. Consistent with these data, H3K4me3 and H3K27ac heatmaps spanning 1 kb on each side o
the TSS showed enrichment for the top 40% expressors.

Genes from the firs2Oth percentile group had distinct ssttiuble chromatin organizations. The genes

with the highest expression were present in broadssllble chromatin regions, while moderately or
poorly expressed genes had the-saltible chromatin confinedtothei 56 r egi ons. To i |
sats ol ubl e domai ns, we s h o wglobiflecuscFigure 3aashowsnthatpsalto f i |
solubility comapped with the well knowB3 kb b-globin domain, as defined by DNase | sensitivity,
histone acetylatin and CTCF binding sites marking the boundaries. Moreover, within the domain, F1
enrichment reads paralleled the high acetylation prfgfile 420, 421] Similar data were obtained for the
Uglobin locus[422]( dat a not shown) Agldvie mRNA@andiow kevelafantisedsa n t
transcription (about 1% of sense transcript), we detected-a<$3Bciated RNAs or eahcerderived
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RNAs (eRNASs) , which originated from the HS1, HS2 and HS3 sikegie 3.3a, b). Attribution of
transcriptionalactivity from pMY enhancer was precluded by thessiveb” genetranscription. The
H3K27ac mark was positioned at HS1, HS2, ta88b~Yenhanceras well at the promoter and along the
body of theb” gene while H3K4me3 was enriched in the body of fifeglobin gene(Fig. 3a) These
resul ts de mo ngobir geneg aret pneaent intahsatuble chromatin domain, with the
boundaries of the 33 kb domain defined by a loss of &shlble chromatin structure. The LCR chromatin
region is organized into sedbluble chromatin regions enriched in H3K27ac, with MNase hypersensitive
sites demarcating the boundaries of each regidhe LCR.
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Figure33: Chr omatin profil e an-dlobinhdomansaS cihpetmaotniacl oafc

globin domain, detailing the developmenyall e g u | -glabie geneb and DNAsehypersensitive sites

( HS4 a meimittikNgkis: locus). HS1, HS2, HS3d@nd/ U enhan c e rknoarraslocoso | | e
control region (LCR) and rgbhngénast Below theenmampes gignae s s i ¢
tracks showing DNAenrichment in F1 fraction, CTCBinding sites (as vertical bars), transcripts on (+)

and (1) str an dss.nRNASs (WtlBexon®ad blabkixes)ate shown below their template
strand. The inset to the right shows the level of transcripts on an expanded/sdadal blue lines
illustrate the position within the domain of prominent features (H3K27ac and/or H3K4me3 peaks and
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eRNAs). b Amplifcation of signal tracks showifgl-e nr i ched DNA and tr-anscr
globin LCR region

We looked in detail ahe chromatin features ofmm@other genes among th4.top expressors and found
outthat those genes residiecbroad saksoluble chromatid 0 ma i n globint(HBA geble (expressor
# 1,in a60-kb domain),CA2 (expressor # 13, in a 86 domain),FTH1 (expresso# 14, in a 4&kb
domain),IFRD1(expressor # 21, in a & domain) NCOA4(expressor 23, in a 22b domain),TFRC
(expressor # 51, in a 3 domain),ARIH1 (expressor # 125nia 154kb domain),AK2 (not annotated
in the galGal3 RefSeq gene database, 44kb domair) andH1FO (expressor # 129, in a 4 domain).

As to genes associated withasalo | ubl e chromatin | imitedFdue t hei
3.2a) displayed a very highrl enrichment of chromatin (approximately 28,00,000) on the sex
chronmosome ZThis peak was mappdd a region containing two MHNMmale hypermethylatd locus

genes believed to plag role in localized dosage compensatidfigire 3.4). The two genes
ENSGALG00000023324 (transcrifiNSGALT00000038395) and ENSGALGO000000184ranscript:
ENSGALTO00000035390) showed a large increase of expression in gonads of female (ZW) chickens
compared to male (ZZ) chickens [43, 44]. They code for uncharacterized proteins of 103 and 60 amino
acids, respectively. The ENSGALGO00000018479 genes @nd overexpressed in the brain
(hypothalamus and thalamus) of 21 days old females compared to males [43]. Our results show that the
saltsoluble F1 chromatin on the chromosome Z identified tkegnce of the MHM locus gen@sgure

34).
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Figure 3.4: Chromatin profile and transcriptional activity of region of interest on chromosome Z.
The positions are indicated in kbs. It should be noted that the dips in-#wriEiment, H3K4me3 and
H3K27ac profiles are due to a gap in the genome sequence.

Other genes with very small regionofsalb | ubl e chr omati n at dratelorr 5Nj
poorly expressed in chicken polychromatic erythrocytes, QA C2 (histone deacetylase 2) aRRMT7
(protein arginine methyltransferase Bigure 5). No particular feature (H3K27ac or H3K4me3) or

enhancefassociated chromatin feature coulddentified for either gene.

Our results have identified several domains that have extendesblsddte chromatin domains similar to
t h ea nUdgloltin gene domains. The genes with this chromatin organization tend to be highly expressed.
A larger numbeof genes, which are expressed at lower levels, have-sabalile chromatin organization

confined to the 5' end of the gene.

107



HDAC?2 SLC7AB0S
a T wmiww b
5 3 5 3

PRMT7

F1 DM 0 » ﬂ .

Transcript (+) J“WM o1 LJ

R —— 1 i
SMPD3 SLCTAG0S

Transcript (-)  o. . R :

H3K4me3 o ikt koo bl ol ki 0 i bl 0 oo b s s sl il bl s i

H3K27ac o 0
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3.4 Discussion

Our results demonstrate that the broad highly acetylateesaalile chromatin domain organization of

t h ea nUdglolbin genes is a characteristic of many highly expressed genes in the chicken polychromatic
erythrocytes. Théoundaries ofthesadt ol ubl e ¢ hr o ma ta mdglolbm ganesimapped g t |
precisely with the boundaries defined by highly acetylated histones (H3K9/14ac; acetylated H4). For
highly expressed genes the broad-saltble, highly acetylated regisn wer e pr esent 50 a
and sustained to lesser extent around the TTS. It is possible that the antisense transcripts are a feature ¢
the highly acetylated chromatin state of-ahdhese
p"-globin genes have been reported previously [7, 45]. Less actively expressed genes have highly
acetylated F1 chromatin regions restricted to

typical of mammalian genes [3].

The majority of the plychromatic erythroid chromatin is highly condensed due to the excessive amount

of histone H5resentaind the low acetylated state of the bulk of chromatin. Nevertheless, we find that the
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genomic distribution of t he oH3pedserkgdnesaand the presernfsed
of H3K27ac at enhancers and LCR is typical of mammalian cells. It is also noteworthy that the repressive
environment in chicken polychromatic erythrocytes also facilitated its transcriptome characterization.
Typically, high-throughput sequencing of steady state cellular RNA is not a suitable method to detect the
rarer and/or less stable transcripts resulting from antisense transcription or originating from enhancers [46,
47]. However, cellular RNAeq analyses allowedtuso i dent i fy s uc hglobinlZR,s cr i j
we observed transcripts originating from HS1, HS2 and HS3 sites. This is in contrast to human erythroid
cells in which RNA polymerase-thediated transcription from one of the LCR elements goes indbang|
MRNA sense direction [48, 49], transcription ir
strand from HS2 and HS1 and in both directions from HS3. In contrast to the other LCR hypersensitive
sites (HS2, HS3 and deperdeh) enhantiBdlactidity [B0], butis likelyhoplayea i n

role in transcription regulation as it presents the traits of an active enhancer.

Studies on the organization of chicken chromosomes show that microchromosomes are gathered within
the nuclear intgor, while macrochromosomes are located at the periphery of nuclei in both cycling
fibroblast and notproliferating neurons, suggesting that this radial arrangement may exist in erythrocytes
[31]. On the other hand, Hutchison and Weintraub reported lieaDNase -kensitive chromatin was
located on the periphery of chromosomal territories, along interchromatin channels in chicken
erythrocytes [51]. Regardless of gene chromosomal location, transcriptionally active/poised chromatin
domains likely share arsilar compartmentalization, looping out of their chromosome territories [51, 52].
The solubility and location of the transcriptionally active chromosomal domains in the nuclear
environment ensures their ready access by transcription factors and chroouitying and remodeling

factors.

Chicken has long been recognized asiigablemodel system to study the organization and function of a
vertebrate genome [53]. Its genome is almost three times smaller than the human genome, but has abou
the same numberf genes, with 60% of them having a single human orthologue. Moreover, there are long
blocks of conserved synteny between the chicken and human gerg#hda ferms of chromosomal
organization of genes, the human genome is closer to the chijgteme thn to rodent genome
Additionally, following 310 million years of separate evolution, conservedaooimg sequences are

likely to highlight functional elements in both chicken and human genomes [32]. Thus, our studies supply
valuable information on the rsictural and functional organization of the chicken polychromatic
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erythrocyte epigenome and may also provide insights into the organipdittbe human erythrocyte

genome

3.5Conclusions

One to twopercentof the chicken polychromatic erythrocyte epigenosi@rganized in broad highly
acetylated, salsoluble chromatin domains containing at least one highly expressed gene or in narrow
highly acetylated,sak ol ubl e chromatin regions restricted t
genes. The bulkfahe genome is highlgompated and silent. The genomic mapping of salfuble

chromatin domains will aid in the annotation of genes expressed in erythroid cells.

3.6 Methods
3.6.1 Isolation of chicken erythrocytes

Polychromatic erythrocytes were isolated franemic female adult white Leghorn chickens as described
[22]. Ethical approval was obtained from the University of Manitoba Animal Care Committee. The birds
were purchased through Central Animal Care Services, University of Manitoba and were housed under
standard conditions. A biological sample consisted of a pool of red blood cells frekd athemic
chickens Table S3.3.

3.6.2 Salt fractionation

Chicken polychromatic erythrocyte nuclei were prepared as described [22, 27]. The equivalent of 50 A260
nuclei were mcubated with 1.5 unit of micrococcal nuclease (Worthington Biochemical Corporation) for
12 minute at 37°C, and the digestion was stopped by the addition of EGTA to 10 mM. Chromatin
fragments soluble in a low ionic strength solution containing 10 mM ED&Fewecovered in fraction

Se. Chromatin fraction Swas made 150mM in NaCl, and chromatin fragments from thesslaible

fraction (Ssq were sizeresolved on a Bigsel A-1.5m column to isolate the F1 fraction containing

polynucleosomes [23].

3.6.3 ChlP-seq asays

ChiIP-seq assays, using antibodies against H3K27ac or H3K4me3 from Abcam, were done as previously
described [23, 54], except that chicken polychromatic erythrocyte nuclei were treated with 0.5%
formaldehyde and chromatin was sheared into 200 bp fragn@se Additional file 8 for details regarding

sequencing data.
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3.6.4 Sequencing and mapping of data

DNA libraries and strandpecific (100250 nucleotides) RNA libraries (prepared with the SOLID Total
RNA-Seq kit) were sequenced o.rSinglererd séqiedd® reads & Blbp D E
in length were generated from the SE control sample and two biological replicates of Fan#F12)
chromatin. 7680% of these colespace sequence reads were mapped to the chicken reference genome
galGal3usingthe i f eScopeE Genomic Analysis Software 2.°¢
of -2 and a minimum mapping quality score of 8 were applied in mapping parameter settings. See
Additional file 8 for details about F1 and Backs.

Two biological replicate®f cellular RNAseq generated a total of 120 million paired end (50x35bp)
sequence reads, more than 85% of these reads were mapped to the genome. 110 million paired end reac
were generated from two nuclear RMAq samples. More than 85% of these pairedl reads were
mapped to the genome. The sense and antisense RNA track data were extracted from BAM files using
SAMtools [55]. Sed\ppendix4f or details about Transcript (+)

H3K27ac and H3K4me3 Chifeq produced approximately 3&nd 24 million sequence reads,
respectively, and more than 65% of these sequences were mapped to galGal3 with an average mappin:

guality value of 63. We also generated 32 million sequence reads from the input sample.

The mapped BAM or WIG files were visiued using tools from the Integrative Genome Viewer (IGV),
UCSC Genome Browser, or Partek Genomic Suite v6.6. The Genes were annotated using Ensembl

transcripts database relea&or UCSC RefSeq genes.

3.6.5 RNA Isolation and Redime RT-gPCR Analysis

Total RNA was isolated from polychromatic erythrocyte cells and nuclear RNA was isolated from nuclei
using the RNeasy Mini Kit (QI AGEN) according t
was generated from total RNA (800 ng) using the iScript cDNA syisthkéis(BioRad) following the
manufacturer's specifications. SsoAdvanced universal SYBR® Green supermix (BioRad) was used to
perfoomreat i me PCR reactions using 5ngTnefPCRDRdionon a
System (BioRad). The primers used RF-PCR reactions are listed in the Additional file 9. The RNA
levels were normalized against 18S rRNA.
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3.6.6 Active chromatin detection and genomic distribution

We applied a clustering approach (SICER) [56] for identification of islands of-B&dpenrichment usg

F1 DNA-seq mapped BAM files as inputs. The window and gap sizes were chosen to be 1 kb each. The
SE DNA-seq data were used for background subtraction. We found a total of 9466 islands with a score

>100. The island scores were transformed-scares {x-m) / & where (x) i s the i
mean of all i sland scores and (0) -scerestwbreplogtada n d ¢

to the galGal3 genome using Circos [57].

