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HIGHLIGHTS

¢ A platform for imaging histone 3.3 (H3.3) de novo loading in differentiated
Neuro2a neuroblastoma cells was developed, which is suitable for testing
candidate modulators of H3.3 loading in cells as well as for high-content
screens. This has implications for identifying novel modulators of H3.3
loading in the context of brain pathological states and ageing.

¢ A co-immunoprecipitation (co-IP) protocol for identifying interacting partners
of the histone chaperone Daxx (death domain—associated protein 6) was
developed in mouse cortical neural progenitor cells.

e Nr2c2 (nuclear receptor subfamily 2 group C member 2; Tr4, testicular
orphan nuclear receptor 4) and Cpsf2 (cleavage and polyadenylation
specificity factor 2) were identified as novel Daxx interaction partners,
linking Daxx to transcription and polyadenylation regulation.



ABSTRACT

Studies have implicated the importance of the histone H3 variant H3.3 in
chromatin remodelling and transcriptional regulation in the central nervous
system (CNS). Gain-of-function mutations affecting H3.3 and its loading
machinery have been recently identified in glioblastoma multiforme (GBM) and
other tumours. Moreover, H3.3 accumulates on chromatin during ageing and
plays significant roles in ageing-related signalling pathways, as recently
demonstrated in the context of Caenorhabditis elegans. Given H3.3
involvement in human neoplasia and ageing, there is a need to better
understand how H3.3 loading is regulated in cells and how pharmacological
intervention could be used to either augment or suppress its incorporation.
Loss-of-function mutations of H3.3 chaperone DAXX (death domain—
associated protein 6) lead to chromatin instability and alternative lengthening
of telomeres (ALT), correlating with a variety of cancers including GBM and
pancreatic neuroendocrine tumours (pNETSs). Studying DAXX interactome
would improve our knowledge on its novel cellular functions involved in normal
biological processes as well as tumourigenesis.

During my PhD project, | developed an H3.3 visualisation platform based on
Halo-Tag technology in Neuro2a cells (a neuroblastoma cell line). The Halo-
Tag visualisation assay was developed via leading-edge robotised automation,
rendering it suitable for high-content/drug screening. | also established a
FLAG-Daxx affinity purification system in mouse neural progenitor cells
(NPCs). Mass spectrometry of FLAG-Daxx affinity purification revealed two
novel Daxx-interacting partners, Nr2c2 (nuclear receptor subfamily 2 group C
member 2; Tr4, testicular orphan nuclear receptor 4) and Cpsf2 (cleavage and
polyadenylation specificity factor 2), which were verified by protein
immunoblotting.

Overall, this study provides: i) a new tool for discovery science efforts aimed
at identifying novel actionable regulators of H3.3 deposition in cells in the
context of neoplastic disease and ageing, and ii) a basis for further
investigation of mechanisms regulating histone variant loading in the nervous

system.



Impact Statement

Paediatric glioblastomas (pGBM) are the leading causes of cancer-related
death in children. Current understanding of the biological mechanisms is
limited, and no effective treatment has been developed so far. Brain tumour
(GBM is the commonest class of brain tumours) survival remains low, and has
changed little in over a generation. Cancer Research UK have made brain
tumours a strategic priority as one of the four “cancers of unmet need”.
Accordingly, comprehensive research is urgently needed for advancing
knowledge of the molecular mechanisms underlying pGBM pathogenesis.
Epigenetic reprogramming can be modulated via histone modification and
histone variants exchange in the chromatin.

This research was performed to address a number of key questions, i.e. how
dysfunctional H3.3 and its loading machinery (chaperone DAXX) contributes
to tumourigenesis, and more specifically, to define the molecular changes
underlying the H3.3 alterations, and how it relates to changes in pGBM
pathogenesis, with implications for other tumours and disorders. The findings
promise to reveal functional associations between H3.3 and its chaperone
DAXX, and aid better understanding of the fundamental mechanisms of
chromatin structure and transcription organisation. Furthermore, it could exert
key effects on developing novel biomarkers with diagnostic value as well as

new therapeutic targets.



TABLE OF CONTENTS

LIST OF FIGURES ... .. 14
LIST OF TABLES. ... e 16
LIST OF ABBREVIATIONS . ... e 17
L. INEFOTUCTION .. 23
1.1 Histones, histone modification and functions ..........cooeeeviiviiiiiiniineenn, 23
1.0 0 H3 VAITANTS oeeeeeiiiiiiieieeeieeeeeeeeee ettt 24
1.1.1.1 Modifications 0N H3 ..ot 25
1.1.1.2 Functions of canonical and variant H3 ............ccccooevvinnnnincineens 26

1.2.2 Linker NISTONE HL......ooiiiiiiiiiiiiiiiiiiiieieiiii e 29
1.1.2.1 Modifications 0N HIL ..o 29
1.1.2.2 Functional studies 0N Hl ... 31

1.1.3 H2AIH2B VAITANTS ..ottt e e e 32
1.1.3.1 Modifications 0N H2A/H2B ... 32
1.1.3.2 H2A/H2B TUNCLIONS ..oviiiieieieeteeeete et 33

L LA HA e e eaeans 35
1.1.4.1 MOdifications 0N H4 .....ooiiiieeeeeee e 35
1.1.4.2 HA TUNCLIONS .ttt 35

1.2 H3.3 chaperones and other chromatin remodelling factors.................... 36
1.2.1 HSP, NASP, ASF1 and HATIL ....uuuiiiiiiiiiiiieniinenieenennnnennnennnnnnnnnnnnnnnnnnnnnes 36
1.2.2 DAXX/IATRX COMPIEX ..ottt e e 37
1.2.3 HIRA/UBN-1/CABIN-1 COMPIEX ..evvvvvruiurrunnninnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnne 40
R R I 1= o RN 40
1.2.5 ATP-dependent chromatin-remodelling factors ...........cccccuvvveviinnnnnns 42
1.2.5.1 BRG1 @and BRM....ccooioiiiieiriisiesiesieseeeeeetse s 42
1.2.5.2 TNE CHDS ..ottt sttt be e b e 43

1.3 H3.3 and chaperone DAXX in neurodevelopment, ageing and disease . 44

R TRt 1 FC RO P PP TUPPPPP 44
1.3.1.1 H3.3 in neurodevelopment, brain homeostasis and ageing......... 44
1.3.1.2 H3.3in brain and bone tumMOUTIS .......c..cccvueiniincinecieereeeees 45

1.3.2 The H3.3 chaperone DAXX . ..o 47
1.3.2.1 DAXX as a transcriptional regulator ..........cccccevvvveevieeeceneeceereceenen, 47
1.3.2.2 DAXX in apoptosis and ageing .....cccccecevereecenieseenieseeese e 48
1.3.2.3 DAXX and tUMOUFIJENESIS ....ccouieieeiiiieieieseeee ettt 48



1.4 Outstanding questions, hypotheses and aims............cccooeeeeeieeeeeeeeeeeee, 50
LD A 51
1.6 Project SCNEME ... 52
2. Material and Methods ... 54
2.1 MAEEIIAIS o 54
2. L L PlaSMIAS e 54
2.1 2 PIIMIEBIS oottt ettt ettt e e e 55
2121 PCRo ettt ettt ettt sttt ettt et st sttt e e be e saee st ea 55
2.1.2.2 Real-time PCR (QPCRY) ....oceeeeeeeeeeseee ettt 55
2.1.3NPCs and Cell lINES ....ccooeeeeeeeeeeeeeeeeeeee e 55
2.1.4 ANTIDOAIES .. 56
2.1.4.1 Antibodies for immunoblotting (western blotting) .......ccccecveveeene 56
2.1.4.2 Antibodies for immunofluorescence (IF)......cocoeveiieeeveiiececeeen, 57
2.1.5 SiRNA 0ligonuCIEOtIAES .....ccceeeeeeeeee e 57
2.1.6 Materials for immunoprecipitation (IP)........ccccooeieeiee, 58
2.1.7 BUFTEr RECIPES oo 58
2.2 MEENOGS ...t 59
2.2.1 Molecular Biology ..o 59
2.2.1.1 Cloning (restriction enzyme digestion and ligation)........c.cc.c....... 59
2.2.1.2 TransSformMation ... 60
2.2.1.3 Miniprep, sequencing, and Maxiprep .....ccoeeceeeeveeneeieenreseeeseseenens 60
2.2.2 Cell CUIUIE o 61

2.2.2.1 Calcium phosphate transfection for virus particle production ...61
2.2.2.1.1 Lentiviral producCtion .......cccceeeeiiieece et st 61
2.2.2.1.2 Lentivirus titration (pHIV-dTomato and FLAG-Daxx-pHIV-
dTomato) for dTOMAato EXPreESSION ....cceeiiieeececeeeeeee ettt 62
2.2.2.1.3 Lentivirus transduction (pHIV-dTomato and FLAG-Daxx-pHIV-
dTomato) in NIH3T3 cells and NPCs and cell sorting .......ccccceecceevveenns 63
2.2.2.1.4 Lentivirus titration (H3.3-HaloTag-pLenti-PGK-Neo-DEST
w531-1 and dH3-HaloTag-pLenti-PGK-Neo-DEST w531-1) for neomycin
L2 g 0] =111 [0 TSRS RPRURN 64
2.2.2.1.5 Lentivirus transduction (H3.3-HaloTag-pLenti-PGK-Neo-DEST
wb31-1 and dH3-HaloTag-pLenti-PGK-Neo-DEST w531-1) in Neuro2a
Cells and Cell SOMTING .oueiiiiiiece e 64

2.2.3 BiOCheMISTIIY oo 65



2.2.3. 1 Immunopreicpitation (IP) .ottt 65

2.2.3. 1.1 1P optimiSation l..cceceeciieeeiiceeeececeees et 65
2.2.3.1.2 1P optimiSation Hl.....cccccieeeiecieeeeceece et 65
2.2.3.1.3 1P optimisation Hl.......cccooeeviiiieieieceece et 66
2.2.3.1.4 1P optimiSation IV ..o 67
2.2.3. 1.5 1P OptimMiSAtiON V..ot 68
2.2.3.1.6 ‘Mock’ IP optimisation V with different protease and
phosphatase iINNIDITOrS. ... 70
2.2.3.1.7 IP optimisation V with dithiothreitol (DTT) ..cccccevevevirieririreeneee 70
2.2.3.1.8 Modified IP optimisation V for reduced background and
specificity Of CO-IP ProteiNS .......ccoiiiriiineeeeeeeee e 70
2.2.3.1.9 1P optimiS@tion VI ...ccooeeiiiriiriesieieeeeeeese et 71
2.2.3.1.10 IP optimisation VII (non-denaturing buffer).......c.ccccccevevenenee. 73
2.2.3.2 MS sample preparation ... 74

2.2.3.3 siRNA transfection and immunoblotting of Daxx, Hira and Gapdh

................................................................................................................................... 75
2.2.3.4 Immunoblotting (western blotting)........cccoeveeeeiecceniceecee e, 76
2.2.3.4.1 Gel electrophoresis, protein transfer and primary antibody
INCUDALION .ttt 76
2.2.3.4.2 TPANSTOI et 77
2.2.3. 4.3 IMMUNODBIOTEING c..ocvieieiicieeceee et 78
2.2.3.5 SIVEI STAINING c.icveeiiceceeeee et ennens 78
2.2.3.6 CoOOMASSIe STAINING....ccecieieeieeeeece ettt eenens 79
2.2.3.7 TCLIP ettt ettt sttt renae st 79
2.2.3.8 ImMuUNOflUOreSCENCE (IF) ...ooiiieiiceeeeceeeese e 80
2.2.3.9 Chromatin extraction for HaloTag and histone proteins............... 81
2.2.4 Function assay: HaloTag imaging assay .........ccceevvvvvvviiieeeeeeeeennennnnnns 82
2.2.4.1 H3.3/dH3-HaloTag Lipofectamine transfection on HEK293T cells
and HaloTag liVe iMagiNg .....cccceeeerieeeeseeeeseee ettt s ennens 82
2.2.4.2 Preliminary examinations of the HaloTag imaging assay............. 82
2.2.4.3 Cell number and plate coating for high-content screens ............. 83
2.2.4.4 Mitotic index (pH3 staining) with automated platform................... 83

2.2.4.5 EdU staining on differentiated versus G1l-inhibited NeuroZ2a cells

10



2.2.4.6 Batch preparation of H3.3-HaloTag and dH3-HaloTag
overexpression NeuroZ2a cells for high-content screens.........ccccceceeveneee 85
2.2.4.7 H3 deposition on H3.3-HaloTag and dH3-HaloTag overexpression
Neuro2a cells: High-content screening setup with automated

=10 a1 g Lol [oYo L= TSR PTRPRR 85
2.2.4.8 gPCR of siRNA-transfected Neuro2a cells........ccccevvvveveiieceneennnns 86

3. Visualisation of H3.3 Loading for High-content Screening...........ccccccevvvve... 89
3.1 BACKGIOUNM ..ttt 89
3.1.1 Visualisation of H3.310adiNg .....ccoooieeieieeee e, 89
3.1.2 High-content screening analySisS ... 89
3.1.3 NeuroZ2a cells and their differentiation .............ccccoevvvviiiii i, 89
3.1.4 HaloTag system and H3.3 deposSition.......ccccoeveeeviiieiiiiciiiiieeeecceiiinn, 90
3.1.5 Quench-chase-pause analySiS.........cccvvvviiiiiiiii e, 91
BT (L1 | | 92
3.2.1 Construction of expression vectors (H3.3/dH3-HaloTag and H3.3/dH3-
PLENtI-PGK-NEO-DEST) ...coiiiiiiiii e e e e aaeees 92
3.2.2 H3.3/dH3-HaloTag Lipofectamine transfection on HEK293T cells, and
HaloTag live iIMaging .......oooiiiiiiiii e e e e e e e e aanees 93

3.2.3 H3.3-HaloTag and dH3-HaloTag overexpression in Neuro2a cells... 93
3.2.4 Neuro2a cell differentiation and growth arrest .........cccccoooeeiiiiiniinnnnnn. 94

3.2.5 H3.3 and dH3 loading in Neuro2a cells: HaloTag fluorescence imaging

3.2.6 Establishment of H3.3 deposition assay for high-content

COmMPOUNA/ArUQG SCrEENING ...coee oo 99
3.2.7 Single downregulation of Hira and Daxx with RNAi ...............c........ 105
3.2.8 Hira and Daxx double downregulation with RNAI ...................ooo. 107

0 J0C B = o U 17 T ) o [PPSR 111
3.3.1 HaloTag imaging assay for H3.3 deposition .........ccccceevvveevriviinnnnnnnn. 111
3.3.1.1 Generation of H3.3/dH3-HaloTag overexpression Neuro2a cells
................................................................................................................................. 111
3.3.1.2 RA differentiation of Neuro2a cellS.......cc.ccooevirveiineniiieeeee, 111
3.3.1.3 Quench-chase-pause aSSay .......ccoceveeeerereerieneeiese e 111
3.3.1.4 Canonical H3 deposSitioN......cccoceriiieieneee e 112
3.3.2 Downregulation of Hira and DaXX .........cooeeeeiiiiiiiiieeeeeeeeeeeeeeeeeeeeee 113
4. H3.3 Chaperone Binding Partners in NPCS.........cccccciiiiiiiiiiiiiii 116
4.1 BACKGIOUNM L.etiiiiiiiiiiiiiiiiiiiieieeteeteteeet ettt 116



4.1.1 Choice of model: neural progenitor cells........ccoviiiiiiiiiiinn. 116

4.1.2 Identifying H3.3 regulatory pathways in neural cells ...................... 116
4.1.3 MASS SPECIIOMELIY ... e e e 117
4.2 RESUILS ..ottt 118
4.2.1 Generating FLAG-Daxx and FLAG-Daxx-pHIV-dTomato constructs,
and FLAG-Daxx overexpression in NPCS .......ccccceivieiiiiiiiiiiiiee e, 118
4.2.2 Initial optimisation of FLAG-IP in FLAG-Daxx overexpression mNPCs
..................................................................................................................... 121
4.2.2.1 Optimisation | (IP on whole cell lysate)......c..cccoevereirnenenenennne 121
4.2.2.2 Optimisation Il (IP of nuclear extracts with high-salt buffer).....123
4.2.2.3 Optimisation lll (IP of nuclear extracts with pre-clearing, low-salt
buffer and Stringent Washes) ... 125
4.2.2.4 Optimisation IV (IP with 300mM salt washing buffer) .................. 127
4.2.3 Optimised FLAG-IP in FLAG-Daxx-overexpression mNPCs and MS
ANAIY SIS i e 129
4.2.3.1 FLAG-IP of the nuclear extract of FLAG-Daxx overexpression
MNPCs (Optimisation V protoCol) ... 129
4.2.3.2 Mass Spectrometry analysSis .....ccccoecereriereneneneneieeeeeeesesie s 131
4.2.3.3 Validation of top hits Netl, Nr2c2 and CpSf2.....ccovveeviveieinenne 133
4.2.4 Attempts t0 OptiMISE IP ... 134
4.2.4.1 Protein degradation and oxidative Stress .......ccccccveeeeeveeeeireennene, 134
4.2.4.2 Background redUCtioN.......ccceveiiecieieceececeeeceeee e 136
4.2.4.3 Optimisation VI (Elution with FLAG peptides) .....cccceevvvevecrnnnnne. 138
4.2.4.4 Optimisation VII (IP with non-denaturing buffer) .........ccccou...... 139
4.2.5 Candidate approach ........cccccoiiiii 143
4.2.5.1 Analysis of candidate chromatin regulators for their ability to
INTErACT WIth DaXX .eveuireiiiiiiiieieicet et 143
4.2.5.2 iCLIP: Daxx association With RNA ........cccorirnineereneeee 144
G B = o U 17 o o [PPSR 146
4.3.1 Daxx binding partners in mNPCs: Identifying the best FLAG-Daxx IP
PrOTOCO! L.t 146
4.3.2 Mass Spectrometry analysis and Daxx interaction candidates...... 147
4.3.2.1 Netl (PSM ratio SCOIe 42.72) ...t 148
4.3.2.2 Nr2c2 (PSM ratio SCOre 40.94) ... eeieeeeeeeeeeeeee e 149
4.3.2.3 Cpsf2 (PSM ratio SCOIe 32.76) ....cocereeeeeeeeeeeeeeree e 150
4.3.3 Graphical representation of LC-MS/MS results ..........cccceevvvvvvivnnnnnn. 151

12



4.3.4 Further optimisations of FLAG-DaxX IP ........ccccccoviiiiiiiiiiiiiiiiiiie, 152

4.3.5 Candidate approach (immunoblotting and iCLIP) ...........cccevvvvennnnn. 153

5 Conclusions and Future Research ..., 155
o0 R 0] o3 LT = T ] o 1= 155
5.2 FULUIE rE€SAICH e e 157
BibliOgrapNY .o 158
Appendix I: Identified proteins from MS with PSM ratio =4.0...............c........ 180

13



LIST OF FIGURES

Figure 1. 1: The chromatin folding hierarchy and nucleosome structure.......... 23
Figure 1. 2: Sequence alignment of human histone H3 variants. ............c.c......... 26
Figure 1. 3: Nuclear import of canonical and variant H3 in humans.................. 37
Figure 1. 4: Deposition complexes mediate H3.3 chromatin assembly. ............ 39
Figure 1. 5: Two groups of chromatin remodelling complexes.........ccccccecevennenee. 42

Figure 1. 6: Potential effects of H3.3 mutations in the tumourigenic process of

paediatric high-grade gliomas. ... 47
Figure 3. 1: The HaloTag imaging platform..........c.ccennnenenceceeeeeceeen 91
Figure 3. 2: HaloTag imaging platform of H3.3 deposition into the nucleosome.
............................................................................................................................................... 92
Figure 3. 3: H3.3- and dH3-HaloTag CONSIIUCT. ....cccevieirirerereeeeeeceeeee e 92
Figure 3. 4: HEK293T HaloTag live cell imaging.......ccccccvvevevenenenenieicieenencneee 93
Figure 3. 5: Chromatin extraction and IF of H3.3-HaloTag— and dH3-HaloTag—
transduced NEUT02a CEIIS. ..ot 94
Figure 3. 6: NeuroZ2a cell differentiation and pH3 expression......c..cccccecevvevereenne. 95

Figure 3. 7: HaloTag IF of quench-chase-pause in H3.3/dH3-HaloTag
overexpression NEUTrO2a CEIIS. ...t 97
Figure 3. 8: HaloTag IF of quench-chase-pause in H3.3/dH3-HaloTag
overexpression Neuro2a cells (dUPHCALE)....ccvveeerieieririeeeeee e 99
Figure 3. 9: In vitro HaloTag expression in transduced NeuroZ2a cells, and the
HaloTag iMaging @SSAY. .icceveiieeieriireeie st eteste ettt et e e sreeae e eseessesseessessessnensesseenees 100
Figure 3. 10: Analysis of cell growth arrest and EdU staining. ......cccccecveeveneen. 101
Figure 3. 11: H3.3/dH3-HaloTag deposition assay in differentiated Neuro2a

cells. The quench-chase-pause assay visualises and quantifies H3.3/dH3

eviction and incorporation from and into the chromatin. .........cccoceeevveienenee 104
Figure 3. 12: Hira siRNA downregulation in the H3.3/dH3-HaloTag
overexpression NeUro2a CeIIS. ...t 106

Figure 3. 13: Daxx siRNA downregulation in H3.3/dH3-HaloTag overexpression
NEUFO28 CEIIS. .ottt 107
Figure 3. 14: Daxx and Hira siRNA downregulation in H3.3/dH3-HaloTag
overexpression NeUro2a CeIIS. ...t 108
Figure 3. 15: Hira siRNA downregulation in H3.3/dH3-HaloTag overexpression

NETU o 2= W o1 = I KT TP 109

14



Figure 3. 16: Daxx and Hira siRNA downregulation in H3.3/dH3-HaloTag
overexpression NeUro2a CEIIS. ...t 110
Figure 4. 1: Schematic presentation of the DAXX domain map. .....c.cccccevveennen. 117
Figure 4. 2: NIH3T3 lentiviral transduction, and IF of FLAG/Daxx expression.