3.6.7 Chromatin profiling of transcriptionally active genes

Transcriptional levels were detected using the LifeScope whole transcriptome mapping module. We used
the reads per kilobase per million (RPKM) to assign gene transcription levels. The cellulaselgNA
duplicates were averaged for each gene and these valteasee to classify galGal3 RefSeq genes into

five 20 percentile groups. The gisgulatory element annotation system (CEAS) [58] was used to profile
these five gene lists against the F1 DN&q data. The profiles for regions spanning 1kb on each side of
TSS and TTS were plotted. The F1 DNAQ data extracted at TSS and TTS regidiis {0 1K) of ranked

genes were displayed per-th@se bin on heatmaps by a R script.

3.7 Data availability
The sequencing data are available from GEO under accession ma8bé5955.
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Figure S31: a Fractionation of avian erythrocyte chromatin. Chicken polychromatic erythrocyte nuclei
were incubated with micrococcal nuclease, and chromatin fragments soluble in a low ionic strength
solution containing 10 mM EDTA were recovered in fractiegn Ghromdin fraction & was made 150

mM in NaCl, and chromatin fragments from the salluble fraction (&0 were sizeresolved on a Bio
GelA1. 5 m column to isolate the F4QlodinardovalbumimFic on't
and $ chromatin profies. The DNA from F1 andegSchromatin fractions isolated from chicken
pol ychromatic erythrocytes was sequencgobdinonThe
chromosome 1 an@VAL (ovalbumin) on chromosome 2.
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RPKM from | RNA levels fromRT-gqPCR

RNA-seq

Sample | Sample | Sample s3* Sample s4| Sample s5

si s2 Repeat | Repeat 2| Repeat 3

1

HBG2 155,037| 169,112| 4.327 4.408 4.112 5.170 5.409
FTH1 10,378 | 10,380 | 0.266 0.233 0.319 0.272 0.232
CA2 13,205 | 13,192 | 0.170 0.266 0.283 0.163 0.146
HDAC2 | 46 41 0.001 0.001 0.002 0.000 0.000
PRMT7 | 12 10 0.001 |0.001 0.001 0.000 0.000

Table S3.1Additional file 3: Validation of RNA-seq data by RFqPCR. Comparisorof RPKM values
from RNA-seq analysewith RNA levels determined BRT-gPCR assays for specifienes. Trargipt
levels were normalized th8S rRNA levels. * Three RPCR assays @ve done on three different RNA
preparations from Sample 3.
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Source of Experiments Number of| Age range of| Weight
polychromatic chickens | chickens range of
erythrocytes chickens
Sample s1 RNA-seq 12 12 months | 1.6:2.0 kg
Sample s2 RNA-seq 12 12 months | 1.51.8 kg
Sample s3 RT-PCR 11 4-7 months | 1.2-1.8 kg
Samples4 RT-PCR 12 5-8 months | 1.3-1.8 kg
Sample s5 RT-PCR 12 5-8 months | 1.1-1.7 kg
Sample sA F1-1 DNA-seq 12 5-8 months | 1.6-2.0 kg
Sample sB F1-2 DNA-seq 12 9-10 months | 1.4-2.0 kg
Sample sD | H3K4me3 & 12 12 months | 1.6-2.0 kg
H3K27ac ChIP

Table S3.2 Description of polychromatic erythrocyte sample sources=ach sample consisted of red
blood cells collected from 11 to l#hemicchickens: age and weight ranges

Primers for RT-gPCR assays

Primers Sequences

HBG2-F 5-GGCAAGAAAGTGCTCACCTG3'
HBG2-R 5-GCTTGTCACAATGCAGTTCG3'
FTH1-F 5-ATTTTGACCGGGATGATGTG3'
FTH1-R 5-TGGTTTTGCAGCTTCATCAG3'
CA2-F 5-AGCCCCTCAGCTTCAGCTAG3'
CA2-R 5-ACTTGTCGGAGGAGTCGTCAZ
HDAC2-F | 5-TATGGACAAGGGCATCCAAT-3'
HDAC2-R | 5-CACGTAAATTTCCATTTTCCTGT-3'
PRMT7F | 5-TTCTCAACCCAAATCCATCGC3
PRMT7-R | 5-GCGTGGTTTGCTGAGAGCEC3'
18SF 5-GTAACCCGTTGAACCCCATTF3'
18SR 5-CCATCCAATCGGTAGTAGCG3'

Table S3.3 Primers for RT-gPCR analyses.
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CHAPTER IV: TRANSCRIPTION -DEPENDENT ASSOCIATION OF HDAC2 WITH ACTIVE
CHROMATIN

4.1 Abstract

Histone deacetylase 2 (HDAC?2) catalyzes deacetylation of histones at the promoter and coding regions of
transcribed genes and regulates chromatin structure and transcription. To explore the role of HDAC2 and
phosphorylated HDAC?2 in gene regulation, we s&ddhe location along transcribed genes, the mode of
recruitment and the associated proteins with HDAC2 and HDAC2S394ph in chicken polychromatic
erythrocytes. We show that HDAC2 and HDAC2S394ph are associated with transcriptionally active
chromatin and lcated in the interchromatin channels. HDAC2S394ph was present primarily at the
upstream promoter region of the transcril@R and GAS41genes, while total HDAC2 was also found
within the coding region of theA2gene. Recruitment of HDAC2 to these genes wartially dependent

upon ongoing transcription. Unmodified HDAC2 was associated with RNA binding proteins and
interacted with RNA bound to the initiating and elongating forms of RNA polymerase 1l. HDAC2S394ph
was not associated with RNA polymerase These results highlight the differential properties of
unmodified and phosphorylated HDAC2 and the organization of acetylated transcriptionally active

chromatin in the chicken polychromatic erythrocyte.
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4.2 Introduction

Histone acetylation is a reversible, dynamic process, which is regulated by lysine acetyltransferases
(KATs) and histone deacetylases (HDACs), which add or remove acetyl groups to/from lysine residues
within the Niterminal tails of target histones, respeely [423]. The global acetylation level of histones
influences chromatin structure and affects the accessibility of transcription factors and effector proteins to
the DNA, thereby modulating gene expression. We developed arfubvractionation protocol which
separates transcriptially active from repressed chromatin of chicken erythrocytes. The two main reasons
why this fractionation procedure is operational in chicken erythrocytes are first, the expressed chromatin
regionshave highly acetylated histones and second, chicken erythrocyte chromatin has a greater level of
linker histones, H1 and H5, than most vertebrate cells. The highly acetylated chromatin is required to
prevent H1/H5mediated compaction at physiological iostcength. We recently demonstrated that the
transcriptionally active genes in chicken polychromatic erythrocyte genome were organized into two
chromatin structure85]. Hi ghl y e x pr e s sghobin ggreswere organizedinteahgghlyt h e
acetylated chromatin domains, several kb in lengghwere soluble at physiological ionic strength. Mid

and lowexpressing genes (for example, histone deacetylase 2) had highly acetylated region confined to
the 56 end of the gene. Al t hough the staeatasdy st
important to know that these acetylated histones are being rapidly acetylated and deaf5ga4€b]

HDAC2 is phosphorylated at S394, S422 aBd24 by protein kinase CKZ2163, 167] The
phosphorylation of HDAC?2 igssential to form the multiprotein complexes SIN3, NuRD and coREST.
Unmodified HDAC2 (human) is not associated with these multiprotein complexes, and is bound-to RNA
binding proteins that are involved in processing the primary tran$t@pt. We reported that the widely

used XChIP assay fails to effectively map the distribution of unmodified HDAC2 along the coding
regiors of geneg$163]. With the combination of formaldehyde and DSP dual crosslingiogessit is

possible to mapothunmodifiedand phosphorylateHDAC2 [163]. Genome wide mapping of HDACs

in human cells was done by dual crosslinkidgiiccinimidylglutarateand formaldehyde) which would

track the distribution of the phosphorylated and unmodified HOAG8]. Under these conditions,
HDAC2 was located at the promeotand gene body of active genes. However, gene location of
phosphorylated HDAC2 has not been determihedontrast to our understanding of the mechanisms by
which phosphorylatedHDAC?2, Sin3,and NuRD complexesre recruitedo promotersthere is relatiely

little known as to howunmodifiedHDAC?2 complexesre recruitedo transcribed genes \rertebrates
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In this study,using GOphase no#replicatingchickenpolychromatic erythrocyte cells, vebow that total
HDAC?2 andHDAC2S394ph are associated wistctive chromatin. We applied a novel approach to
provide evidence that the unmodified HDAC2, which is associated with-BIN#ing proteins, is bound

to the highly acetylated, active chromatin. Further, we demonstrate that unmodified HDAC2, but not
phosphoylated HDAC?2, is associated with the initiating and elongating form of RNA polymerase Il via
the nascent RNA, and that recruitment of HDAC2 to active genes is dependent ugoimgn

transcription.

4.3 Results

4.3.1 HDAC2 and phosphorylated HDAC?2 assaciatvith active chromatin

Chicken polychromatic erythrocyte chromatin was fractionated by a method which separates
transcriptionally active from repressed chrom@f82, 285] To determine the efficiency of chromatin
fractionation, we monatred the distribution of SRSF1 and H3K36me3, which are associated with the
coding region of transcribed gerj&§5,424]. Figure 4.1shows that SRSF1 and H3K36me3 were present
in fractions I, Sisoand F1, but not in fractiom b which contains the bulk of repressed chromatin. Next,
we determined the distribution of HDAC2 and HDAC2S394ph in the chicken polychromatic erythrocyte
chromatin. The mouse monoclonal afiDAC2 antibody will detect phosphorylated and fon
phosphorylated HBC2 forms, while theabbit polyclonal antibody to HDAC2 phosphorylated at S394
will recognize phosphorylated forms of HDAC2 that have this modification. HDAC2 was present in
fractions R, Siso, F1 and F2, which contain transcribed chrom§®82]. Piso, which has repressed
chromatin, had very low levels of HDAC2F{gure 4.1). HDAC2S394ph partitioned with the
transcriptionally active chromatin containing fractiors &soand F1. The slownigrating band detected

by antibodies against HDAC2S394ph indhd F1 is a highly phosphdayed form of HDACZ163].
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Figure 4.1. HDAC2, HDAC2S394ph, SRSF1 and H3K36me3 are associated with the
transcription ally active chromatin fraction of chicken polychromatic erythrocytes. Chromatin
fractions (5 A260) from polychromatic erythrocytes were loaded onto a 10%p8p&crylamide gel,
transferred to nitrocellulose membranes, immunochemically stained waitfrRHDAC2, antt
HDAC2S394ph, artBRSF1 and anti3K36me3 antibodies. Ponceatstined core histones were used
as a loading reference. HDAC2S394ph+ indicates a +phtisphorylated form of HDAC2 that has
S394ph.

4.3.2 HDAC2 cemaps with interchromatirhannels of the nuclei

Next, we determined the distributioof HDAC2 in the polychromatic erythrocyeby indirect
immunofluorescenceDAPI staining (blue) shows the localization of ttendensed chromatifrigure

4.2 shows that HDAC2 was located in tier-chromatin channels, which has previously been shown to
contain decondensed, tsmiptionally active chromatifd25]. Figure 4.2A andFigure 4.2B represent

two independent experiments.
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Figure 4.2. Association of HDAC2 with theinterchromatin channel of the polychromatic
erythrocytes. Indirect immunofluorescence assay for stainvag usegdnuclei using DAPivas merged
with HDAC2. The cells were immunostained with an antibody ageiD#tC2 and cestained with DAPI.
Spatial distributiorwas visializedby fluorescence microscopy followed lbypalyseswvith AxioVision
software. Bar, 5 um. Figure panel A and B represent two biologepatatesof the experiment.

4.3.3Phosphorylated HDAC2 binds to regulatory regions of transcribed genes

To further explore the distribution of HDAC2 and HDAC2S394ph across transcriptionally active genes,

we determined the location of HDAC2 and HDAC2S394ph across the upgtreamoter and coding
regions otheCA2andGAS41genesTheCA2(tissue specificandGAS41(housekeepingare moderately
and weakly expressing genagspectively,in chicken polychromatic erythrocytd285, 421] Dual
crosslinking ChIP assay(DSP + formaldehydejvere performedfor HDAC2 and HDAC2S394ph.
HDAC2 wasfoundat the upstream promotand coding region@xons 2, 3 and ©f theCA2gene with
exon 3 showin@g greater association of HDAC2 than exons 2 arkiglife 4.3). In contrast, thgreatest
HDAC2S39%h enrichmentwvas foundwith the CA2 upstreampromoterregion In accordance with
previous studie§421, 426] acetylated H3 was found at GARe

gene.The GAS41housekeeping gene is considerably shorter tharCtkizgene (2.7 versus 16.2 kb).