Figure 4. 3: FLAG/Daxx overexpression in NIH3T3 cells and the transduction of
IMINPCS. ettt be e 120
Figure 4. 4: Immunoblotting and silver staining analyses of FLAG IP by
Optimisation 1 on wWhole Cell lySate. ..o 122
Figure 4. 5: Immunoblotting and silver staining of FLAG IP from Optimisation Il
OF NUCIEAN EXIIACTS. ..ottt 124
Figure 4. 6: Immunoblotting and silver staining of FLAG IP from Optimisation
| OO ST PO PP PPRIPPTOPPRUPORt 126

Figure 4. 7: Immunoblotting and silver staining of FLAG IP from Optimisation

............................................................................................................................................. 130
Figure 4. 9: Validation of Netl, Nr2c2 and CpSf2......coveeceieeieiicieeeeeeceeee, 133
Figure 4. 10: Protein degradation and oxidative Stress.......c.cccccveeevenveceerierennnn. 135

Figure 4. 11: Reduction of the background and specificity of co-IP proteins..

............................................................................................................................................. 137
Figure 4. 12: Immunoblotting of FLAG IP from Optimisation Vl..........cccecceceen. 138
Figure 4. 13: Immunoblotting of FLAG IP from Optimisation VIl on HEK293T
cells eluted with FLAG peptides followed by Laemmli buffer. ........ccccevvennnne. 140
Figure 4. 14: Immunoblotting and silver staining of FLAG IP from Optimisation
VIl eluted with FLAG peptides and Laemmli buffer. ........ccovvvveeneecericceereceen, 142
Figure 4. 15: Co-IP (candidate approach).....cccceeeecerereeceseeeese e 143
Figure 4. 16: FLAG iCLIP on FLAG-Daxx— and EV-transduced mNPCs........... 145

Figure 4. 17: MS analysis identified candidates Daxx-associated proteins with
PSM ratio 24.0 (STRING). ...ccooiiiiiiriiiieeetrieete e 151

15



LIST OF TABLES

Table 2.
Table 2.
Table 2.
Table 2.
Table 2.
Table 2.
Table 2.
Table 2.
Table 2.
Table 2.
Table 2.
Table 4.

Table 4.

L PIASMIAS .t 54
2 Primers fOr PCR. ..ottt 55
B PrimMeErs fOr QPCR. ..ot anens 55
4 Primary antibodies for western blotting........ccocceeveveevenieceveciece e, 56
5 Secondary antibodies for western blotting. ......ccccoceveveveiiinnennee. 56
6 Primary antibodies for immunofluorescence studies........c.cccceuennene. 57
7 Secondary antibodies for immunofluorescence studies.................... 57
8 SIRNA 0ligoNUCIEOTIAES. ... 57
9 Materials for ImmunOPrecCipPitation. .......cocoeverenenenerereeeeeeeee e 58
10 Quantity of protein for immunoblotting analyses........ccccccecevnenennene 76
11 Quantity of protein for silver staining........cccocevveeieceveveececeeee 79
1: Identified proteins from MS with PSM ratio 210.0........c..cccccvevurnnenen. 132
2: ldentified Daxx-associated proteins with PSM ratio 24.0 (STRING:

Known and Predicted Protein—Protein INteractions).......c.cccvceveveveieeineneneniens 148

16



LIST OF ABBREVIATIONS

53BP1

A (amino acid)
ALT

APL

ASF1

ATM

ATP

ATRX

BAF

bp
BRDs

C (amino acid)
CABIN1
CAF-1
CDKS8
CenH3
CENP-A
CFI

CFlI
CHD
ChiP
CNS
Co-IP
COMPASS
CPSF2
CREST
CuldA
DAXX
dH1

p53-binding protein 1

Alanine

Alternative lengthening of telomeres
Acute promyelocytic leukaemia
Anti-silencing function 1

Ataxia telangiectasia mutated

Adenosine triphosphate

Alpha thalassemia/mental retardation syndrome x-
linked

Barrier-to-autointegration factor

Base pairs

Bromodomains

Cysteine

Calcineurin-binding protein 1

Chromatin assembly factor 1
Cyclin-dependent kinase 8

Centromere specific histone 3

Histone H3-like centromeric protein A
Cleavage factor |

Cleavage factor Il
Chromodomain-helicase-DNA-binding protein
Chromatin immunoprecipitation

Central nervous system
Co-immunoprecipitation

Complex proteins associated with Setl
Cleavage and polyadenylation specificity factor 2
Calcium-responsive transactivator

Cullin-4A

Death domain-associated protein 6

Drosophila H1

17



dH3

DIPG

DLBCL

DLP

DNA

Dotl

DSB

DSC

DSl

E (amino acid)
E(2)

ECL

esBAF

ESCs

EV

EZH1/2

FACS

FACT

FBS

FL
FLAG-DAXX
G (amino acid)
G1/G2 phase
GBM

GC

H (amino acid)
H1

H2

H2a.Bbd or H2A.B

H2AK119ub

Drosophila H3

Diffuse intrinsic pontine gliomas
GCB-type diffuse large B-cell ymphoma
DAXX-like protein

Deoxyribonucleic acid

Disrupter of telomere silencing protein 1
Double-Strand Break

DNA synthesis—coupled

DNA synthesis—independent

Glutamic acid

Enhancer of zeste

Enhanced chemiluminescence
Embryonic stem cell BAF

Embryonic stem cells

Empty vector with no protein overexpressed

Enhancer of zeste homolog 1/2
Fluorescence-activated cell sorting
Facilitates chromatin transcription
Fetal bovine serum

Follicular lymphoma
FLAG-DAXX overexpression
Glycine

Gap 1/GAP 2 phase
Glioblastoma multiforme
Germinal centre

Histidine

Histone 1

Histone 2

H2A Barr body deficient
Monoubiquitylates Lys119/H2A

18



H2BFWT or H2B.W

H3
H3.3
H3T/H3.4
H4
HAT1
HD
HDAC
HIRA
HMTs
HP1
HSP

| (amino acid)

iCLIP

IEGs

K (amino acid)
KDa

L (amino acid)
M (amino acid)
MDD

ml

mM
MS

NAC

Nano LC-MS/MS

NASP

Histone H2B type WT
Histone 3

Histone 3.3

Histone 3.4

Histone 4

Histone acetyltransferase 1
Huntington’s disease
Histone deacetylase
Histone regulator A
Histone methyltransferases
Heterochromatin Protein 1

Heat shock proteins
Isoleucine

Individual-nucleotide resolution cross-linking and
Immunoprecipitation

Immediate early genes

Immunofluorescence

Inositol requiring 80
Immunoprecipitation
Lysine

Kilodaltons

Leucine

Methionine

Major depressive disorder
Millilitre

Millimolar

Mass spectrometry
Nucleus accumbens

Nanoscale liquid chromatography coupled to
tandem mass spectrometry

Nuclear autoantigenic sperm protein

19



nBAF
ND10
NET1
NLS
nm
npBAF
NPC

NR2C2 (TR4)

NuRD
NURF
PAF1

PAP

PBS

PcG
Pen/Strep
pGBM
pH3

PHD

PKA

PML- RARa
PML-NBs
pNETs
PODs

PRC

PSM

PTMs

R (amino acid)
RE

Rho GEFs
RING1A/1B

Neuron BAF complex

Nuclear domain 10
Neuroepithelial cell transforming 1
Nuclear localisation signal
Nanometre

Neural progenitor BAF complex

Neural progenitor cells

Nuclear receptor subfamily 2 group C member 2
(testicular orphan nuclear receptor 4)

Nucleosome remodelling and deacetylase
Nucleosome remodelling factor
Polymerase associated factor 1

Poly(A) polymerase

Phosphate-buffered saline

Polycomb group

Penicillin/Streptomycin

Paediatric glioblastoma multiforme
phosphorylated Histone 3

Plant homeodomain

Protein kinase A

PML-retinoic acid receptor a
Promyelocytic leukaemia protein nuclear bodies
Pancreatic neuroendocrine tumours

PML oncogenic domains

Polycomb repressive complex
Peptide-spectrum matches
Post-translational modifications

Arginine

regulatory element

Rho guanine nucleotide exchange factors

Ring finger protein 1A/1B

20



RNA Ribonucleic acid

RNA Pol li RNA polymerase Il

RNAP RNA polymerase

rRNA Ribosomal RNA

S (amino acid) Serine

S phase Synthesis phase

Ser2P/5P Phospho-Ser2/5

Spt6/16 FACT complex subunit SPT6/16

SSRP1 Structure specific recognition protein 1
Suz12 Suppressor of zeste 12 protein homolog
SWI/SNF Switching defective/Sucrose nonfermenting

T (amino acid)

TFIID
TIP60/KATS

TRP53

TrxG

TSH2B

TSS

ubH2B

UBN1

V (amino acid)
W (amino acid)
Xist

Y (amino acid)
ZMYNDS8
y-H2A.X

i

UM

Threonine

Transcription Factor Il D

60 kDA Tat-interactive protein/ Histone

acetyltransferase KAT5
Transformation related protein 53

Trithorax group
Testis-specific histone H2B
Transcription start sites
Ubiquitin H2B

Ubinuclein-1

Valine

Tryptophan

X-inactive specific transcript
Tyrosine

Zinc finger MYND-type containing 8
Phosphor-H2A.X

Microlitre

Micromolar

21



Chapter 1

Introduction

22



1. Introduction

1.1 Histones, histone modification and functions

In eukaryotic cells, genetic information is stored in the form of deoxyribonucleic
acid (DNA) molecules, that are tightly packed into a large nucleoprotein
complex named chromatin. The basic unit of chromatin is the nucleosome,
which consists of approximately 147-bp DNA wrapped about 1.75 times
around a histone octamer. Each octamer contains two copies of the following
core histones H2A, H2B, H3, H4, and the linker histone H1 (Luger et al. 1997,
Widom 1998). Each core histone is composed of a histone fold structure with
a flexible amino-terminal tail. The nucleosomes are formed at periodic intervals
and connected by 10-70-bp linker DNA (Mei et al. 2017), forming a structure
resembling ‘beads-on-a-string’. The linker histone H1 is essential for
nucleosome compaction into an advanced-order chromatin structure. The
composite of the nucleosome and a linker histone is the chromatosome. The
chromatosome particles form short-range inter-nucleosomal interactions,

which further organise into long-range fibre—fibre interactions (Figure 1. 1).

Short-range
internucleosomal Chromat0§0me
Long-range Nucleus interactions core particle
fibre-fibre (~167 bp)
interactions ‘ )
Linker
hist
o€ L Linker DNA
10-70 bp
+ Beads-on-
a-string
Amino-terminal tail Nucleosome structure
core particle
(~147 bp)
H2B

R g
R
DNA YRVRRARS

Figure 1. 1: The chromatin folding hierarchy and nucleosome structure. DNA in
eukaryote cells is stored in the nucleus through histone-dependent interactions,
including the formation of the nucleosome core particle, beads-on-a-string
arrangement of nucleosomes, the chromatosome core particle, and the association
of individual fibres, which eventually produces tertiary structures. Bottom box: An
illustration of human core histone variants H2A (yellow), H2B (red), H3 (blue) and H4
(green). (Figure modified based on Fyodorov et al., 2017.)

23



During nervous system development and maintenance, gene expression
regulation is modulated not only via the transcriptional machinery (i.e.
regulatory signals between gene-specific activators and RNA polymerase |l
[RNA Pol ll]-mediated transcription) (Kornberg 2005), but is also controlled by
epigenetic mechanisms including DNA methylation, histone maodifications,
nucleosome and chromatin remodelling, and non-coding RNA-mediated
regulatory mechanisms (Wu and Sun 2006, Feng et al. 2007).

Among these epigenetic regulatory processes, nucleosome remodelling and
deposition on chromatin has emerged as critically important for DNA-based
processes such as transcription and repair (Ray-Gallet and Almouzni 2010).
Histone exchange is one mechanism used by the cell to remodel chromatin,
which involves the removal of parts (histones) or the entirety of the
nucleosome, followed by replacement with newly synthesised histones, which
could be the same or different histone variant (Venkatesh and Workman 2015).
Majority of histones are synthesised at the S phase and they deposit
immediately after the replication fork, these are referred to as canonical
histones. On the other hand, histone variants are replacement histones that
are expressed throughout the cell cycle and can be deposited onto the
chromatin, independent of DNA replication. Histone exchange can be
modulated by the enzymes involved in histone post-translational modifications
(PTMs), energy-dependent chromatin remodellers, as well as histone
chaperones (Venkatesh and Workman 2015). Histone replacements of
canonical histones by their histone variants have many implications for the
composition, structure and function of different genomic regions. For example,
it can modulate the accessibility of a particular genomic region to RNA Pol 1,
thus facilitating or restricting transcription of a given gene (Venkatesh and
Workman 2015). Notably, the deposition of histones and their variants is
considered significant to establishing and/or maintaining epigenetic
information and nucleosome positioning, as well as the chromatin structure.
1.1.1 H3 variants

Depending on the timing of production and incorporation into the chromatin,
H3 can be divided into two subgroups: canonical and variants. The canonical
histones H3.1 and H3.2 are expressed limitedly in the S phase (synthesis
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phase), and form the main supply of H3 during the DNA-replication period. The
incorporation of these histones takes place in a DNA synthesis—coupled (DSC)
manner. On the other hand, H3.3 is a replacement histone, and is expressed
throughout the cell cycle. Unlike the canonical histones, H3.3 is deposited into
the chromatin in a DNA synthesis—independent (DSI) manner (Tagami et al.,
2004; Szenker, Ray-Gallet and Almouzni, 2011). Another variant, centromere-
specific histone 3 (CenH3), is also grouped as a replacement variant, and is
found highly enriched at centromeres.

H3.4 (also known as H3T) and H3.5 are highly expressed in human testis.
H3.4 is incorporated genome-wide at late meiosis or early spermiogenesis,
and also forms a small proportion in the chromatin of somatic cells (Tachiwana
et al. 2010). H3.5 is specifically expressed in the seminiferous tubules of
human testis, and can potentially replace the essential functions of H3.3 in cell
growth (Schenk et al. 2011). In addition, H3.Y histones, including H3.Y.1 and
H3.Y.2, are primate-specific H3 variants. They accumulate preferentially at the

transcription start sites (TSS) (Tachiwana et al. 2010).
1.1.1.1 Modifications on H3

The PTMs on the core histones determine epigenetic gene expression. How
the histone amino terminals are modified in the nucleosome determines the
dynamic gene transitions being between transcriptionally active or silent
(Jenuwein and Allis 2001). The H3 variants are responsible for chromatin
organisation in the nucleus. Although their protein codes differ by a few amino
acids (Figure 1. 2), the expression and PTM patterns of H3 and its variants
vary considerably. Some genetic transcription silencing is carried out via the
H3 methylation. H3 methylation at lysine (K) 27 and/or K9 is usually mediated
by the enhancer of zeste [E(Z)], a polycomb-group (PcG) transcriptional
repressor, followed by binding of the PcG proteins or recognition of the
heterochromatin proteins (Czermin et al. 2002, Grewal and Elgin 2002, Mdller
et al. 2002, Ringrose and Paro 2004).

H3.1 is enriched with PTMs associated with genetic activation, for example,
H3.1/K14 acetylation. It can also be dimethylated at K9, which is associated
with genetic silencing. H3.2 can be dimethylated and trimethylated at K27,

which are the markers of repression associated with gene silencing and
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facultative heterochromatin formation. Unlike metazoans, Drosophila contains
only one type of canonical H3, i.e. H3.2, which accumulates at transcriptionally
silenced gene regions. H3.3 can be hyperacetylated and dimethylated at K36
and K79, which associates with transcriptionally active gene loci (Hake et al.
2006). Upon transcriptional activation, the canonical H3 in the chromatin is
replaced by H3.3, and the H3.3 is dimethylated or trimethylated at K4 (HodI
and Basler 2009).

ﬂ
H3.1 —ARTKQTARKSTGGKAPRKQLATKAARKSAPATGGVKKPH-RYRPGTVALREIRRYQKSTELLIRKLPFQRLVREIAQDFKT——
H3.2 —ARTKQTARKSTGGKAPRKQLATKAARKSAPATGGVKKPH-RYRPGTVALREIRRYQKSTELLIRKLPFQRLVREIAQDFKT——
H3.3 —ARTKQTARKSTGGKAPRKQLATKAARKSAPSTGGVKKPH-RYRPGTVALREIRRYOKSTELLIRKLPFQRLVREIAQDFKT-—
H3.4 —ARTKQTARKSTGGKAPRKQLATKVARKSAPATGGVKKPH-RYRPGTVALREIRRYQKSTELLIRKLPFQRLMREIAQDFKT——
H3.5 -ARTKQTARKSTGGKAPRKQLATKAARKSTPSTCGVK-PH-RYRPGTVALREIRRYQKSTELLIRKLPFQRLVREIAQDFNT -~
H3.Y1 ~ARTKQTARKATAWQAPRKPLATKAAGKRAPPTGGIKKPH-RYKPGTLALREIRKYQKSTQLLLREKLPFQRLVREIAQATSP-~
H3.Y2 —ARTKQTARKATAWQAPRKPLATKAARKRAPPTGGIKKPH-RYKPGTLALREIRKYOKSTQLLLRKLPFQRLVREIAQATSP-~

CenH3ENP-A  GPRRRSRKPEAPRRRSP-SPTPTPGPSRRGPSLGASSHQHSRRRQG--WLKEIRKLQKSTHLLIRKLPFSRLAREICVKFTRGV

Histone fold domain

B1 a2-helix B2 o3-helix
87 8990 96
H3.1 DLRFQSSAVMALOEACEAYLVGLFEDTNLCATHAKRVTIMPKDIQLARRIRGERA S~ ———mm———— 136
H3.2 DLRFQSSAVMALQEASEAYLVGLFEDTNLCATHAKRVTIMPKDIQLARRIRGERA —————————— 136
H3.3 DLRFQSAAIGALQEASEAYLVGLFEDTNLCAIHAKRVTIMPKDIQLARRIRGERAf—————————— 136
H3.4 DLRFQSSAVMALQEACES YLVGLFEDTNLCVIHAKRVTIMPKDIQLARRIRGERA——————————— 136
H3.5 DLRFQSAVVGALQEASEAYLVGLLEDTNLCAIHAKRVT IMPKDIQLARRIRGERA === m————=mm 135
H3.Y1 DLRFQSAAIGALQEASEAYLVQLFEDTNLCAIHARRVTIMPRDMQLARRLRREGP ——————————— 136
H3.Y2 DLRFQSAAIGALQEASEAYLVOLFEDTNLCAIHARRVTIMPRDMOLARRLRGEGAGEPTLLGNLAL 147
CenH3ENP-A  DFNWQAQALLALQOEAAEAFLVHLFEDAYLLTLHAGRVTLFPKDVQLARRIRGLEEGLG-—————-— 140

Figure 1. 2: Sequence alignment of human histone H3 variants. Red box
highlights the sequence of canonical H3 and H3.3. Important residues of H3.3 distinct
from H3.1: S31/A31, A87/S87, 189/V89, G90/M90 and S96/C96 are indicated and
highlighted in yellow. S: serine. A: alanine. I: isoleucine. V: valine. G: glycine. M:
methionine. C: cysteine. (Figure modified based on Szenker, Ray-Gallet and
Almouzni, 2011.)