HDAC2, HDAC2S394ph and H3ac were all polarized towards the upstream promoter regicea ASde

gene.
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Figdr.8& Di str HDbDACRbmsphor yl at ed -HDPRALR2h ) HDRACLC2ac et
(H3ACcC) wiCtAIRAInnG AtShggde n e r A pSchemasic. representation 6fA2 gene where
amplicons are labeled underneath according to the 5' posititime forward primerelative tothe
transcrigion start site (arrow)The exons (EZE7) are represented by the gray box@®) ChlIP assay

was performedising antibodies against B) attDAC2, C) anttHDAC2-S394ph and D) anti3Ac on

DSP and formaldehyd®osslinked polychromatic erythrocyte3he binding of these proteins and histone
modification toCA2 gene regions were determined by qP&ikh primers specific for the promoter and
coding regions. Epchematic representatiai GAS41gene. FH) ChIP-gPCR for F) antHDAC2, G)
anttHDAC2-S394phand H) antiH3ac within theGAS41gene promoter and coding regions. Error bars
indicate Standard Error of Mean (SEM). N=2.

4.3.4Recruitment of HDAC?2 to promoter and coding region is dependent on transcription

We investigated whether the recruitment dDAIC2 to the promoter and coding regions of the genes was
dependent upon egoingtranscription To arrest transcription, chicken polychromatic erythrocytes were
incubated with thé&ranscription inhibitoDRB for two hoursThesecellswerethendualcrosslinked with

DSP and formaldehyde, followed lilie ChIP assay for HDAC2Figure 4.4 shows that arresting
transcriptionreduced binding of HDAC?2 throughout tipeomoter and coding regions of tA2 and
GAS41genes. These observations provide evidehae recruitment of HDAC2 is partially dependent

upon transcription.
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Figure 4.4. Transcription -dependentrecruitment of unmodified HDAC2 to CA2 and GAS41gene
regions. A) Schematic representatiarf treatment ofpolychromaticerythrocyteswith transcription
inhibitor DRB for twohours The schematic also showsbsequentxperimental setup.-B) Cellswere

dual crosdinked with DSP andormaldehydeand treated with DRB. BChIP assays with arEiDAC?2
antibodies and gPCR fopscific sites along thEA2gene (see Figur4.3 for the positionof amplicons)

C) ChIP assays with arRHDAC?2 antibodies and qPCR for speci$itesalong theGAS41gene (see Fig.
S4.2 for the position of amplicons) Error bars represent thgandardemor of the meanfrom three
independent experimentStatistical significance was calculated with respect to the untreated control
*P<0.05, *P<0.01, **P<0.001 or ****P<0.0001.

4.3.5Chicken erythrocyte HDAC?2 associates WRNA splicing factors

The F1 chromatin is associated with phosphorylated and unmodifed HDKUE3R We exploited the
observation that formaldehyde crdstgks unmodified HDAC2 poorly to DNA to design aethod to

isolate the unmodified HDAC2 complexes from the F1 chromdi#3]. Chromatin fraction F1 was
incubated with formaldehyde and then added to hydroxyapatite (HAP) under condfitievisich
chromatin is bound. The HDAC complexes that were not dnolssd to chromatin were eluted from the
column. The formaldehyde crebsks were reversed and the HDAC complexes retrieved. HDAC2
complexes in eluted fractions were isolated by immuedpitation with an artHDAC?2 antibody, and

the bound proteins characterized by mass spectrometry. The HDAC2 complexes were devoid of proteins
associated with the Sin3, NURD and CoREST complexes, and contained RNA binding proteins that are
involved in preRNA splicing (e.g. SRSF1)Ta@ble 4.1). Thus, as with human unmodified HDAC?2,
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chicken erythocyte HDAC?2 is associated with proteins involved in RNA processing. Further, these results
suggest that the unmodified HDAC?2 is associated with RNA in chicken polyettic erythrocytes.

Table 4.1. Protein composition of HAR unbound HDAC2 complexes in the polynucleosome fraction
(F1) of chicken erythrocyte cells

RNA Splicing SRSF1,6,7,10

SERP1

SNRP70, B, D1,2,3, &
SNRPEL1

DEK

PABPC1

HNRNPR

RBMX

C200rf119

SmD1

4.3.6 Association of HDAC2, but not HDAC2S394ph, with RNAPII

We had previously reported that mammalian HDAC2 was associated with the elongating RNARIf
(RNAPIIS2ph); an interaction that was dependent upon RNS]. To investigate whethechicken
erythrocyteHDAC2 and HDAC2S394plassociate with the RNAPII complex, immunoprecipitasioh
RNAPIIS2ph (transcription elongatiesompetent) and RNAPIIS5ph (transcription initiatoompetent)
wereperformed under low stringency conditisam chicken polychromatic erythroid cell lysates treated
or not with RNase. Immunoblot analyses show RAAPIIS2ph and RNAPIIS5ph were efficiently
immunoprecipitated from the cell lysates independent of RNase digeSigure 4.5A and 4.58. The
immunoblot analyses also show that HDAC2 was bound to the two forms of RNAPII but that the
interaction was lostvhen the cell lysate was digested with RNase. In contrast, the majority of the
HDAC2S394ph was not bound to RNAPIIS2ph or RNAPIISTplgyre 5C and D). The immunoblots

also show that the highly phosphorylated HDAC2, which has a reduced mobility polg&rylamide

gels [163] was not associated with RNAPIl. These observations provide evidence that unmodified
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HDACZ2, but not phosphorylated HDAC?2, is recruited to transcribed chromatasdociating with the

newly formed transcript associated with RNAPII.

A IP: RNAPIIS2ph B IP: RNAPIIS5ph
RNase A (-) RNase A (+) RNase A (-) RNase A (+)
Input IP ID IgG Input IP ID IgG Input |P ID IgG Input IP ID IgG

i a
b
. 'HDAC2 “ . HDAC2
.‘ ' ’ Ny P e

IP: RNAPIIS2ph D IP: RNAPIIS5ph
RNase A (-) RNase A (+) RNase A (-) RNase A (+)
Input IP ID IgG Input IP ID IgG Input IP ID 1gG Input IP ID IgG
‘ - RNAPIIS2ph ‘ - RNAPIIS5ph
= -— S HDAC2S394ph+ . — 'HDAC2S394ph+

- @ B HDAC2S394ph Pr—— . _j. HDAC28394ph

Figure 4.5. Interaction of HDAC2 with transcript bound to RNA polymerase II. Chicken
polychromatic erythrocyte lysates treated with or without RNase A were immunoprecipitated with
RNAPIIS2ph (A, C) or RNAPIIS5ph (B, D). Immunoblot analyses of the input, immunoprecipitate (IP)
and immunodepleted (ID) fraction was done with antiesdigainst RNAPIIs2ph, RNAPIIS5ph, HDAC2

or HDAC2S394ph. As a control, the immunoprecipitation was done withrpreine rabbit IgG, and the

IP fraction analyzed by immunoblotting with the stated antibody. HDAC2S394ph+ indicates a multi
phosphorylated forrof HDAC2 that has S394ph.

4.4Discussion

Our results show that the unmodified HDAC2 in chicken polychromatic erythrocytes is associated with
RNA binding proteins, is associated with the RNA bound to the initiating and elongating forms of RNAPII
and is depedent upon transcription to associate with the gene body. These observations provide evidence

that in chicken polychromatic erythrocytes as in human cells unmodified HDAC?2 is recruited to nascent
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transcripts via RNA binding proteins, and it is from thens@ipt that HDAC2 catalyzes dynamic
acetylation of histones bound to the gene body.

To the best of our knowledge, this is the first report showing the location of phosphorylated HDAC2 along
transcribed genes. We show that HDAC2S394ph is directed pryrtmthe upstream promoter region of
transcribed genes. The observation that HDAC2S394ph is not associated with RNAPII is consistent with
phosphorylated HDAC2 being present in SIN3, NuURD and CoRE&J]: HDAC complexes which are
recruited to regulatory regions by a variety of transcription factors.

Dynamic acetylation, catalyzed by KATs and HDACS, plays a major role in the organization and solubility
of transcriptionally active chromatin in chicken polychromatic erythrocj285]. In these cells, the
majority of HDAC2 is bound to transcriptionally active chromatin. The observation that HDeStizs

in theinterchromatin channels between condensed chromatin regions suggests that transcribed chromatin.
which has highly acetylated (although dynanhistonesand is soluble at physiological ionic strength, is

also located at the boundaries of censed chromatin. This conclusion is consistent with the report by
Hutchison and Weintraub which demonstrated that DiNase sensitive chromatin (a feature of
transcriptionally active chromatin) in chicken erythrocytes was located in the interchromainelsha

[425]. Supetresolution fluorescence oroscopy has shown that transcriptionally active chromatin,
RNAPII and nascent RNA are located with the perichromatin region which has decondensed chromatin.
The perichromatin region borders on condensed chromatin and interfaces with the interchromatin
compartmen{427].

In chicken polychromatic erythrocytes, transcribed genes have at least two types of organization. Highly
transcri bed ¢g-globagene, areipresentanschramiatiem domains several kingthléhat

have highly acetylated histones, and are DNase | sensitive and soluble at physiological ionic strength.
Such gene domains may be entirely present in the perichromatin domain which at the low resolution of
our analyses would appear to be in thernchromatin channels. In contrast, atiol low-expressing genes

such as th€A2andGAS4lgenes have highly acetyl ated histon
may have their 56 regulatory regions in the pe
condensed chromatin regiof27]. As KAT and HDAC activity are associated with the internal nuclear
matrix of polychromatic erythrocyt¢281, 428] we speculate that the nuclear mastoucture associated

with the perichromatin domain and interchromatin channel is involved in maintaining the differential

chromatin organization of high versus rfidw-expressing gene chromatin structures.
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4 5Materials and Methods
4 .51 Ethics

All methods involving the use of chickens were approved by and carried out in accordance with the
University of Manitoba Animal Care Committee guidelines and regulations. The birds were purchased
through Central Animal Care Services, University of Manitoba esmde housed under standard

conditions.

4.5.2 Chicken erythrocyte chromatin fractionation and HDAC2 isolation

Chicken polychromatic erythrocyte salluble chromatin o and polynucleosome fraction (Fiere
preparechs described previous]282]. The F1 fraction was crodmked with 1% formaldehyde at room
temperature for 10 min, then quenched with glycine. The dimssd F1 fraction was incubated with
hydroxyapatite (HAP) for 1 hr. The unbound fraction, which contains nonphosphorylated HDAC2
complexes, was collected. Fromg fraction, HDAC2 was immunoprecipitated using an-B8iAC2
antibody (Thermo Fisher Scientific). Magnetic Dyna beads (Invitrogen, Carlsbad, CA) were used to pull
down the immunoprecipitated complex.

4.5.3 Mass Spectrometry

The HDAC2 immunoprecipitated compleas elutedvith 1% SDS / 0.1 M NaHC&The elutedraction

was vacuurrdried and washed with 100 mdM NH4HCOs and iodoacetamide. Aftéyophilization, the
sample was incubated with trypsin for over 16 h &37The nao-liquid chromatography and tandem
mass spectrometryere performedas described previously429]. To identify peptides, the Mass
Spectrometry Sequence Database (MSDB), version 20060831 database was searched using the Glob:s
Proteome Machine (http://www.thegpm.org) search engine as previously de$¢80kd

4.5.4 Immunoblotting

Equal amounts (5.0 A260) from the chicken erythrocyte chromatin fractions were loaded onto the
polyacrylamide gel. The blots were immunochemically stained withHIDAC?2 (Millipore, Billerica,

MA), anti-HDAC2S394ph (Abcam, Camloige, United Kingdom), antiSRSF1 (Santa Cruz, Dallas, TX),
and antiH3K36me3 (Abcam) antibody. The antibodies used and their conditionsisted in
Supplementaryable 4.1.

4.55 Immunofluorescence assay

Indirect immunofluorescence was performed to ab@@rize the distribution of HDAC2 in the chicken
erythrocytes as described previougl@l]. . Briefly, chicken erythrocytes were diluted in PBS and then
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smearedn polylysine coated slides (Sigma). Adried blood smears were fixed with 4% formaldehyde

and then subjected to immunofluorescence staining using mouse monoclonal antibody against HDAC2
(Millipore) followed by Alexa Fluor 594 donkeys amtiouse secondgrantibody (Molecular Probes,
Eugene, OR) . The nucl edamidbhdRiphenybandole $OARI). Fluoréscewde t h
microscopy was performed using Zeiss Axio Imager Z1 microscope. Digital images were captured using

AxioCam (Oberkochen, Germang{Rm camera.

4.5.6 Immunoprecipitation (IP) and-@mmunoprecipitation (cdP) assays

Immunoprecipitation for RNAPIIS2ph and RNAPIIS5ph was performed according to the protocol
described432]. Briefly, cdl lysates were prepared by using immunoprecipitation buffer (50 mM Tris
HCI pH 8.0, 150 mM NacCl, 0.5% N#0, and 1 mM EDTA) with the protease and phosphatase inhibitors
added fresh. After brief sonication supernatant was collected and the lysate weergdegith A/G beads
(Santa Cruz) for 1 hr at 4AC. For i mmunoprecipi
JAHAN ET AL. of RNAPIIS2ph or RNAPIIS5ph antibody (Abcam) overnight at 4°C. Cellular extracts
were treated wi tehA far BD mireay B7A0. Newrt fday, IOl al ©f protein G beads
(Invitrogen) were added and incubated for 3 hr at 4°C. After the beads were washed for four times
immunoprecipitated complex was immunochemically stained with HDAC2 (Millipore) or
HDAC2S394ph (Abcan) antibodies. The list of antibodies and conditions used in immunoprecipitation
and ceimmunoprecipitation experiments are listedBumpplementary Table4.1.