1.1.1.2 Functions of canonical and variant H3

Sequence analysis and single mutation studies have shown that the amino
acid residues S31, A87, 189 and G90 (in H3.3) or A31, S87, V89 and M90 (in
H3.1/H3.2) in the histone folding domain are responsible for the differences in
H3 variant deposition. Notably, the three-amino acid—mutated H3.1 with the
A31, A87, 189 and G90 sequence undergoes both replication-dependent and
replication-independent deposition into the chromatin. It has also been
demonstrated that the combination of residues A31, S87, V89 and M90 in the
canonical H3 is necessary for restricting its DNA replication—independent

assembly into the chromatin (Ahmad and Henikoff 2002).
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Chromatin immunoprecipitation (ChlP) analyses have shown that H3.3 is also
associated with transcriptionally active gene regions. In detail, H3.3
specifically incorporates into the gene bodies of the transcribed genes (Daury
et al. 2006), while also being enriched at the promoter region at
transcriptionally active genes (Chow et al. 2005). H3.3 deposition at the
transcribed genes remains as an extended post-transcriptional marker, even
when the genes are inactivated (Tamura et al. 2009). Moreover, genome-wide
profiling of embryonic stem cells (ESCs) has demonstrated that H3.3 is
enriched at the promoters of developmentally regulated genes, which are
typically silenced or transcribed at low levels (Goldberg et al. 2010). This
indicates that H3.3 might not be required for active transcription, but instead
might be necessary for establishing a chromatin landscape allowing proper
gene expression (via polycomb repressive complex 2 [PRC2] recruitment)
upon differentiation (Banaszynski et al. 2013).

H3 histones and its variants contribute to structural differences on individual
nucleosomes, nucleosomal arrays, as well as advanced-order chromatin
domains, regardless of the impact of PTMs on the variants (Hake and Allis
2006). These potential H3 functions take place via the amino acid cysteine (C).
C110 is encoded at the H3 core region, and this distinguishes H3 from the
other histones. Cysteines can form disulphide bonds under oxidative
conditions, and are involved in homotypic or heterotypic protein dimerisation
and oligomerisation (Hake and Allis 2006). Under oxidising conditions, the
H3/C110 stabilises the H3-H4 tetramer by forming a disulphide bond with the
other H3 within the same nucleosome (Luger et al. 1997). This finding is
supported by the study by Banks and Gloss’s laboratory, where mutated
C110E (cysteine 110 to glutamic acid) led to the destabilisation of H3-H3
hydrophobic 4-helix bundle tetramer interface (Banks and Gloss 2004).
Moreover, the canonical histone H3.1 contains C96, and H3.1/C96 forms a
disulphate bond with other H3.1 histones in the neighbouring nucleosomes
(Luger et al. 1997). The disulphate bond formation between the neighbouring
nucleosomes contributes to the chromatin condensation involved in
heterochromatin and transcription repression.

H3 variants are also involved in epigenetic memory, where epigenetic

information is passed down to the next-generation daughter cells. H3.3
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incorporation occurs at both genic and intergenic regulatory regions. In
Drosophila melanogaster, the cellular memory is maintained at the homeotic
gene clusters by non-coding DNA, which regulates the transcription of the cis-
regulatory elements. Interestingly, peaks of H3 replacement by H3.3 have
been observed in the cis-regulatory domains. Such replacement peaks have
also been observed at nuclease-hypersensitive sites, PcG and trithorax group
(trxG) protein-binding sites, as well as at nucleosome depletion sites (Ringrose
and Paro 2004, Mito et al. 2007).

Research on H3.3 has demonstrated its important roles in development and
lifespan, which is conserved among species. In D. melanogaster, H3.3
deletion leads to reproduction deficiency, including low viability and sterility, in
both females and males (H6dl and Basler 2009). Moreover, in C. elegans,
H3.3 deficiency affects the insulin/IGF-1 signalling/lifespan-extending
signalling pathways and leads to shortened longevity (Piazzesi et al. 2016). In
vertebrates such as Xenopus laevis, downregulated H3.3 results in defects at
the late gastrointestinal formation stage (Szenker et al. 2012). In mice and
humans, H3.3 histones are encoded by two genes, H3f3a and H3f3b. H3f3a
mutation or loss results in post-natal lethality, growth rate reduction, neuro-
muscular deficiency as well as copulatory activity reduction in males (Couldrey
et al. 1999). On the other hand, H3f3b deletion in mice results in growth
deficiency and death at birth. H3f3b heterozygous mice do not die, but have
reduced growth rates, as well as male sterility (Tang et al. 2015).

Canonical and variant H3 histones have distinct chromatin incorporation
machineries. The deposition of H3.1 is chaperoned by the chromatin assembly
factor 1 (CAF-1) complex (Hoek and Stillman 2003). As the loss of CAF-1
leads to DNA replication and S phase progression deficiency, it has been
suggested that CAF-1 plays critical roles in cell proliferation. CAF-1 binds to
HP1 (the fundamental unit of heterochromatin packaging) at its
chromoshadow domain, a protein domain distantly related to the
chromodomain. CAF-1 comprises several subunits, including p150, p60, and
p48. CAF-1 downregulation in Drosophila leads to reduction in H3K9
methylation (a marker of transcriptional repression) at the pericentric
heterochromatin, and reduced effectiveness in recruiting HP1 to the

chromocentres of polytene chromosomes (Huang et al. 2010). In X. laevis,
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deletion of the p150 subunit resulted in defective nuclear organisation as well
as impaired cell cycle progression (Quivy et al. 2001). In human cells, CAF-1
is required for efficient cell cycle progression, while its loss causes
accumulation in the S phase. The chromatin incorporation machineries of H3.3

are discussed in Section 1.2 below.

1.1.2 Linker histone H1

The linker histone H1 family members are a fundamental element of chromatin,
as they bind to the nucleosomal core particle around the DNA entry and exit
sites (Hergeth and Schneider 2015). H1 is essential for stabilising nucleosome
and advanced-order chromatin structures. In humans and mice, 11 H1 variants
have been reported, consisting of 7 somatic subtypes: H1°, H1.1-H1.5, and
H1x, 3 testis-specific subtypes: H1t, H1T2 and HILS1, and one oocyte-specific
subtype: Hloo (Fyodorov et al. 2017).

The somatic subtypes H1.1-H1.5 are broadly expressed in different cell types,
presenting a DNA synthesis—dependent manner, with peak expression at S
phase (FMarzluff 2005). In the histone gene cluster, these variants are
encoded along with the core histone genes H2A/B, H3 and H4 (Hall and Cole
1986, Albig and Doenecke 1997). Significantly, genetic origin study has shown
that the core histone genes originated from archaebacteria, while the linker
histone genes originated from eubacteria (Kasinsky et al. 2001).

Unlike the other somatic subtypes, H1° and H1x are expressed throughout the
cell cycle (Hergeth and Schneider 2015). Study of mouse GBM cells has
indicated a correlation between increased H1° expression and DNA replication
inhibition (Hall and Cole 1986). It has also been proposed that H1° and H1x
are replacement histones for the somatic H1 variants in terminally
differentiated or quiescent cells, and they are differentially regulated and may
have different functions (Hall and Cole 1986, Happel et al. 2005, Hergeth and
Schneider 2015).

1.1.2.1 Modifications on H1

Similar to the core histones, the linker histones are subjected to various PTMs.
These PTMs can be found in the globular domain as well as in the tail of H1.
The globular domain PTMs are highly conserved among the somatic H1

variants, but vary substantially at the histone tails. This indicates that different
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H1 variants could correspond to distinct cellular functions. In human and
mouse cells, the level of phosphorylated H1 is lowest in the G1 phase,
increasing in the S and G2 phases, and eventually peaking at metaphase
(Fyodorov et al. 2017).

Daujat et al. discovered that heterochromatin protein 1 (HP1), an essential
heterochromatin component, specifically recognises and binds to methylated
H1.4/K26. Yet, the simultaneous phosphorylation of H1.4/S27 (serine 27)
prevents the binding of K26 to HP1 (Daujat et al. 2005). Mass spectrometry
analysis has revealed that protein kinase A (PKA)-mediated H1.4/S35
phosphorylation dissociates H1.4 from mitotic chromatin, suggesting a
functional role of H1.4 in mitotic chromatin compaction (Chu et al. 2011).
Moreover, the work by Zheng et al. on HelLa cells has implied that location-
specific H1.4/S187 phosphorylation promotes glucocorticoid nuclear hormone
receptor—-mediated DNA transcription (Zheng et al. 2010).

A functional study has shown that the phosphorylation of H1 variants H1.2 and
H1.5 at S172 are colocalised to DNA replication and transcription sites (Talasz
et al. 2009). That study has also shown that the two variants may be
phosphorylated in different forms localising at various regions of the chromatin,
indicating their distinct function in the cell cycle. Furthermore, the H1.2/T146
(threonine 146) phosphorylation may enhance p53 transcription activity by
dissociating itself from p53, therefore triggering the p53-dependent DNA
damage response pathways such as apoptosis (Kim et al. 2012).

H1 can also bear other PTMs, for example, methylation, acetylation,
citrullination, and ubiquitylation. As stated above, HP1 is recruited via the
methylation of H1.4/K26, leading to heterochromatin formation and gene
silencing (Daujat et al. 2005). As the sole variant linker histone in D.
melanogaster, Drosophila H1 (dH1) is methylated at K27. Interestingly,
dH1/K27 accumulates at the pericentromeric heterochromatin during
metaphase, and this potentially contributes to heterochromatin organisation
(Bonet-Costa et al. 2012). Furthermore, a functional characterisation study on
H1 acetylation from Kamieniarz’s group has shown that H1.4/K34 acetylation
is mediated by the histone acetyltransferase GCN5, and it is enriched at the
promoter region of transcriptionally active genes. GCN5 activates gene
transcription in H1.4K34ac-rich regions via acetylation of the histone, and thus
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increases H1.4 mobility and facilitates the mediation of transcription factor 1l D
(TFIID) recruitment (Kamieniarz et al. 2012).

1.1.2.2 Functional studies on H1

Although the functions of linker histone H1 and its variants have not been fully
understood, current findings have suggested a number of fundamental roles
for H1, including chromatin organisation, gene regulation and protein
interaction.

Depletion of H1 in D. melanogaster leads to significant alterations in chromatin
structure and loss of chromatin banding. It also results in near full abrogation
of the repressive H3K9me2 marker, as well as the replacement of the single
chromocentre by multiple HP1 foci (Lu et al. 2009). Triple depletion of H1 in
mouse embryonic stem cells led to pericentric chromocentre clustering and
the de-repression of major satellites, indicating the roles of H1 in
heterochromatin structural maintenance (Cao et al. 2013). Furthermore, the
extensive reduction of H1 in mice embryos led to global shortening of the
spacing between nucleosomes (Fan et al. 2003).