4.5.7 Cell Culture andreatments

Chicken polychromatic erythrocytegere incubatedvith 0.15 mM 5,6dichlorobenzimidazoleiboside

(DRB) for two h.

4.5.8 Chromatin Immunoprecipitation (ChIP) assay

For all studies, dithiobisuccinimidyl propionat¢dDSP) and formaldehyde double crdisking ChIP
assays were performed. Cells were incabatt room temperature with 1 mM DSP for 30 min, and then
for 10 min following the addition of formaldehyde to a final concentration of 1%. MNase digestion was
optimized to yield an average size of 147 bp fragri88]. The primers used in CHEPCR expements

are shown irSupplemental Table 4.2

4.5.9 Statistical analysis

Generation of all graphs and statistical analyses were cimg GraphPad Prism6v@rsion.
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4.7 Supplementaryinformations

immunoprecipitation (IP)

Supplementary Table4.1. List of antibodies used in immunoblotting (IB) and

Antibody Conditions | Description Company
HDAC2 IP: 5 ug/mL | Mouse monoclonal| Thermofisher scoentific
IB: 1:1000
HDAC2(phospho S394) | IP: 5ug/mL | Rabbit polyclonal | Abcam
IB:1:1000
HDAC2 IB:1:1000 Mouse monoclonal | Millipore
SRSF1 IB: 1:500 Mouse monoclonal | Santa Cruz
Ac-H3 IP: Sug/mL | Rabbit polyclonal | Millipore
H3K36me3 IB: 1:1000 | Rabbit polyclonal | Abcam
RNAPIIS2ph IP: S5ug/mL | Rabbit polyclonal | Abcam
IB: 1:1000
RNAPIIS5ph IP: Sug/mL | Rabbit polyclonal | Abcam
IB: 1:1000
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Supplementary Table4.2. Primers used in ChIRgPCR experiments

Gene Region Primer sequence
Chicken | Promoter FP: GTGTTTCCCGCTTCCTTTCTTAA
GAS41

RP: GCGTTCATGCCGTTTCCATC

Exon 6 FP: GACACAGCGAGCTTCTCTCGTA

RP: CCGTAGCTCTCGTGCAGCTT

Exon 7 FP: TTGATGGTGCTGTGTATTTTGGT

RP: ACGGGACGTCGTTAGCAGTT.

Chicken | Promoter FP: ACCGCTCTACCTGCCTCCTT

CA2 RP: GAGGACGCCCCTGGTTCT

Exon 2 FP: GAGAGCAAAGCCAGCCTCACT

RP: CAGGGCACTAGCTCACACAAGT

Exon 3 FP: GGAGCGTGGATGGAGTCTA

RP: CCCTGGCCCTCACAGGAT

Exon 7 FP: GCCCTGGCAACATCTTGTCT

RP: TGGCCAAGAGCCTTTCACAT

FP: Forward primeriRP: Reverse primer
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CHAPTER V: PRMT1 AND 5 MEDIATED H4R3ME2A  AND H3R2ME2S
MODIFICATIONS IN TRANSCRIPTIONALLY ACTIVE CHROMATIN

5.1 Abstract

Arginine modifications by protein arginine methyltransfesg#RMT9 can confer botlactive

and repressed chromatin states depending on the type of modifications. Among the different
PRMTs, PRMT1 and 5 are the major enzymes responsible for producing asymmetric and
symmetric arginine methylatipmespectivelyAsymmeric dimethylation of H4R3 by PRMT1 is
crucial in maintaining histone acetylation acrtéssglobin locus as demonstrated in both chicken

and mouse erythrocytel3, 434] It was demonstratefor the well-characterizedchicken

e r y t hglobin dbmen that PRMT1plays a critical role in establishing and maintaining active
histone mark$23]. On the other hand, symmetric dimethylation of H3R2 by PRMTS5 is another
active histone mark that enhances the binding of WDRS5 to the site, thereby establishing a poised
chromatin state. flerefore, recruitment of H4R3me2a and H3R2me2s by PRMT1 and 5 to the
active chromosomal domains is a critical event in the maintenance of an active chromatin domain
structure. However, the distribution of the two active arginine modifications H4R3me2a and
H3R2me2s in the genome is not well defined. In this study, ubm@hlP-seq assay, it was
revealed that both H4R3me2a and H3R2me2s associate with transcriptionally active chromatin.
We demonstrated that both H4R3me2a and H3R2me2s mark the rdigiddtory region of
transcribé genes along with H3K27ac. Moreover, these two modificasoagnrichealong the

gene body of highly transcribed genes in polychromatic erythrocytes. Our analysis showed that
both H3K27ac and H4R3me2a mark active prommtehile H3R2me2s and H3K4me@sociate
withthe56 end of g e n-®ccupandyyfH3RR2me2$ witle H3K4metdH3K27ac

within a H3 tail establishes that H3R2me2s mark both active and poised enhan8etail
modified with R2me2s contain H3K4me&nd both marks tend totooc al i ze at th
expressed genes in polychromatic erythrocytes. PRoM85 associate with RNAPIIs2ph and the
nuclear matrix; this ensures that the role of both enzymes presumably in coupling transcription
with posttraneriptional everg. The findings from this study provide new insights into the
distribution of two active arginine modifications and thignaling events initiated by these
modifications Moreover, these findingprovide insights into the role of PRMT1 aridin

establishing and maintaining the structure of transcriptionally active chromatin
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5.2 Introduction

Histoneposttranslationaimodifications contribute to gene activation and repression depending
on the type of modifications on the 1¢4i35]. Core histones undergo a variety of reversible-post
translational modifications, including acetylation, lysine and arginine methylation, ubiquitination,
and phosphorylatiofd36, 437] The discovery of new histone PTMs is still ongoing (e.g. H4
lysine propionylationand butyrylation) [438]. Some PTMs (active marks) are associated with
transcriptionally active chromatin regions, while others (repressive marks) correlate with silent
regions. Histone acetylation usually marks active genes as dagdrdimethylationof K4 of H3
(H3K4me2, K4me3Wwhereas H3K9me2 constitutes a repressive maekhylation of arginine by
PRMTs is a comparatively newly discovered histone modifications whiclactdroth asactive

or repressed histone modificatioms a contextdependenimanner, leading to the change of
chromatin structurg¢l81, 439] The mammalian genome encodes eleven PRMTs that transfer a
methyl group fronS-adenosylmethionine (SAM) the guanidino nitrogenfarginine. Mono and
dimethylation of arginineare catalyzedy two classes of PRMTs enzyme. PRMTs catalyze
arginine methylation by using the moleclB Mt o f or m <c| as sNG| N@&G sy mm
di met hyl arginine or ABMA) ,-dimgthyargisine brISDMA) otrme t r
monomethyharginine(MMA) [181]. The substrates for these enzymmetudehistonesandseveral
nuclear and cytoplasmic proteitiswas demonstratefor the well characterized chicken erythroid
b-globin domain, that the histone modifying enzyme PRMT1, which methylates H4 at R3
producing H4R3me2a (asymmetric), plays a critical role in establishing and maintaining active
histone marks [H3 dimethylatet K4 H3K4me2d , acetyl at e dglobindemamn e s |
by recruiting lysine methyltransferase (SET1) and KAZ3]. On the other handhe class Il

PRMT, PRMTS5 generates H3R2me2s that is recognized by WDR5; WDRS5 is a subunit of several
co-activator complexes that produce H3K4mga7]. PRMT5driven H3R2me2s is tightly
correlated with H3K4me3 at active promoters as demonstrated in huoalhIBe [217, 409]

PRMT®6 is the major methyltransferase responsible for the genéfdiR@me2ginactive)in vivo.

This H3 PTM antagonizes the MLkmediated trimethylation of H3K4, by preventing the
recruitment of WDR5, a subunit of the MLL complgx4, 221] Thus, methylation of histones

by PRMTs can provide or block the docking site of other effector moledatesiously, we
mapped all the transcriptionally active chromatin domains in chicken polychromatic erythrocytes

using the biochemical fractionation prdcee[285]. We showed that highly expressed genes were
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associated with H3K4me3 and H3K27a85]. H3K4me3 associaseprimarily witht he 56 en d
active gene$l25]. The H3K27ac is a mark c&n active enhancer while H3K4mel matioth
activeand poised enhaneg#417, 440] To gaininsight into the role of PRMT1 and 5 mediated
arginine modifications H4R3me2a and H3R2me2s in the chromosomal domain conformation,
ChlP-seq was used in combination with the biochemical fractionation gwoeén chicken

polychromatic erythrocytes.

In this chapter, wdeterminedhe genomevide distribution of arginine modifications, H4R3me2a

and H3R2me2sThis is the firsttime demonstration of the elocalization of H4R3me2a and
H3R2me2s at the hyper s eghobindomaneandsseva#l etleer dsthl t h e
regulatory regions. H4R3me2a and H3R2me2s associatedvith the gene body of the
transcribed genes of the polychromatic erythrocytes. THecoadization of HR2me2swith

K4me3 and H3K27 acetylatioon the same histone talggests thathere is a relationship
between thesenodificationsto generate aactive chromatin locus. Finallyshowtheassociation

of PRMT1 and 5 with the nuclear matriand the RNAPII@ph dependentmechanism of
recruitment of these two enzymesthetranscribed gene regions.

5.3Results

5.3.1 Association of PRMTIPRMT5 and their products (H4R3me2a and H3R2meas)

active chromatin fractions

The specificity and cros®activity of the antibodies used in the experiments were tested using
the pepticek dot blot assaySupplementary figure $.1). Distribution of PRMT1,PRMTS5,
H4R3me2a, H3R2me2s, H4R3me2s and H3R2me2algtasminedising the immunoblot assay

on chromatin fractions isolated from chicken erythrocylgs our chromatinfractionation
procedure Immunoblot analysis revealed that PRMT1, PRMT5 and their corresponding arginine
methylaed productsHH3R2me2s and H4R3meZ2@ere associatedith the transcriptionally active
chromatin fractions of polychromatic erythrocytdsgures 5.1- 5.3). PRMT1 and 5 were
associated with low sailhsoluble chromatin fractiong?salt soluble polynucleosome chromatin
fraction Sso, F1,and F2 Figure 5.1). PRMT1 mediated H4R3mefas associated witinactions

Pe, S, Siso, F1 and F2 Kigure 5.2a). A similar patternwas observedor PRMT5 mediated
arginine methylaad H3R2me2s Kigure 5.3a). Our results demonstrated that H4R3me2s is

associated with repressed chromatin fractioiag Bnd distributed across f#4 equally Figure
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5.2b). However, H3R2me2&as ony associated with repressed chromdtattions Rso and F4
(Figure 5.3b). A low level of H3R2me2®&vas observeth Sc chromatin fractionA similar pattern
of distributionwas observetbr PRMT1, 5, H4R3me2a, H4R3me2s and H3R2me2&romatin
fractions i®lated from mature erythrocyteSypplementary figure $.2-S5.4). The mature
erythrocyte Bfraction was depleted in H4R3me2a and enriched in H4R3me2s. However, this
needs tde testedurther as only one biological replicate has been performed. Ponceau S staining

of core histones in the bletas useds a loading control in these experiments.

PE SE S150 P150 F1 F2 F3 F4

a. ;
— - . — PRMT1
l F -
|
N T
C.

Core histone

Figure 5.1: PRMT1 and PRMT5 are associatedvith the transcriptionally active chromatin
fractions of chicken polychromatic erythrocytes Chromatin fractions (® A260) from
polychromatic erythrocytes were loaded onto a 10% -BBiacrylamide gel, transferred to
nitrocellulose membranes, immunocheaily stained witha) anttPRMT1 antibody and b) anti
PRMTS5 antibody. EPonceau Stained core histonagere useds a loading reference.
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Figure 5.2: Association of HIR3me2aand H4R3me2sarginine modifications with active
chromatin fractions. Chromatin fractions (5.0 A260) from polychromatic erythrocytes were
loaded onto a 10% SDolyacrylamide gel, transferred to nitrocellulose membranes,
immunochemically stainedith & antrH4R3me2and ) anttH4R3me2s antibodies) Ponceau
S-stained core histonegere useds a loading reference.

Core histone
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Figure 5.3: Association of H3R2me2s and H3R2me2a arginine modifications with the active
chromatin fractions. Chromatin fractions (5.0 A260) from polychromatic erythrocytes were
loaded onto a 10% SD@blyacrylamide gel, transferred to nitrocellulose membranes,
immunochemically stained wit) anttH3R2me2s antl) antrtH3R2me2a antibodies) Ponceau
S-stained core histonesere useds a loading reference.

5.3.2 Correlation of H4R3me2a and H3R2me2s arginine methylation with highly transcribed
genes

The genomic distribution of H4R3me2a and H3R2me2s nemtlifistonesvas further addressed
using the ChiFseq assayGenomewide mappingwas performedising ChiRseq assay for the

four histone modifications H4R3me2a, H3R2mda8K4me3and H3K27ac in polychromatic
erythrocytes. Previously we reported that H3K4me3 and H3K2&ae associatedt temde 506
of the gene body of highly expressgehesn polychromatic erythrocytes.

To determinghe H4R3me2a and H3R2mepsofile as a function of gene expressiore first
divided the genes from RN#&eq analysis into five $0percantile grous. The highly expressed
geneswere groupedsa 15t 20" percentile, genes expressatdalower level thanthe first group
are in 2nd 20" percentile and so on. H4R3meZRzcation was determined relativeto the
transcription start site (TSS) and transcription termination site (ifilégch of theuintile grou
(Figure 5.4a and5.4b). H4R3me2awas significantly enricheat theupstreampromoter region
andt h e 5 0 egangbodydf highliz expressed genésigure 5.4a). As shown irFigure 5.4a,
this mark drops sharplgt the TSS
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Figure 5.4: Profile of H4R3me2a as dunction of gene expressionH4R3me2a was mapped at

a) TSS and b) TTS of quintile classes based on gene expression levetent&8d profilesvere
dividedinto quintile classes based on gene expression levels (Appendix 2). All 5479 genes from
the galGal3 RefSeq database were ranked from top to bottom, according to their level of
expression. These genes were profiled for H4R3me2a spanning 3 kb on eati Si8and TTS
(Appendix 2).

A similar analysiswas performedor H3R2me2s with the five grospf expressedgenes Figure
55). Average coverage of H3R2me@&s determinec@droundthe TSS and TTS. As shown in
Figure 55a, H3R2me2swas highly enrichedat the upstream promoter or promoter proximal
region of highly expressed genes. Along the daody, the profile of H3R2me2&/as peaking
around 1kb while H4R3me2a peaked at 0.5klgyre 5.4a and Figure 5.5a). At the TTS
H3R2me2s drops sharp{ifigure 5.5b).
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Figure 5.5: Profile of H3R2me2s as dunction of gene expressionH3R2me2s was mapped at

a) TSS and bTTS of quintile classes based on gene expression levelscdr§&ed profilesere
dividedinto quintile classes based on gene expression levels (Appendix 2). All 5479 genes from
the galGal3 RefSeq database were ranked from top to bottom, according to their level of
expression. These genes were profiled for H3R2me2s spanning 3 kb on eatiiS8and TTS

(Appendix 2).

5.3.3 Profile of H4R3me2a and H3R2me2s arginine methylation in highly transcribed genes
Further,| studied the distributioof H4R3me2a, H3R2me2B3K4me3 and H3K27aat several
genomicloci in chicken polychromatic erythrocygeAtt h e ¢ hglobik lecas, HBR2me2s
was associatedith theH S 1 HS2, Ai&Bancersi®d alongbthe second extronic

r e gi dmglobim gendfigure 5.6). H4R3me2avas associatedith the HS1, HS2, HS3, HS4,
b/ Enhancers, and along £ gobin genebody and promoter. Thesearksco-mapped with
H3K27ac at the hypersensitive sites H61 a A /dEnhéincers. H4AR3me2a -otapped with
H3K27ac at t he %globimyeregrovding evigiéncerthatdR3me2azsnark
for anactivepromoter H3K4me3 cemapedwith H3R2me2s at the second exiatronic region

of ¢ dlobin gene.
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Figure 56 : Distribution of H3 R2 me 2-globima dothainHo# R 3 me

polychromatic erythrocytes.a) Thetoppaneli s t he schemati c-gldbinagr ar
domaindetailing about the position of genes and hypersensitive sites4H&8ithin the domain.

b) Thefirst track (in black) is the inpuignalfor ChlP-seq, underneath (in red) is the sigmatk

for H3K4me3, distribution of H3K27ac (in green), distribution of H4R3me2a (in destjjbution

of H3R2me2s (in orange).

Similarly, other active locwere analyzed n chi cken pol ychr ormladni c er
locus, H3R2me2s and H4R3meRare assdatedwi t h t he transcri pti oneé
gl obin genes as we lisllocated otwmes t ¥ Geearmh arf ¢ dFigyee WA @
5.7). Association of these two markmso b s er ved for the wupstream r
and HS14.9. Teése markswere absent in theembryonic’ g e n e is noh transbribedn

polychromaticerythracytes
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Figure 5.7: Distribution of H3R2me2s and H4R3me2a along expressed genes of
polychromatic erythrocytes. a) Thetop panelis the schematic diagram for chickekglobin
domaindetailing about the position of genes and hypersensties withinthe domainb) The
first track (in black) is the inpwignalfor ChiP-seq, underneath (in red) is the sigtrack for
H3K4me3, distibution of H3K27ac (in green), distribution of H4R3me2a (in rddjtributionof
H3R2me2s (in orange).

| analyzed two other active chromosomal I6diH1 andCA2 which havea moderateexpression

in polychromatic erythrocytes. In thHeTH1 locus, H3R2meR and H4R3me2a peaked at the
upstream promoter region and the first intronic region ofHMhEIl gene Figure 5.8). These
regionswere also markedvith H3K4me3 and H3K27ac. H3R2me2s and H4R3meZae
associatedvith the first intron of theFTH1 gene where they emapped with H3K4me3 and
H3K27ac. H3R2me2s also peaked at the upstream and downstreanFdHhgene where it
marked the location of the putative enhancer.ldbationof the putative enhancertiheupstream
FTH1gene was previoushkeported and also demonstratecCimapter 11l [285].
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c. h Chicken May 2006 (WUGSC 2.1/galGal3) Assembly
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Figure 5.8: Distribution of H3R2me2s and H4R3me2a alondg-TH1 gene of polychromatic
erythrocytes.a) The top panel is the schematic diagram for chidkEH1-genedomain detailing
abaut the position of genes, a putative enhasgerwithinthe domainb) Thefirst track (in black)

is the input signal for ChHBeq, underneath (in red) is the signal treckH3K4me3, distribution

of H3K27ac (in green), distribution of H4R3me2a (in reitributionof H3R2me2s (in orange).

c) CpG island were mappe@long theFTH1 gene using galGal3 UCSC genome browser. Green
bar undethe geneindicates the location ofCpG island.

Similar to theFTH1 locus,H3R2me2sand H4R3me2a associated with the upstream promoter
region and second exantronic region oiCA2gene Figure 5.9). The location of H4R3me2a and
H3R2me2s along the gene bodydA2andFTH1 genesstronglyassociateavith the CpG islands

in these regionsSupplementary figure S5.5.
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: Nser on Chicken May 2006 (WUGSC 2.1/galGal3) Assembly
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Figure 5.9: Distribution of H3R2me2s and H4R3me2a alongCA2 gene of polychromatic
erythrocytes. a) The top panel is the schematic diagram for chidR@2-gene domain detailing
about the position of genes, a putative enhasitewithinthe domainb) Thefirst track (in black)

is the input signal for ChiBeq, underneath (in red) is the signal tramkH3K4me3, distribution

of H3K27ac (in green), distribution of H4R3me2a (in reitributionof H3R2me2s (in orange).

c) CpG islandsvere mappe@long theCA2 gene using galGal3 UCSC genome browser. Green
bar under the genndicates the location of CpGslands.

5.3.4 Profile of arginine methylation in lowly expressed genes of polychromatic erythrocyte
cells

Lowly expressedjenes such aslDAC2 and PRMT7 have H3R2me2s and H4R3mezd the
promoter region along with H3K27ac and H3K4mddggre 5.10, 5.11). H3R2me2s and
H4R3me2awvere not foundassociated with theodingregionof these low expressing genes in
polychromatic erythrocyte3he ChiRseq analyss for H4R3me2a and H3R2me2s demonstrate
that for all transcribedenes both of these mankgre associated with upstream promoter region
andthebeginningof coding regionDistribution of H3R2me2s and H4R3me2a across the genomic
region of several expressed genes were further validated using thassafPSupplementary
figure S5.6 and S5.Y.
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Figure 5.10: Distribution of H3R2me2s and H4R3me2a alongiIDAC2 gene of polychromatic
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5.3.5 Analysis of correlation between H4R3me2a with H3KQThIRseq peaks

The orrelation between H4R3me2a and H3K2hading in the genom&vas determinedoy
identifying commonpeaks between the Ch#eq analysisor H4R3me2a and H3K27aés the
result shows inFigure 5.12, there is a strong correlation (regression value = 0.92) between
H4R3me2a and H3K27ac ChHeq peaksn the genomeof polychromatic erythrocytes. The
association of H3R2me2s with H3K27ac was not as strong as it for H4R38w@ggagmentary
figure S5.8). However, correlation analysis for H4R3me2a and H3R2me2s-&bdfpeak shows

they colocalize for manyegions of thegenone (regression value = 0.83Figure 5.13).
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Figure 5.12: Correlation between H4R3me2a and H3K27ac ChiBeq peaks.The common

peak identifiers were generated by detecting overlapping peaks among H4R3me2a and H3K27ac
ChiP-seq experiments. Overlapping of peaks within 100 bp were merged by Homer
softwale package. The Pearson correlations were calculated and plotted by Partek software. The
calculated regression line is r=0.92.

157



3300

2960

2620 % '
. |m Regression Line

2280 .. . |r=0.831005

1940 %

1600

1260

H4R3me2a

920

580

240

-100
-100 240 580 920 1260 1600 1940 2280 2620 2960 3300

H3R2me2s

Figure 5.13: Correlation between H4R3me2a and H3R2me2s Chifeq peaksThe common
peak identifiersvere generatelly detecting overlapping peaks among H4R3me2a and H3R2me2s
ChiP-seq experiments. Overlapping within 100 bp were merged by Homer sofisckage. The
Pearson correlations were calculated and plotted by Partek sofivirerealculatedregression

line is r=0.83

5.3.6 H3 argininedimethylationrelationshipwith H3K4me3andH3K27ac

Co-localization of ChiPseq peak for H3R2me2s with H3K4me3 and H3K27ac in several genomic
regions of polychromatic erythrocytes suggested that R2rid2se3,and K27ac may reside on

the same H3 molecule. Therefore, to address whether there is datkossiong these marks
histone H3 cdP was performed. H3 tail containing H3R2me2s modification was
immunoprecipitated followed by the subsequent immunoblot seslgf immunoprecipitated H3
molecule with several antibodies fmodifications on this tail.ihcluded H3K27ac and H3K4mel

in this experiment as H3K27ac tends to mark the active enhancer, while H3K4mel marks both
active and poised enhancej440]. IP was performed for H3R2me2s followed by immunoblot
analysisfor each of the modifications H3R2ne2H3K4me3, H3K27ac and H3K4mel. IP for
H3R2me2s followed by immunoblot for the same mark served as an experimental control to
demonstrate the efficiency of IP.As shown in the result, H3R2me2s reside on the same H3 histone
tail with H3K4mel or H3K4me3 or BK27ac Figure 5.14bd). Under these conditions where
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nucleosomes were dissociated in the presence of SDS, H4 was not expected to be associated witt
H3 molecule.This was further establishebly the IP of H3R2me2s followed by immunoblot

analysis for H4R3me2which showed negative results under these condiffogsre 5.14e)

Input P ID 19G
a.
~ IP: H3R2Me2s
IB: H3RZ2me2s
b. IP: H3R2me2s
IB: H3K4mel
. ) IP: H3R2me2s
“ ' IB: H3K4me3
d. ' IP: H3R2me2s
IB: H3K27ac
IP: H3R2me2s
€ | — ey
IB: H4AR3me2a

Figure 5.14: Cooccupancy ofH3R2me2s arginine methylation with lysine methylation and
acetylation. Approximately 5.0 A260 of nuclear lysate was immunoprecipitated with 6f an
antrtH3R2me2santibody or nonspecific IgGantibodies Immunoprecipitated complewas
immunochemically stainedvith indicated antibodieslP= Immunoprecipitated complex, ID=
Immunodepleted complex.
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5.3.7RNAPIIS2ph dependent recruitment of PRMT1 and 5 to transcribed gene regions
Previous studieeportthat PRMT1is recruitedo regulatory regions by transcription factors such
as USF1 but how PRMTare recruitedo the coding regionof transcribed gends not known
[45]. Ore possibility is that PRMThand PRMT5are associatedith RNAPII. This interaction
with RNAPII could be due to the protein complextothe transcript attached to RNAPThe
association of PRMTL1 or 5 wiRNAPIIS2phwas determinedh co-immunoprecipitatn studies.
Immunoprecipitationof RNAPIIS2ph followed byimmunoblotting with antibodies against
PRMTL1 or 5 revealed thassociatiorof PRMT1 and 5 with RNP1IS2pH-{gure 5.15) | further
investigated whether the association of these enzymes with RNPIIS2ph is dependent on the
transcribed RNA. For this purpose, cell lysateere treatedwith RNase A before
immunoprecipitation.The RNase Atreatment did not release PRMT1 aBdenzyme from
RNAPIIS2ph complex indicating a direct association of these enzymes with RNAPIEgphe(
5.15.