In addition, H1 in vivo depletion in D. melanogaster and mouse embryo has
also revealed its regulation in specific gene expression (Vujatovic et al. 2012).
RNAI downregulation of dH1 upregulates inactive genes, predominantly in
heterochromatin, whereas reduced dH1 expression corresponds to the
downregulation of active genes in euchromatin (Vujatovic et al. 2012).
Vujatovic and colleagues demonstrated that dH1 regulates genetic expression
in a structurally organised manner.

In mouse embryos, the lack of three H1 subtypes resulted in death by mid-
gestation, whereas reduced embryo size was observed in mice void of five of
the six H1 alleles (Fan et al. 2003). These findings show that the total amount
of H1 is critical for proper embryonic development.

In addition to direct regulation of gene expression and chromatin architecture,
H1 subtypes also interact with proteins including transcriptional activators and
repressors. Kim et al. demonstrated that H1.2 binds to the cullin-4A (Cul4A)
E3 ubiquitin ligase and polymerase associated factor 1 (PAF1) elongation
complexes, promotes the induction of H4K31 ubiquitination, and leads to the
methylation of H3K4 and H3K79, thus initiating target gene transcription.
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Moreover, H1.2 located at actively transcribed target loci recognises and binds
to the phosphorylated RNA Pol Il Ser2, and it further retains the transcriptional
activation by recruiting Cul4A and PAF1 (Kim et al. 2013).

1.1.3 H2A/H2B variants

Eight variants of H2A have been identified in human somatic cells: H2A.X,
H2A.Z.1, H2A.Z.2.1, H2A.Z.2.2, H2A Barr body—deficient (H2a.Bbd or H2A.B),
macroH2A1.1, macroH2A1.2 and macroH2A2. Additionally, two testis-specific
variants of H2B: H2B type WT (H2BFWT or H2B.W) and testis-specific histone
H2B (TSH2B), have been identified.

1.1.3.1 Modifications on H2A/H2B

H2A.Z is the most conserved H2A variant between species (Jackson et al.
1996). Although H2A.Z is a H2A variant, its core region sequence differs
significantly from that of its canonical histone H2A. In addition, H2A.Z is
preferentially associated with actively transcribed chromatin (Stargell et al.
1993), and marks important regulatory genomic regions including core
promoters (Gatta and Mantovani 2011). Genome-wide analysis data have
mapped H2A.Z downstream of TSS, and it is enriched in cell cycle promoters
(Gatta and Mantovani 2011).

Mammalian H2A.Z can carry a variety of PTMs, including acetylation,
monoubiquitylation and methylation at its lysine loci. H2A.Z acetylation is
reportedly crucial for gene transcriptional activation. In Saccharomyces
cerevisiae, H2A.Z acetylation correlates with global gene activity; whereas in
chicken, it enriched at the 5’ terminus of active genes.

H2A.X represents 2-25% of the mammalian H2A histone. It contains S139
located 4 amino acids away from the C-terminal end, which is phosphorylated
when DNA experiences a double-strand break (DSB). In detail, phosphor-
H2A.X (i.e. y-H2A.X) accumulates around the DNA damage lesion and results
in further recruitment of DNA repair proteins and checkpoint factors to the DSB
site (MacAlpine and Almouzni 2013).

MacroH2A comprises a domain homolog to histone H2A, as well as a large
unigue non-histone C-terminal ligand-binding domain. The binding domain

contains a segment that resembles a leucine zipper and is involved in the
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dimerisation of transcription factors, suggesting its role in interaction with other
nuclear proteins (Pehrson and Fried 1992).

Less is known about the regulation of H2B modifications. Genome-wide
analysis by Minsky et al. has shown that, H2B/K120 mono-ubiquitination
corresponds with DNA transcription in active genes (Minsky et al. 2008).
However, other studies have reported conflicting results. Gatta and Mantovani
demonstrated that ubH2B could only be found in the regions of transcribed cell
cycle genes, while H2B/K120 acetylation is found in transcriptionally
repressed genes (Gatta and Mantovani 2010). In addition, H2B/S14
phosphorylation has been found in human cells undergoing programmed
apoptosis, and corresponds with the cellular process that regulates the
chromatin condensation during apoptosis (Cheung et al. 2003). Notably, the
PTMs on H2B can facilitate the PTMs of another histone. For example, the
mono-ubiquitination of H2BK123 is necessary for trimethylation by the
methyltransferases, such as COMPASS (complex proteins associated with
Setl) and Dotl (disrupter of telomere silencing protein 1), of H3K4 and H3K79
(Nakanishi et al. 2009).

1.1.3.2 H2A/H2B functions

H2A.Z is enriched at the transcription initiation sites in the promoters of both
active and inactive genes. H2A.Z accumulation on the chromatin is generated
upon DNA deposition signalling as well as acetylation of the histone tail
(Raisner and Madhani 2006). Meneghini et al. have revealed that H2A.Z
contributes to the prevention of the silent heterochromatin spreading by
placing itself as an obstructor at promoter sites (Meneghini et al. 2003). In
addition, H2A modulates chromatin stabilisation by replacing itself with a H2A
variant histone. In detail, the H3 three hydrogen bonds in the nucleosome are
lost upon H2A (Glycine 104 [G104]) replacement by H2A.Z (G106), as the (H3-
H4)2 tetramer docking domain in the H2A differs from its variants, leading to a
less stable chromatin structure (Luger et al. 2000).

Studies have suggested that H2A.Z may interact with the nuclear proteins
associated with cancer. Histidine (H) 112 on the surface of the H2A.Z histone
octamer binds to a manganese ion that is partly stabilised by H114, and this

potentially provides a unique interaction interface for nuclear proteins. The
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presence of H2A.Z in the H2A.Z-H2B dimers in the nucleosome unit may also
be necessary for its interaction with adjacent H4 tails or non-histone protein
factors (Raisner and Madhani 2006).

H2A.Z has also been suggested to have effects on cancer progression.
Valdés-Mora et al. have implicated that H2A.Z might be involved in genetic
expression de-regulation and tumour progression in prostate cancer, and the
increased level of global H2A.Z acetylation correlates with poorer prognosis
(Valdés-Mora et al. 2017). That study involved a model of prostate cancer
progression, where the gain of acetylation in the H2A.Z-containing
nucleosomes promotes the transcription of oncogenes at their promoters,
whereas the loss of H2A.Z acetylation silences tumour suppressor genes via
genome transcription inactivation. Specifically, H2A.Zac-containing
nucleosomes flank the androgen receptor genes, initiating the formation of
nucleosome-free regions and activating the production of androgen receptor
enhancer RNAs in response to the androgen treatment, resulting in a reduced
androgen level and a poorer prognosis.

macroH2A1 protein, another H2A variant, is preferentially concentrated in the
inactive X chromosome (Costanzi and Pehrson 1998). The high concentration
of macroH2A-containing nucleosomes in the inactive X chromosome assists
the formation of a distinct chromatin structure for transcriptional silencing, via
its interaction with other inactive X chromosome components such as the
chromosome-coating RNA X-inactive specific transcript (Xist).

Creppe et al. have demonstrated an important role of macroH2Al in
coordinating between self-renewal and differentiation in embryonic and adult
stem cells (Creppe et al. 2012). Specifically, the proper differentiation gene
activation processes are disrupted in mouse embryonic stem cells that lack
macroH2A, and this in turn leads to the limited differentiation capacity of the
cells. Cells lacking the macroH2A1l gene have also shown incomplete
suppression of the pluripotency genes, as well as the formation of defective
embryoid bodies (Creppe et al. 2012). The study has also implicated that, in
primary human keratinocytes, the macroH2A1 expression level is negatively
related to the cells’ self-renewal capacity and pluripotent compartment.
MacroH2A might also function as a tumour suppressor. Biopsy studies on

human breast and lung tumours have shown inverse expression levels of
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macroH2A1.1 and macroH2Az2 in response to tumour cell proliferation (Sporn
et al. 2009). In low malignant melanoma, knockdown of the macroH2A1 and
macroH2A2 proteins increased cell proliferation and migration significantly in
vitro, and boosted tumour growth and metastasis in vivo. By contrast,
restoration of the expression of macroH2A isoforms reoccurred the malignant
phenotypes through CDK8 regulation (Kapoor et al. 2010). Similar results were
observed during the proliferation-suppressing restoration in lung and cervical
cancer cells, where significant low expression of macroH2A1.1 was present

before the rescue (Novikov et al. 2011).

1.1.4H4

H4 is one of the four core histones composing the nucleosomes, and the only
one with no existing variants. Similar to H3.3, H4 is expressed throughout the
cell cycle (Kamakaka and Biggins 2005).

1.1.4.1 Modifications on H4

H4 is involved in the activation of transcriptionally active regions. H4 can be
acetylated by histone lysine acetyltransferases (HATs) at K16. HATs are
enriched in the transcriptionally active regions of the chromatin. They mark the
active enhancers and modulate chromatin organisation (Taylor et al. 2013,
Dhar et al. 2017). Lysine acetylation at the H4 tail region neutralises the
positive charge on the histones, thereby reducing the interactions between the
histone and DNA. It also results in reduced binding with the neighbouring inter-
nucleosomes, thus leading to chromatin de-condensation.

H4 acetylation also generates binding sites for chromatin proteins carrying
bromodomains (BRDs). BRDs are acetyl-lysine readers, and are involved in
transcriptional regulation and DNA repair. The binding of the BRD proteins at
the acetylated sites would further assemble other complexes, including HDAC,
and transcriptional co-activators to the gene sites for transcriptional activation.
H4 can be methylated at arginine (R) 3 by the methyltransferase PRMTL1.
H4/R3 methylation is required for establishing and maintaining the active

chromatin structures and gene expression (Huang et al. 2005).

1.1.4.2 H4 functions
H4 responds to and is involved in the repair of DSBs (Dhar et al. 2017). In
detail, when the cell detects DSBs in the DNA, it creates a repressive
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environment at the chromatin site with the repressor complexes HP1 and
H3K9 methyltransferases. During this process, H4 is associated with the acidic
patch on the adjacent nucleosome. Once the repressor complexes leave the
DNA, H4 is acetylated by TIP60, through which the internucleosomal bound is
weakened and the damaged chromatin is opened. Following H4 acetylation,
53BP1 is recruited to the DNA being repaired. It then mediates DSB repair by
providing docking sites for BRD proteins like ZMYND8 and BRD4 that are

crucial for DSB repair.