Al RNase A (-) B. RNaseA (+)
IN IP ID IgG IN IP ID IgG
= IP: RNAPIIS2ph
- IB: RNAPIIS2ph
IP: RNAPIIS2ph
— IB: PRMT5

IP: RNAPIIS2ph
e IB: PRMT1

Figure 5.15: PRMT1 and5 associate withRNAPIIS2ph complex in chicken polychromatic
erythrocytes. Cell lysates from polychromatic erythrocytes treated with or without RNaseA. A)
Polychromatic erythrocytes not treated with RNaseAR@&ychromatic erythrocytes treated with
400ug/m. of RNaseAfor 30 minute at 37°C. Both nereated and treated cell lysates were
immunoprecipitated with RNAPIIS2ph and subsequently immunoblotted with antibodies against
a) RNAPIIS2ph, b) PRMT5 and c) PRMTL1.
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5.3.8Association of PRMT1 and 5 with the near matrix

PRMT1 and5 were enrichedn the salt insoluble £ fraction isolated from polychromatic
erythrocytes.Elongating RNAPII (RNAPIIS2ph) associates with the nuclear mguil].
Association of PRMT1 and 5 witheRand RNAPIIS2ph indicated that similar to KATs and
HDACSs, theseenzymes coultle attachetb the nuclear matrij281, 428, 441]The ruclear matrix
was isolated using a previously descrilpedtocol. Equabmounts of cellysate, nuclear lysate,
nuclear matrix fraction and RNase A treated nuclear matrix fraetiene loadedPonceauS
stained membrane shows the molecwarght ladder (¥ lane),isolatedtotal protein(2" lane),
high-salt chromatin extra¢8™ lane), the nuclear Matrix fraction{4ane) and RNase A released
protein from nuclear matrikactions Figure 5.163. As evident from the results, histones were
depleted in nuclear matrix fraction while lamin proteins were predominant ifnatbigon Figure
5.169. Immunoblotanalyses demonstrated that PRMT1 &ndere associatedvith the nuclear
matrix. However, the release of these enzymes tremucleamatrix after RNase A digestion
could be due to the solubilization of internal maasthe internal nuclear matrix is a Riotein
structureThe result indicated that similar to the KATs and HDACs, PRMT 15sa@associatd
with the nuclear matriand could have a role in recruiting active gene regions to the nuclear matrix
(Figure 5.16).
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Figure 5.16: Interaction of PRMT1 and PRMT5 with the nuclear matrix. Proteinswere
extractedrom each fractiorproduced during the isolation of the nuclear mattigualamounts
of proteins (1Qug) from each fractionvere loade@n an 8%SDSpolyacrylamidegel, transferred
to nitrocellulose membrane and Ponceau staiaptf laneto the right is the molecular wgit
ladder, thesampleloadedto each lane is indicated above the laDe the left Ponceau-8ained
core histones were used as a loading reference. b)vigdotsmmunochemicallgtainedwvith antr
PRMT1 and antPRMT5 antibodes

5.4  Discussion

5.4.1 PRMT1 an® associatavith active chromatin

PRMT1 and5 mediated arginine modifications, H4R3me2a and H4R3me2s, respedtigsty
reportedasactiveand repressed chromatin mafk8, 181] Similarly, PRMT5 and 6 generates
H3R2me2s and H3R2me2ahich are associatedith active or repressed chromatin, respectively
[217, 221] Change# the chemical structure between symmetric or asymmetric orientation could
contribute to the preference of binding of specific molecid@i2me2a by PRMT6 antagonizes
the MLL1 (mixed lineage leukemiabyediated trimethylation of H3K4, by preventing the
recruitment of WDRS5, a subunit of the MLL compl@21]. On the contraryii3R2me2gecruits
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WDRS5 which is a subunit of several coactivator complexes that produce H3K2&g3With

the aid of a chromatin fractionation procedure, we previously established that the transcriptionally
active genes are associated with both lowisalluble () and salt soluble chromatinigg F1,

and F2) in chicken polychromatic erythrocyf@4]. By combining the chromatin fractionation
procedure with Nexgeneration DNA sequencing of salt soluble polynucleosome chromatin
fraction F1, we identified that F1 chromatin contains at least two classes of transcribed chromatin
organization [13]. Irthis study, using the same chromatin fractionation process we demonstrated
for the first time that PRMT® and their corresponding arginine modificationsR34ne2a and
H3R2me2s preferentiallgssociatavith the transcriptionally active chromatin fractsdPe, Siso,

F1,and F2. It is tdoe notedhat PRMTS5 produces both H3R2me2s and H4R3ntdé@wsever the
chromatindistribution of PRMT5 suggests thatetlactivity of this enzyme is more involved in
catalyzing the active mark§3R2me2s. Thus, the associatidnPRMT1 and PRMT5 and their
corresponding arginine modifications with F1 polynucleosome indicate that they preferentially

associate with active/poised genes in chicken polychromatic erythrocytes.

5.4.2 H4R3me2associatavith promotes of transcriptionallyctive genes

There isvery limitedinformation available regarding the distribution of H4R3me2a due to the lack
of ChIP-gradequality antibodies. H4R3me2a was reported to facilitate the subsequent acetylation
of H4 at Lys 8 and 12 by p30and therefore BIR3me2a can be considered as a active mark that
recruit p300[220]. It was reportedthat PRMT1 could not dimethylate R3 when H4 was
hyperacetyladd [220]. However, it shouldbe notedhatthe antibody used in that study was not
specific towards symmetric or asymmetric methylation of HARRBMTS5 mediated H4R3me2s

was reported tde associatevi t h si |l enci ng f unct igen@pramatert h e
[249]. Moreover,our ongoing study revealed that prior acetylatthth not affect the level of
H4R3me2a in chicken polychromatic or mature erythrocytata(not shownPRMT1 mediated
H4R3me2a was demonstrated to be crucial in maintaining the active chromosomal l@sss as |
of PRMT1 was associated with loss of H3K9/14, H4K5 and H4K12 acetyjdgadingto
heterochromatinization othe globin locus. However, the mechanisms to howH4R3me2a
sustainghe active chromatistructureremains poorly understodé3]. The USF1/2 heterodimer
recruits PRMT1 producingH4R3me2aat theHS4. When the binding of USF1 to this site
preventedthere is dailure of chromatin modifying enzymes to bind to this site and loss of barrier
function[45].
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In this study, | explored the genomic distribution of H4R3me2a and H3R2me2s by using the ChIP
seq assayThis is the first time tlat the genomidocation of H4R3me2a hdseen demonstrated

and the first time that H3R2me2s and H4R3meZ2a baea analyzetbgether.Consistent with

the previous findings, our analysis revealed that H4R3rasRaciatesvi t h t he HS4 s
globin locus. Further extending the analysis, we are the first to demonstrate that H4R3me2a is the
mark of an active promoter whichs also associatedith H3K27ac in chicken polychromatic
erythrocytes. Weshowedthat H4R3me2asi present at the H81S4 and distal regulatory region

of sever al hi ghly tr ans c r-globieldcusgThese lsypersengiticen a
sitesare associatedith H3K27ac produced biysine acetyltransferases p300/CBB85]. As
shownpreviously,prior methylation of H4R3 stimulates acetylation by p300/CR#p results are
consistent with the idea thaBOO/CBPis as a readeof H4R3me2g23]. We next sought to
determine whether H4R3me2alozalizeswith H3K27ac.Thestrongco-localization of thesevo
modifications furthesupportshe effector function of PRMT1 mediated H4R3me2a. Moreover,

the ubiquitous distribution of H4R3me2a acrossthc hi c ken b a nsdggestshat! o b i
this modification plays a crucial role in maintaining domain confirmation akelyisn recruiting
acetyltransferases these genomic regions. It is conceivable BfRMT1 and KATsarerecruited

as a complexo these regions. However, prior acetylation is not a prerequisite for PRMTL1 to
facilitate H4 arginine methylatioj220].

5.4.3 H4R3me2a cdocalize with H3R2me2s at the hypersensitive sites-HS4 and other

distal regilatory region of transcriptionally active gene
Next, we characterized the distribution of H3R2me2s andyésomic distribution relative to
H4R3me2a. Intriguingly, we found that the two active arginine modifications H4R3me2a and
H3R2me2sreco-localized at the hypersensitive sitestbec hi cken U and b gl ob
data indicatethat these active marks are both present distal regulatory regions of highly
transcribing genes. It is possible that H4R3me2a and H3R2me2s reside on the samenmeicleoso
This can be confirmedby performing sequential ChIP assay for H4R3me2a and H3R2me2s.
Moreover, PRMT1 an8 could be in the same complex ahds can be addressed by performing
thesequentialChIP for PRMT1 and 5.
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5.4.4H3R2me2s cdocalize with H3K4m8 at t he 56end of the gene
genes

Upon further analysis of the distribution of H3R2me2s, we found that this mdokaes with

the H3K4me3 at the secoestonrintronicboundaryr e gi on of hi ghly éexpr es
gl obin gene, UACARgedd. FbDmodelatlp éxpressing geres, sudkiTasl,

these two modificationare alignedt the first exofintron boundary region, elmcalize with CpG

island at the sitd.observed atrongassociation of CpG iahds with the placement of H4R3me2a

and H3R2me2s for several genes sasfA2andFTHL. It is possible thathe placemenbf the
H3R2me2s or H4R4me2a marks in the coding regidirectedoy the presence of the CpG island.
Colocalization of H4R3meZandH3R2me2s at several genomic regisapports the finding from
previous studies that H3K4meS tightly correlatedvith H3R2me24217, 409] | extended the
findngs by establishing that these two modi fic
where presumabl y HS3R3aimadestionmegiorksimtlahte the&sHBK4mg3l i ¢
[442]. These findingsvere further validatefly the histone cammunoprecipitatiorexperiments,

which demonstrated directly that an H3 histaad that is modified at R2me2s also contain
H3K4me3.

5.4.5H3 modified at R2Zme2s has K4maid H3K27ac

Consistent with the previous findingk,determined that H3R2meds a mark of the distal
regulatory regios [217]. | showedthat H3K4mel andH3K27ac, whichare marks of anactive
enhancer, coccupyanHa3 tail with H3R2me?2s. It is important to note that H3K27ac is the mark
for the active enhancer while H3K4mislassociatedith both active and poised enharg@40,

443, 444] Therefore,l concluded from this study that some H3 molesuatéght have R2me2s,
K27ac andor K4me3or K4mel. However, this needs be addresselly sequential ChlIP or

sequentialP experiments.

5.4.6 PRMT1 and 5 recruited through RNABBph

Studies have shown that both PRMT1 angegulate the splicing event by modifying splicing
protein and in doing so reguldteeir nuclearcytoplasmic shuttlingR56, 445448]. Interaction of
PRMT1 and 5 with &roadrange of RNA associated proteins indicates the involvement of these
enzymes in a splicingssociated evestpossibly through interaction wit RNA. Using the
‘interactome capture' analysis to define the mRNA interactome in proliferating HelLa cells,
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Hent zeds gr oup beimgpne of thecdndidalRNAFbindiraygroteing410]. With
the ChiRseq analysis, we found that thesociatiorof H4R3me2a and H3R2me2shich are
producedby PRMT1 and5, respectivelyalong the gendodes of highly transcriled genes.|
sought to determine the mechanism of how these two enzymes move along thedeaead
whether the mechanismis coupled to its interaction with the transcript Co-
immunoprecipitatiohimmunoblot studie demonstrated thétoth PRMT1 and 5associate with
RNAPIIS2ph. Under low stringency immunoprecipitation conditions, treatment ofethdar
lysate with RNiseA dd not release the proteins from RNAPIIS2dtis resultindicates that
unlike SR proteins ahHDAC?2, the association of PRMT1 and 5 with RNAPIIS2pmot
mediatedhrough RNA[165].

5.4.7 PRMT1 and 5 binds tthenuclear matrix

Association of PRMT1 and 5 witie low salt insoluble nuclear materialg)Rvhich contains the
nuclear matrix suggested thARRMT1 and 5associatedvith the nuclearmatrix. The nuclear
matrix, whichis composed of ribonucleoprotein, ses\ss the foundation/platform for several
nuclear processe&nzymesregulating chromatin organizatisuch as KATsand HDACs are
associated with #2and nuclear matrix complg281]. Theseenzymes ar@évolvedin coupling
transcription with prenRNA processing165, 449] Our findings show thaPRMT1 and5
associate with the nuclear matrix. Future ssdill berequired to address whether PRMT1 and
5 are inthe same&omplexwith KATs or HDACs.

The findings of this study hold promise in providing novel insights into the mechanisms as to how
chromatinmodifying enzymes can regulate the complex regulatory network of gene expression.
PRMT1 and 5 mediated arginine methylation have been linkednetastasis and cancer
progression in breast and lung carndé&0, 451] PRMT1 mediated H4R3me2a is a pioneer mark
that establishes other active marks. Active chromatin marks, such as H3K9/K14ac and H4ac,
locatedalong the entire chicken globin domain will not be present when PRMT1 is knocked down
[23]. The a consequence of the loss of PRMT1 activity, repressive marks such as H3K9me2,
H3K27me3 that are associated with heterochromatin are formed in the globinnd@3hi
PRMT1 recruited to the chicken HS4 region contain transcription factor USF2, lysine
acetyltransferases PCAF and SRCL1 in the complex [45]. In this current study, | observed a strong
co-localization of H4R3me2a with H3K27ac, which indicate the bigdihp300/CBP. Also, my
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study is the first to demonstrate a connection between the two active arginine methylation marks,
H3R2me2s and H4R3me2a, and their association with H3K27ac, H3K4me3, H3K4mel marks.
These results suggest that the effector enzym@9/¢8P, MLL1/2 and SETD7, for these marks
(H3K27ac, H3K4me3, H3K4me1l) bind to the PRMT1 and 5 binding sites. | observed the presence
of arginine marks at the several regulatory regions of polychromatic erythrocytes, while other
active marks were absent. i$lobservation further supports the role of PRMT1 and 5 mediated
arginine modifications as pioneering mark to set up other active marks. Intriguingly, | found that
the localization of CpG island plays a crucial role in placing H4R3me2a and H3R2me2s. It is
possible that CpG island binding protein such as CXXC1 could be acting as a recruiter for PRMT1
and 5 to these sites [452].

Findings from the current study contribute to novel insights regarding two major asymmetric and
symmetric arginine modifying enmes, which are already under consideration as therapeutic
targets in cancer [129]. PRMT1 and 5 enzymes are aberrantly expressed and associated with poor
prognosis in several types of cancer [129]. More specifically, H4R3me2a and H3R2me2s by
PRMT1 and 5 wex shown to be linked to the regulation of the expression of several genes
involved in metastasis and epithelial to mesenchymal transition in cancer [450, 451]. Therefore,
understanding the role of PRMT1 and 5 in the regulation of transcription and itaimiaig

higher order chromatin structures will provide further insights in future studies that use inhibitors

of these enzymes in cancer therapy.

5.5 Methods
5.5.1 Chromatin fractionation
Chromatin fractionation was performed on polychromatic and mature erythrecyeslingto

the protocol described prviously and included in detail the methodsection ofChapter 1.

5.5.2Immunoblotting

Proteins ineach chromatin fraction (F&4) (5.0 A260) were resolved on SEFFAGE and
immunoblottedwith antibodies again®RMT1 (Millipore), PRMT5 (Millipore), H4R3me2a
(Active motif), and H3R2me2s (Millipore).
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5.5.3Dot-blot assay

Peptide dot blot assaysere performedaccording to the procedures describedChmapter 11 .

Briefly, nitrocellulose membrane was labelled to specify the location of the peptides for
H4R3me2a, H4R3me2s, H3R2me2a, H3R2me2s, H3K4mel, and H3K4me2. Two ug of each of
the peptides were directly addedto the membrane and allowed to dry at®%or 15 minute.
Membrane was incubated with blocking solution (5.0 % skim®i05% TTBS) for 1 hour at

room temperature. Membrane was then incubated with H4R3me2a or H3R2me2s antibody
solution overnight. Afte three washes with 0.05% TTBS, the membrane was incubated with
isotype specific secondary antibody solution (diluted in blocking solution) for 1 hour at room
temperature with rotation. Finally, membrane was incubated for 3 minute with the

chemiluminescenECL, the film was developed.

5.5.4 Ceassociation of modification on H3 tall

Histone H3 IRvas performeaccording to the protocol described befdr®2]. Briefly, cells were

lysed using cell lysis buffel5(mM PIPESpHed with KOH to 8.0], 85 mM KCI, 0.5% NBROQ)

buffer with the incubation at 4°Gupernatant was discarded after centrifugation for 10 minute at
10,000 rpm using microcentrifugeHéttich Mikro 20 Centrifuge) The nuclear pellet was
resuspended in MNase Digestion Buffer (10 mM-H{SI pH 7.5, 0.25 M sucrose, 75 mM NaCl)

plus phosphata&dprotease inhibitors. Cafilas added to the samples to a final concentration of 3
mM and incubated at 37°C for 10 minute. MNase was added to a concentration of 4.5 U/mL and
incubated for 20 minute. MNase condition was optimized to get mononucleosorfragizents.
Reaction was stopped by adding EDTA pH 8.0 to a final concentration of 5 mM. Nuclei was lysed
with SDS (0.5% final concentration) by rotating at room temperature for 1 hour. Insoluble material
was separated by centrifugation (10k rpm, 5 min(Beyvall Legend Micro 17) and discarded.
Nuclear lysate was diluted with RIPA buffer (10 mM THEI pH 8.0, 1% TritorX-100, 0.1%

SDS, 0.1%sodium deoxycholat&DC) plus phosphatase/protease inhibitors added freshly. Lysate
was pe-cleared with protein A/G agarose (Santa Cruz) beadsi(@ér mL of lysate) for 1 hour

at 4°C. Beads were pelleted by centrifugation by using microcentrifuge (Hettich Mikro 20
Centrifuge) for 23 minute at 1200 rpm. Supernatant was transferred toutms. tAfter measuring

the A260, 1 ug of each H3R2me2s antibody was added per A260 of lysate. It was allowed to
incubate overnight at 4°C with rotation. Next day, Dynabeads Protein G (Invitrogen) were added

and incubated for 2 hours with rotation at 4°Ca&®gwere washed with RIPA buffer 4 times at
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room temperature for 5 minutes with rotation. One A260 of was collected from immunodepleted
(ID) fraction. Immunoprecipitant (IP) was eluted from the beads by adding the appropriate volume
(usually 40 uL) of SD3oading buffer to the beads. Equal amounts of input and ID (usually 0.2
A260) and 1.0 A260 IP were loaded onto a gel for immunoblot blot analyses with antibodies
against H3R2me2s/H3K4me3/H3K27ac/H3K4mel or H4R3me2a.

5.5.5 Chromatin immunoprecipitation (Ehlassay and Chifeq assay

ChlP-seq and ChIP assays wererformed accordingo a previously described protocahd
includedin Chapter Il in detail[285]. Briefly, cells were crosinked with 0.5% formaldehyde

for 10 minutes Nuclei were lyed and chromatin was sheared to 250 bp using ultrasonic
dismembrator (Fisher). ChIP assawyere performedvith anttH3K4me3 (Abcam), amiH3K27ac
(Abcam), antH3R2me2s (Millipore), and ankli4R3me2a (Active motif) antibodieAs a
control, isotype specifinonrelated IgG was used in the ChIP as<aiyiP and input DNAwvere
further processedurified and quantitated using a Qubit® 2.0 fluorometer (Léehnobgies.
Input and ChIP DNA quality was analyzed using 2000 Bioanalyzer (Agilent). Enrichment values
were compared using previously described calculatiowith equal amounts of input and
immunoprecipitated DNA (1.0 ng). Primexge describeth Supplementaryable S5.1. Theerror

bars indicate standard deviatifid = 3). ChiP-seq for theabovementioned histon®TMs were

performedsimilally asthe ChIP assay (N=2).

5.5.6 Immunoprecipitation and et

Immunoprecipitation for RNAPIWwas performed accordin a previously described protocol
[165]. Briefly, thecell lysatewas preparedly using an IP buffer (50 mM THACI [pH 8.0], 150

mM NacCl, 0.5% NP40,1 mM EDTA) with freshly added proteasadiphosphatase inhibitors
(Promega)After brief sonication (twicat power 2 for Zhree times for 12 sec each, with 1 min
interval on iceat power 2)the supernatant was collected and lysate wasclgared with A/G
beads (Santa Cruz) for 1 hour at 4Approximately 500 ug of cell lysateasincubated overnight

at 4°C with 3 ug of RNAPIIs2ph antibodifor RNase A treatment, half of the cellular extracts
were treated with 400 pg/mL of RNase A for 30 min at 37°C. Next day, 40 uL of protein G beads
(Invitrogen) were added and incubated for 3 h at 4Béads were washed, and the

immunoprecipitated complex was loaded onto 8% SDS gel. After transferring the protein complex
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into nitrocellusoe membrane, the blot was immunochemically stained with RNAPIIs2phr{Abca
or PRMT1 (Millipore) or PRMT5 (Millipore) antibodies.

5.5.7 Isolation of nuclear matrix

The nuclear matrix from chicken polychromatic erythrocytess isolatedaccording to the
previously described protocpl53]. Cells were lysed by CSK buffet0 mM KCI, 3 mM MgCl,

10 mM Pipes (pH6.8), 1 mM EGTA, 0.3 M sucrose, 0.5% (v/v) thiodiglycol, 1 mM PMSF, 0.25%
Triton X-100] with protease and phosphatase inhibithtgclei were collected by centrifugation

for 10 minutes. Nuclei were resuspended imligestion buffer [10 mM Pipes (pH 6.8)Q 5nM

NaCl, 300 mM sucrose, 3 mM MgCilmM EGTA, 0.5% v/v Triton X1L00] at20 A260/mL.The
nucleiwereincubatedvith DNasel (Sigma)at a final concentration of 100 ug/mL for @tinutes

at room temperature. Approximately,M (NH4).SQy was addeddrop wiseto a get a final
concentration of 0.25 M. The nuclear matrices were collected by centrifugation and resuspended
in 8 M urea.The supernatanwas stored to compare this fraction containing digested chromatin
with the nuclearmatrix. Half of the nuclear max fraction was resuspended with urea and
subsequently dialyzed against ddHo get rid of urea. The remaindealf of the nuclear matrix
fraction was treated with RNaseA at concentration of 10 ug/mL for 30 minutes at 37°C. Equal
protein amounts (10 ufom the cell lysate, (NF2SQs supernadnt, protein released from nuclear
matrix fraction and RNase A released protein fréime nuclear matrix complex greloaded onto

SDS polyacrylamide gel The fractionswvere loaded onto 8% SDS polyacrylamide gebt&ins

were transferred onto nitrocellulose membrane and immunochemically steithe@RMT1
(Millipore) and PRMT5 (Millipore) antibodies.

5.5.8 Bioinformatics analysis

5.5.8.1RNA-seq and Chlieq analysis
Bioinformatics analysis for RNAeq and ChiBeq analysisvas performedaccording to the process

described irChapter Il in themethodsection.

5.5.8.2ChIP-seq peak distribution
The ChIRseq peak profiling around TTS and TW8re generatednd displayed using the CEAgogram.

These profiles were grouped basedbgrercentiles of cellular RNA&eq expression level.
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5.5.8.3ChlIP-seq peak Correlation
The common peak identifiengere generatelly detecting overlapping peaks among different dg
experiments. Overlapping within 100 bp were merged by Homer softpackage. The Pearson

correlations were calculated and plotted by Partek software.
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5.7 Supporting informations
5.7.1 Supporting figures

5.7.1.1 Determining antibody specificity and cross reactivity

a.
1 P 2 TN
1 2 3 4
b s A A n3q
2 i B3R

Figure S5.1: Peptidedot-blot assay for determining antibody specificity and cross reactivity.

a) Two ug of each of the peptide 1.H3R2me2s, 2. H3R2me2a, 3. H4R3me2a, 4.H4R3me2s, 5.
H3K4me2 and 6. H3K4me3 were placed on nitrocellulose membrane, immunochemically
analyzed with amH4R3me2a antibody. b) 2.0 ug of each of the peptide 1. H4R3me2s, 2.
H4R3me2a, 3. H3R2me2a, 4. H3R2me2s, 5. H3K4me3, 6. H3K4me2 were placed on
nitrocellulose membrane and immunochemically analyzed withH8R&2me2s antibody.
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5.7.1.2 Association d?RMT1, PRMT5 and H3 and H4 arginine methylation with
transcriptionally active chromatin

PE SE S150 P150 F1 F2 F3 F4

e

: : ,
- = L 1l

PRMT5

Core histone

Figure S5.2:PRMT1 and PRMTS5 are associated with the transcriptionally active chromatin
fraction of chicken mature erythrocytes. Chromatin fractios (5.0 A260) from polychromatic
erythrocytes were loaded onto a 10% SifByacrylamide gel, transferred to nitrocellulose
membranes, immunochemically stained wah anttPRMT1 antibody and banttPRMTS
antibody.c) Ponceau Stained core histones wersad as a loading reference.

PE SE S150 P150 F1 F2 F3 F4
H4R3me2a
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Figure S5.3: Distribution of H4R3me2a and H4R3me2s in mature erythrocyte chromatin
fractions. Chromatin fractions (5.0 A260) from polychromatic erythrocytes were loaded onto a
15% SDSpolyacrylamide gel, transferred to nitrocellulose membranes, immunochemically
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stained witha. antrH4R3me2a and. antrH4R3me2s antibodiex. Ponceau Stained core
histone from the blot was used as loading control.

PE SE S150 P150 F1 F2 F3 F4

a. R — ‘__. . H3R2me2s

b. S I H3R2me2a

Core histone

Figure S5.4:Distribution of H3R3me2s and H3R2me2a in mature erythrocyte cellular and
chromatin fractions. Chromatin fractions (5.0 A260) from polychromatic erythrocytes were
loaded onto al5% SDSpolyacrylamide gel, transferred to nitrocellulose membranes,
immunochentgally stained witha) anttH3R2me2s ant) anttH3R2me2ac. Ponceau Stained
core histones @re used as a loading reference.
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5.7.1.3 ChIP assay for H3R2me2s and H4R3me2a for highly transcribing genes of
polychromatic erythrocyte cells.
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Figure S5.5 H3R2me2s and H4R3me2a distribution along expressed gends schematic
representation of the amplicons generated by PCR analyses of immunoprecipitated DNA is shown
for H5 ( HXBNYHB&2) genelblack lines below thephaEach amplicon is labeled
according to the 506 position of the forward
represented by boxes. ChIP assays were performed on formaldgbgdinked sheared
chromatin prepared from chickgmolychromatic erythrocytecells. Equal amounts of input and
immunoprecipitated DNA were quantified by reémhe quantitative PCR. Enrichment values are

the mean of three biological repeats, and the error bars represent the standard deviation.
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Figure S5.8 H3R2me2s and H4R3me2a distribution along expressed genés.schematic
representation of the amplicons generated by PCR analyses of immunoprecipitated DNA is shown
for FTH1 andCA2genes (black lines below the map). Each amplicon is labeled according to the
56 position of the forward primer relative
boxes. ChIP assays were performed on formaldebyaslinked sheared chromatin prepared

from chickenpolychromaticerythrocyte nuclei. Equal amounts aput and immunoprecipitated

DNA were quantified by redime quantitative PCR. Enrichment values are the mean of three
biological repeats, and the error bars represent the standard deviation.
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5.7.2 Supporting table

Table S5.1: Primers used for CiPCR

Primers

Sequences (5'to 3')

HBG2-Exon1F
HBG2-ExonXkR

5- CGGATAAAAGTGGGGACACAZ
5- GTGGCAGTTGGAGGGTAGE3'

HBG2-Exon2F
HBG2-Exon2R

5- GGCAAGAAAGTGCTCACCTGS
5- GCTTGTCACAATGCAGTTCGS3!