1.2 H3.3 chaperones and other chromatin remodelling factors
The exchange of histone deposition involves a group of dedicated molecular
complexes, the histone chaperones. Histone chaperones play significant roles
in histone deposition in the chromatin dynamics.

1.2.1 HSP, NASP, ASF1 and HAT1

HSP (heat shock proteins), NASP (nuclear autoantigenic sperm protein),
ASF1 (anti-silencing function 1 protein) and HAT1 (histone acetyltransferase
1) are the general chaperones utilised by canonical and variant H3 during their
deposition into the chromatin (Figure 1. 3).

Once they are newly synthesised in the cytosol, the H3 histones are coupled
with the heat shock proteins, including HSC70 and HSP90, to prevent protein
misfolding and degradation. When the histones reach the nuclear membrane,
they are further coupled with the abundant general histone chaperones in the
following sequence: NASP, HAT1, ASF1 and importin-4. NASP is crucial for
stabilising the assembled H3/H4 dimers (Cook et al. 2011), as it exposes the
H4 tail to HAT1 for K5/12 acetylation in the cytosol, which stabilises the H3/H4
heterodimers. The complex then associates with ASF1, interacts with importin-
4 and transports the histone dimers into the nucleus (Campos et al. 2010).
ASF1 coordinates the H3/H4 deposition pathways as well as the recycling of
the evicted histones (Cook et al. 2011).
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Figure 1. 3: Nuclear import of canonical and variant H3 in humans. H3 folding is
first assisted by the Hsc70 chaperone at the ribosomal exit and transferred to Hsp90.
Hsp90 assembles H3 into H3/H4 dimers along with NASP cochaperone. The NASP
chaperone binds H3/H4 heterodimers and presents the H4 carboxyl domain to recruit
HATL1. After H4 acetylation, the H3/H4 heterodimers are stabilised. The histones are
transferred to ASF1B, which associates with importin-4 and transports the histones
into the nucleus. (Figure generated based on Campos et al., 2010.)

1.2.2 DAXX/ATRX complex

DAXX and the chromatin remodeller alpha thalassemia/mental retardation
syndrome x-linked protein (ATRX) complex is a set of H3.3-specific
chaperones. The DAXX/ATRX chaperone complex modulates H3.3 deposition
at the pericentric heterochromatin and telomeres in a replication-independent
manner (Drane et al. 2010, Goldberg et al. 2010) (Figure 1. 4). Studies by our
group have demonstrated the involvement of DAXX in activity-dependent
regulation of H3.3 loading at the immediate early genes (IEGs) in neurons
(Michod et al. 2012) (Figure 1. 4). In detall, following membrane depolarisation
upon neuronal activation, calcineurin dephosphorylates DAXX and thus
facilitates the DAXX-dependent H3.3 deposition in IEGs, indicating a stimuli-
induced gene transcription signalling pathway and a potential targetable H3.3
loading mechanism in the CNS.

DAXX interacts with ATRX as part of the histone chaperone complex. DAXX
has intrinsic preference for H3.3 due to the specific amino acid AAIG motif in
the histone folding domain. The association of the H3.3/H4 dimers and DAXX
results in the uncoupling of the general histone chaperone ASF1 when the
histone is produced and transferred into the nucleus (Lewis et al. 2010,
Elsésser et al. 2012). ATRX is an ATP-dependent chromatin remodelling
factor. It contains a PHD finger that binds H3K9me3/H3K4me0, and it is part
of the switching defective/sucrose nonfermenting 2 (SWI2/SNF2)-related
ATPase family involved in chromosome stability modification (Hargreaves and
Crabtree 2011). ATRX is found crucial for H3.3 localisation specifically at the
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pericentric heterochromatin and telomeres (Tang et al. 2004). In addition, The
DAXX/ATRX chaperone complex deposits H3.3 into pericentric
heterochromatin and telomeres by interacting with histone deacetylase I
(HDACII, which is essential for transcriptional repression) and the chromatin
associated protein Dek, where histone methyltransferases (HMTs) establish a
repressive chromatin state (Hollenbach et al. 2002). The interaction between
ATRX and non-coding RNAs regulates PRC2 function (Sarma et al. 2014). In
detail, the inactivation of X chromatin requires the binding of ATRX to long
non-coding chromosome-coating RNA Xist, thus promoting PRC2 repression
activity and establishing the repressive chromatin.

Interestingly, H3.3 can also utilise other histone-specific chaperones for its
own deposition. In detail, H3.3 can be associated with the H3.1-specific
chaperone CAF-1 if both the H3.3 chaperones DAXX and HIRA are absent.
This indicates a replication-dependent deposition pathway for H3.3 (Drane et
al. 2010, Lewis et al. 2010).
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Figure 1. 4: Deposition complexes mediate H3.3 chromatin assembly. A model
for the flow of histones from their synthesis in the cytosol to their target genomic
regions in the nucleus. Right: Newly synthesised histones H3.3/H4 are chaperoned
by ASF1 and a cytosolic pool of Daxx. HAT1 acetylates H4K5/K12 in the cytosol.
Chaperone Daxx cooperates with ATRX and possibly other factors (Dek and HDACII)
in depositing H3.3 into pericentric heterochromatin and telomeres. Daxx/ATRX also
mediates deposition of H3.3 into immediate early genes (IEGs) at euchromatin in
neuronal cells. Left: Newly synthesised H3.3/H4 are chaperoned by ASF1 into the
nucleus and coupled with chaperone complex HIRA/Ubn1/Cabin-1. HIRA chaperone
complex deposits histones at regulatory elements (REs), and at facultative
heterochromatin in senescent cells. HIRA also mediates deposition of H3.3 at
promoters, transcribed regions and transcription start sites (TSS), together with RNA
polymerase (RNAP)-associated FACT (Spt16/SSRP1) and Spt6 histone chaperones.
HMTs establish a repressive chromatin state. (Figure modified based on Elsaesser
and Allis 2010.)
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1.2.3 HIRA/UBN-1/CABIN-1 complex

HIRA is a H3.3-specific chaperone involved in the DSI nucleosome assembly
into the transcribed regions, gene promoters as well as the regulatory
elements (RES) localised in the euchromatin (Tagami et al. 2004, Goldberg et
al. 2010) (Figure 1. 4). The HIRA deposition pathway is evolutionarily
conserved (Rai et al. 2011, Ricketts et al. 2015). The HIRA histone chaperone
complex associates with the general histone chaperone ASF1 and mediates
the deposition of H3.3/H4 dimers. Ubinuclein-1 (UBN-1) is essential for the
functional activity of the HIRA complex (Banumathy et al. 2009, Ray-Gallet et
al. 2011). UBN-1 associates specifically with H3.3/H4 dimers by binding with
H3.3/G90 through its Hpc2-related domain (Ricketts et al. 2015). CABIN-1
(calcineurin-binding protein 1), identified as another HIRA complex unit, is
activated upon calcium signalling (Youn et al. 1999). Remarkably, CABIN-1
also mediates H3.3/H4 dimer assembly into facultative heterochromatin
regions in senescent cells, in which HMTs help to establish a repressive
chromatin state (Banumathy et al. 2009).

Furthermore, histone chaperones FACT (Sptl6/SSRP1) and Spt6 are also
involved in the HIRA-associated H3.3/H4 deposition into the transcribed
regions. Their association to RNA polymerase (RNAP) contribute to histone
exchange during DNA transcription (Elsaesser and Allis 2010).

The HIRA complex also interacts with Ser5P and Ser2P. These proteins are
the initiation and elongation forms of RNA Pol Il. The HIRA-RNA Pol Il
association mediates the enrichment of H3.3 in the transcribed regions, as well
as at the promoter and downstream of the transcription start sites (TSS) (Ray-
Gallet et al. 2011).

1.2.4 The PRCs

The PcG proteins are conserved chromatin factors that were first considered
repressive regulators of Hox genes. They are involved in specifying cell
identity along the anteroposterior axis of the body plan of Drosophila
(McKenzie Duncan 1982). However, genome-wide mapping of PcG
components in D. melanogaster, murine and human cells have revealed that

these proteins bind many other genes in addition to the Hox genes, including

40



transcription factors involved in diverse cellular functions and developmental
pathways (Boyer et al. 2006, Lee et al. 2006, Schwartz et al. 2006).

The PcG proteins form two major core complexes: PRC1 and PRC2.
Polycomb-mediated gene silencing relies mostly on regulation of the
chromatin structure through the PTMs of histones. Specifically, the PRC1
complex monoubiquitylates K119 on H2A (i. e. H2AK119ub) via its subunits,
the ubiquitin ligases RING1A and RING1B. The H3.3 chaperone HIRA has
been reported to interact with PRC2 in the H3.3 deposition at the promoters of
developmentally regulated genes in mouse embryonic stem cells
(Banaszynski et al. 2013). The PRC2 complex is also responsible for the
dimethylation and trimethylation of K27 on H3 (H3K27me2/3) via its enzymatic
subunits EZH1/2 (Margueron and Reinberg 2011). EZH2 is part of the PcG
complexes PRC2 and PRC3, and a H3K27-specific methyltransferase.
Importantly, the repressive marks H3K27me2 and H3K27me3 have been
found in facultative heterochromatin where they mediate tissue-specific gene
silencing (Margueron and Reinberg 2011).. SUZ12 is another component of
the PRC2 and PRC3 complexes, and acts as a DNA binding factor directing
the PRC proteins to specific sites in the genome (Gibbons 2005).

Importantly, polycomb proteins might promote or inhibit tumourigenesis
through their HMT activity. The expression of PRC2 components is
upregulated in cancers such as melanoma, lymphoma, and breast and
prostate cancer (Yamaguchi and Hung 2014), while EZH2 is considered a
marker for the aggressive stages of prostate and breast malignancies (Kleer
et al. 2003, Deb et al. 2013). EZH2 overexpression promotes neoplastic
transformation of normal prostatic cells and hyperplasia in breast epithelium,
and is poor prognosis-associated. (Kleer et al. 2003, Deb et al. 2013), whereas
its deletion leads to a significant reduction in cell proliferation (Bracken et al.
2003). Gain-of-function EZH2 mutation (Y641) drives the accumulation of
H3K27me3 and promotes lymphoid transformation in germinal centre (GC)
derived B-cell lymphoma, including follicular lymphoma (FL) and GCB-type
diffuse large B-cell lymphoma (DLBCL) (Zhou et al. 2015). Loss-of-function
EZH2 mutations caused by frameshift or stop mutation premature chain
termination is common in acute myeloid leukaemia (AML) and myelodysplastic
syndromes (MDS) (Ernst et al. 2010). In addition, EZH2 loss-of-function
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mutations in myeloid malignancies have been identified in Weaver syndrome,
a human overgrowth condition, and the affected individuals may develop
increased susceptibility to myeloid and/or other malignancies (Tatton-Brown
et al. 2011). On the other hand, SUZ12 could function as an oncogene upon
loss of its DNA-binding ability in PRC2, which leads to a disrupted gene
expression pattern and further promotes proliferation and metastasis in human
tumours, including ovarian cancer and non—small cell lung cancer (Zahnow
and Baylin 2010, Li et al. 2012).