HBG2-Intron2F
HBG2-Intron2R

5-CACATTGCGCATTTTGATGT-3'
5-GCACCAGGGAAAGATTCCTASZ

HBG2-Exon3F
HBG2-Exon3R

5- CAGCAAGGACTTCACTCCTGAS
S5-TTTGGTGCTGGTGCTTAGTG3

FTH1-PromoterF
FTH1-PromoterR

5- CAGCACAGTGCAGCTCTCTTF3
5-TGCGTTTGTTCCCTAAAAGG3'

FTH1-Intron1-F
FTH1-Intron1-R

5-TTATCCACCAGGCAAGAACG3!
5-GAACGCAGCTGTTGGTGATAZ'

FTH1-ExonlF
FTH1-Exonl}R

5- CCACCGCATCTCTCTCTTTE3
5- GCGTACAGCTCCAGGTTGAT3

FTH1-Exon2F
FTH1-Exon2R

5- ATTTTGACCGGGATGATGTG3'
5-TGGTTTTGCAGCTTCATCAGS3

FTH1-Exon3F
FTH1-Exon3R

5- TCGTGATGACTGGGAGAATGS3
5- TGCCAATTTGTGCAGCTCTAS3'

H5-PromotefF
H5-PromotefR

5- AGGTGCGCTCAGAGAGAGAG3'
5- AATTGCTGATGCTGTTGCAGS3'

H5-ExonF
H5-ExonR

5- AGGAAGGCCAGGAAGAAGTC-3'
5- GACCGCTTCACCTTCTTGG?3'

CA2-PromoterF
CA2-PromotefR

5- CGCGTTTCCTACAAGGTGAG3
5- GACGCCCCTGGTTCTTACTT-3'
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CA2-Exonl-F

5- AAGCGGACCTCTCTCTCTCES

CA2-ExonkR 5- GAACTCCATGCCCTTCTCG3!
CA2-Exon2F 5- AGCCCCTCAGCTTCAGCTAG3'
CA2-Exon2R 5- ACTTGTCGGAGGAGTCGTCA3'

CA2-Intron2-F
CA2-Intron2-R

5- GCCTGAGCTGCCCTACTCTA3'
5-CCTTCTTCCTCCTTCCCATGS3

CA2-Exon3F
CA2-Exon3R

5- CGCTGGATGGAGTCTACAGG3!
5- GCATCGTACTTCACGCCATC3

HDAC2-PromoterF
HDAC2-PromoterR

5- GTGTGGAGGGTGTTTCGTCTF3
5- CCCTCTTGTCCCTTGCTGTASZ'

HDAC2-ExonlF
HDAC2-ExonlR

5- CCCTATGGCGTACAGTCAGG3'
5- GCGGTTACGGCGCTCTAGS3
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CHAPTER VI: EPIGENOMIC LANDSCAPE OF IMMUNE GENES IN CHICKEN
ERYTHROCYTES

6.1 Abstract

Background: Chicken polychromatic erythrocytes exhibit cellular functions of transcription and
translation similar to other nucleated cells. Studies have reported the expressiontlideToll
receptors (TLRs) and several cytokines in response tionti@nestimulationin chicken mature
erythrocytes. These studies have demonstrated a passuadunction of nucleated erythrocytes

other than oxygen transport.

Method: In this studyRNA-Seqwas used to analyze the expression of several innate immune
genesm polychromatic erythrocytes under nstimulated conditions. With the combinationaof
biochemical fractionation prodere and ChIRsequencingepigenomic features of salbluble

chromatin of immune gen&gere characterizeid chicken polychromatic erytbcytes.

Result: Heré demonstratéhatchicken polychromatic erythrocytes express several immune genes
under steady state conditions. Thleromatin of thee genes associate with active histone
modificationsand is enriched in the active chromatin fractioSimilar to the other genes in
chicken polychromatic erythrocytethie chromatin ohighly expressed immune genes have sal
solubility along the geneawhile the chromatin ofow expressing ones havesalt solubility only

at the promoter region. Howeven contrast to other gendgbge chromatin ofmmune genes with

a low level of transcrigbn exhibit salt solubility and active histone modifications, which
categorize them asiiquegenes in these cells. Thereforéndicategshat immune genes in chicken
erythrocytes possess a unique epigenomic feature suggesting that theiged be expressk
Finally, poly I:C-mediatednduction of several cytokines and TLRs in polychromatic erythrocytes

establishes the function of $ecells irtheinnate immune response.

Conclusion: This study demonstrathke distinct epigenomic features of immune genes in chicken
polychromaticerythrocytes, whiclarecrucial to thaunderstandingf the underlying mechanisms

of immunedefense systesmgainst invading organism in nucleated erythrocytes. Thus, epigenetic
features of immune genes explored in this study toatd be the underlying mechanism to
regulate the immune genes in erythroid cells will be able to contribute to the current lgewled

regarding epigenome mediated immune defense mechaniseidahrate

183



This collaborative works under preparation for publication

Sanzida Jahan performed all the experiments, Wayne Xu performed the bioinformatics
analysis, Aleksandar lligrepared the library for sequencing.

184



6.2 Introduction

Erythrocyte and lymphocyte cellre generatedfom a common myeloid progenitor cethe
hemocytoblasid54]. The major function of erythrocytesto carry oxygeihrough the circulation
from lungs to tissues of the body.imammals erythrocytesre enucleatedt the terminastage.
However nonrmammalianvertebrates such as avian, fish, amphibians repdiles contain a
nucleus at thenaure erythrocyte stagiB51]. The nucleated erythrocytes in Rovammalian
vertebrates are transcriptionally active and possess functions other than gas transportation such a:
modulation of immunity[351, 359] The RNAcontentis inversely correlatedvith cellular
differentiationalong with a decreasing RNA content with red blood cell maturity. Though there is
variation in erythrocyte morphology ardngevity, erythrocytesare highly conservedcross
vertebrate specidd55]. The function®f nucleated erythrocytes are thust restricted to simply

gas exchange andre extendedo other physiological processes such as immune defense

mechanism against invading microorganisms.

Several studieseportedhat nucleated erythrocytes from salmon, trout and chicken show immune
responseg [322, 358, 359] Innate immune responsaitiates through thepattern recognition
receptors(PRRs) by therecognition of avariety of pathogerassociatednolecular patterns
(PAMPSs). Toltlike receptors (TLRsare typel transmembrane proteins and serve as the major
component of PRR. TLR mediated signabdB) eadd
the mitogeractivated protein kinasggnalingcascadeThe TLR mediatedsignalingevent leads

to releasef cytokines and interferon molecules from the infected ¢&8].

The first suggestion regarding the role of erythrocytes in immune response came frauayhe s

by Nelson in 1953This study showed thatythrocytes were crucial enhancing the phagocytic
capacity. Erythrocytes act as apsonicagent to attach the bacteria on the surface and making it

a signal for phagocytes to kill the organi§#®d7]. Human erythroid nuclear cel(grythroblast
antigen+ and glycophorin A+ cells from human bone marneere shown to produce several
cytokines and immune regulatory molecules under-stonulated conditions which includes

(ID-1 b ,-2,IL-4, IL-6, interferon (IFNo , transf or mi ngb 3 r otwd ho f arcé
factor (TNF)U a nID[3%7LIn another study, fish erythrocytes were shown to clear pathogens

by forming arosettewith macrophage$458]. Following that studychicken erythrocytes were
shown to have similar phenomena where they were able to enhance phagocytic activity in response
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to Candida albican$362]. A study conducted on trout and chicken erythrocytes showetthésat
cellswere capable of responding taramunestimulant such apolyinosinic:polycytidylic acid

(poly 1:C) [358]. Poly I:C, which mimicsfor dsRNA virus, was able to induce TLR3 alifiN-U
transcripts in trout and chicken erythrocy{888]. To determine the repertoire of TLRs and
immune components expressed in chicken erythrocitesdifferent concentrations gbly I:.C

and CpG oligodeoxynucleotides (CpG ODN) were 4824a]. Poly I:C produces TLR3 mediated
immune response, while CpG ODN which is a shairtglestrandedsynthetic DNA molecule

can activate TLR21 mediated pathway in &bies[307, 331] Treatment of chicken erythrocytes
results in aupregulationin the expression of type limtef er on | FN U a nadd ab , [
low level of induction of MHC 1l and CD80 molecule.On the other handunstimulated
erythrocytes were found to differentially express several imnmune genes slcR®%, 3, 4, 5
and21[322]. Findings from these studies suggest that chicken erythrocytes can respond to various

ligandmediatedmmune responses and thus contribute to defense against invading organisms.

To gainfurther insight into the role of immune genes in chicken eogiytes, we investigated the
epigenomic profile of the immune gene chromatin in this study using chicken polychromatic
erythrocytes. Chicken polychromatic erythrocyte cells arerephcating GO phase cells isolated
from anemic chicken$285]. Also, we did transcriptome analysis in chicken polychromatic
erythrocytes and at the same time we analyzed the gene expression profile in 6GZ2etisl|

is a transformed chicken erythroleukero@l. | did that toconfirm that chicken erythrocytes did
express immune gendshypothesie that chicken polychromatic erythrocytes express immune
genes withthe distinct epigenomicfeature. We previously mapped all the transcriptionally
active chromatin domains in chicken polychromatic erythrocytes. Combining a biochemical
fractionation process with negeneration DNAsequencingwe isolated and characterized 150
mM NaCl soluble polynucleosome chromatin fraction @Ftomatin fraction)[285]. In our
previous study, welemonstrated that active genes were organizedwdalasses of domains.

The first classconsistedof genes witha high level of expression, antisense transcripts and
associated with H3K4me3ad H3 K2 7ac at the 506end of the g
enhancer nearby. T9class of genekadsalt solubility along the entire domain. The second class
hasalow level ofexpression with ndetectableRNA, association with H3K4me3 and H3K27ac
andthe5 @énd of thegene is enriched in F1 (describeddhapter V) [285].
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Here we used the same approach to characterize the features of immune genes in chicken
polychromatic erythrocytes. We characterized the salt soluble feature of imrenes, gheir
expression profile and distribution of H3K4me3, H3K27ac, H3R2me2s and H4R3me2a with these
genes. We found novel and distinct epigenomic features of immune genes in our study. The results
from this studysuggesthat immune geneare markedvith H3K4me3, H3K27acH3R2me?2s,

and H4R3me2asuggesting that these gerae in a poised configuration ready to be rapidly

induced.

6.3 Results

6.3.1 Circos plot for immune genes enrichment in F1

To characterize the salt solubility feature of immune genes in chicken erythrocytes, salt soluble
polynucleosome chromatin fraction F1 was sequenced using the SOLID 5500x| sequencer. As
shown inFigure 6.1, several of the immune genes in polychromatic eogyteswere enriched

in the F1 salt soluble chromatin fraction. Some of the gemessolublealong the wholgene

body, while othersshow solubility only at the proximal promoter regiofi.o show the genomic
distribution of these genga Circos plotvasgeneratedAs the figure illustrate, the outside of the
Circos map was markedwith the chromosome numberepresentedwith a color for each
chromosome in the circle. Approximately 9466 domain islands wexgpedto the galGal3
genome using Circos3 (versifr62.1) with 5 Mb spacing on each chromosome. The blue vertical
bars inside is the level of F1 enrichment for the particular gene within the chrom&ume of

the immune genes enriched in F1 &teR3, TLR21, TLR7, TLR6, TLR15, TLR2, TLR4, TLR5,
TLR16 TRAFD1, TRAF7, TRAFBlyd88 IRAK2, IRAK4IRF1, IRF2, IRF5, IRF7, IRF8, IRF10,

IRF4, NFKB1, NFKB2 TRAM] IFNB and TAB. As the Circos plotillustrates, salt-soluble
immune geneswere distributed equally across thentire chicken erythrocyte genome.
Chromosomes 3 and 4 contain most of the TLRs and chromosonmntdired the type |

interferon.
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Figure 6.1: Distribution of salt soluble immune genes in chicken erythrocyte genom€ircos

plot of DNA sequence enrichment in fraction F1 polynucleosomes (inner vertical blue line). The
outer ringrepresentshe chicken chromosomes and numbered according to chromosome number
outside of the ring. Thiateriorring details the mapping ameak intensity of F1 DNAseq reads.
Some of the most enriched immune geaeshown
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