1.2.5 ATP-dependent chromatin-remodelling factors

ATP-dependent chromatin remodellers utilise the energy from ATP hydrolysis
to drive a DNA translocase, resulting in sliding or eviction of the nucleosomes
(Becker and Workman 2013). The chromatin remodelling complexes can be
classified based on their catalytic subunits (ATPases), these include: the
SWI/SNF complex, with core subunits Brgl and Brm; and the nucleosome
remodelling and deacetylase (NuRD) complex, with core subunit Mi-2
(chromodomain-helicase-DNA-binding protein 4, CHD4) (Figure 1. 5). During
DNA transcription, the chromatin remodelling factors are involved in the
replacement of the canonical histones as well as their variants (Henikoff et al.
2004).

SWI/SNF NuRD
(SWI2/SNF2-type ATPase) (Mi-2-type ATPase, HDAC)
@BAFSOalbIc ~ioAd MEORS
‘BAF155 BAF170 & Mi-2 MTA1/2/8
BAF47. i1 BAF50 el A
' HDAC2 RPA

" pa8

Figure 1. 5: Two groups of chromatin remodelling complexes. SWI/SNF complex
with core subunits Brgl and Brm; NuURD complex with core subunit Mi-2 (CHD4).
(Figure modified based on Kato, Inoue, and Youn 2010.)

1.2.5.1 BRG1 and BRM

The SNF2 subfamily is involved in gene regulation. In S. cerevisiae, 5% of the
genes are modulated by SNF2, either for activation or repression
(Sudarsanam et al. 2000). The mammalian homologues BRG1 and BRM both
participate in the SWI/SNF chromatin remodelling complexes (Hohmann and
Vakoc 2014).
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The BRG1 and BRM subunits can be found in the BAF complex (SWI/SNF-A),
the neural progenitor BAF (npBAF) complex and the neuron BAF (nBAF)
complex (Olave et al. 2002, Becker and Workman 2013, Staahl and Crabtree
2013, Hohmann and Vakoc 2014); whereas the PBAF (SWI/SNF-B) complex
and ESC BAF (esBAF) complex only contain BRG1 (Ho et al. 2009, Becker
and Workman 2013).

It has been suggested that BRG1 and BRM contribute to various cancers as
well as genetic modulation in the CNS. For example, reduced expression of
Brgl and Brm have been found in human non—small cell lung cancer (Reisman
et al. 2003), whereas BRG1 plays essential roles in the maintenance and
propagation of leukaemia (Buscarlet et al. 2014). BRG1 and calcium-
responsive transactivator (CREST) form a complex in the active neurons,
regulating promoter activation by orchestrating a calcium-dependent release
of a repressor complex and recruitment of an activator complex. On the
contrary, in resting neurons, the transcription of a proto-oncogene (c-fos) is
inhibited by BRG1-dependent recruitment of a phospho-Rb-HDAC repressor
complex (Qiu and Ghosh 2008).

Finally, BRG1 interacts with the H3.3 chaperone HIRA complex preferentially
at the active promoters and enhancers (Pchelintsev et al. 2013). Its interaction

with the HIRA complex might direct and modulate histone chaperone activity.

1.2.5.2 The CHDs

The CHD subfamily includes CHD1, CHD2, CHD3 and CHD4. The CHD
proteins contain chromatin organisation modifier domains as well as DNA
binding domains.

CHD1 is required for H3.3 HIRA associated-deposition into the male
pronucleus during early embryonic development (Konev et al. 2007).
Meanwhile, CHD2 knockdown in vitro prevents H3.3 deposition at the
differentiation-dependent genes and inhibits myogenic gene activation
(Harada et al. 2012). The same work also suggested that CHD2 may be
associated with H3.3 chaperones (Harada et al. 2012). Furthermore, the H3.3
chaperone complex DAXX/ATRX interacts with the epigenetic regulator

HDACII (Hollenbach et al., 2002), suggesting a potential histone exchange
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pathway, where the chromatin remodelling complex take part in H3.3
deposition and eviction along with histone chaperones.

Moreover, CHD4 is the main component of the NURD complex, and plays an
important role in epigenetic control of transcriptional repression (Kehle et al.
1998). The two PHD zinc fingers in CHD4 are H3-binding modules. The PHD
zinc fingers can bind H3 at its N-terminus, with one finger at H3 me-Lys and
another at H3K9me3 (Mansfield et al. 2011). Moreover, the Drosophila
hortolog of CHD3/CHD4, dMi-2, interacts with the D-Box repression domain of
hunchback, a protein required for the repression of homeotic genes (Kehle et
al. 1998). This ability of repressing homeotic genes can be abrogated by point
mutations in the ATPase domains of Mi-2, demonstrating the importance of

ATP-dependent remodelling in transcriptional repression.

1.3 H3.3 and chaperone DAXX in neurodevelopment, ageing

and disease

1.3.1 H3.3

1.3.1.1 H3.3 in neurodevelopment, brain homeostasis and ageing

Studies have suggested that H3.3 turnover may regulate transcriptional
identity and plasticity in the CNS. In detail, H3.3 modulates the neuronal- and
glial-specific genetic expression patterns in both embryonic and adult neurons
(Michod et al. 2012, Maze et al. 2015). Moreover, H3.3 is enriched in the post-
mitotic cells, and is crucial for maintaining and regulating chromatin
organisation. In mice, H3.3 accumulates progressively in the somatic tissues
and brain tissues with age, and reaches near complete replacement of its
canonical H3.1 and H3.2 at the age of 18 months to 24 months (Maze et al.
2015, Tvardovskiy et al. 2017). Regardless of the H3.3 occupancy threshold,
the H3.3-containing nucleosomes retain their dynamic turnover in adulthood
and play essential roles in neuronal plasticity and cognition in a PTM-
independent manner (Michod et al. 2012, Wenderski and Maze 2016).

H3.3 deficiency has been reported in several psychiatric disorders. In detail,
H3.3 downregulation in mouse hippocampus results in impaired long-term
memory, suggesting its significant function in cognition development. H3.3
expression levels are increased in the nucleus accumbens (NAc, part of the

cognitive processing region related to motivation and reward) of human
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patients with major depressive disorder (MDD). Moreover, the downregulation
of H3.3 in mice presenting chronic social stress resulted in improved
depressive-associated behaviours (Lepack et al. 2016). Last but not the least,
it has been indicated that H3.3 protects against neurodegenerative disorders
such as Huntington, Alzheimer and Parkinson disease, potentially through
transcriptional silencing of the repetitive elements via its chromatin turnover in
adult brain cells (Wenderski and Maze, 2016).

The study of Piazzesi and colleagues on H3.3 in Caenorhabditis elegans has
shown a connection between H3.3 loss-of-function and impaired longevity
(Piazzesi et al. 2016). In detail, the insulin/IGF-1 signalling pathway is one of
the prominent lifespan pathways. In C. elegans, mutated IGF-1 gene Daf-2
leads to increased health and elongated lifespan, and this process is mediated
by the transcription factor Daf-16. In addition, Daf-16 deletion completely
abrogates the long-living phenotype, and loss of H3.3 in C. elegans with Daf-
2—increased-lifespan results in reduced longevity. Piazzesi et al. provide
insights into the H3.3-regulating, longevity-improving transcriptional
programmes, suggesting the potential implications of H3.3 in the age-related
processes.

1.3.1.2 H3.3 in brain and bone tumours

H3.3 is encoded by two genes: H3F3A and H3F3B, and has been implicated
in human tumourigenesis. Driver mutations in the histone H3.3 variant (and to
a lesser extent, the canonical H3) and/or its loading machinery have been
identified in paediatric and adult glioblastoma multiforme (GBM) including
diffuse intrinsic pontine gliomas (DIPG), giant-cell bone tumour and
chondroblastoma (Khuong-Quang et al. 2012, Schwartzentruber et al. 2012,
Sturm et al. 2012, Wu et al. 2012, Behjati et al. 2013).

The H3F3A gene is predominantly found mutated in brain tumours at two
residues: the K27M (lysine 27 to methionine) mutation has been identified in
paediatric thalamic and brainstem (and a small number of forebrain) GBM,;
G34R/V (glycine 34 to arginine/valine) has been found in cerebral hemisphere
paediatric and young adolescent patients with GBM (Khuong-Quang et al.
2012, Schwartzentruber et al. 2012, Sturm et al. 2012, Wu et al. 2012) (Figure

1. 6). These two sets of mutations are associated with distinct transcription
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and DNA methylation changes, and often co-exist with mutated p53 (Khuong-
Quang et al. 2012, Yuen, Benjamin T. K. 2013).

The presence of H3.3 mutations in paediatric brain tumours suggests a
possible role of this mutation during early brain development, especially in
altering the NPC fate in a potential region-specific fashion (brainstem vs
forebrain). In paediatric DIPG, K27M mutation is predominantly found in H3.3
and in H3.1 (Wu et al. 2012, Saratsis et al. 2014). Mechanistically, H3.3X?'M
mutation inhibits H3K27 trimethylation and leads to a global reduction in
H3K27me3 levels (a repressive histone marker) and to neoplastic
transformation (Bender et al. 2013, Lewis et al. 2013, Kallappagoudar et al.
2015). Epigenetically, H3K27 is an important target of the PRC2 complex
(Kallappagoudar et al. 2015). In H3.3%2’"M mutants, PRC2 activities are blocked
by the H3.3X?™M peptide (Lewis et al. 2013, Venneti et al. 2013, Brown et al.
2014), possibly via stable binding to the PRC2 subunit EZH2 (Chan et al. 2013,
Lewis et al. 2013). Pathania et al. recently reported that the combination of
H3.3%2"M mutation and Trp53 (transformation related protein 53) loss in mouse
embryo leads to high-grade tumour lesions (Pathania et al. 2017). Their data
also support an embryonic origin of the H3.3X?"M-driven tumourigenesis.

The mechanisms underlying the function of H3.3¢34RV mutations in GBM
remain unclear, and is under ongoing investigation by the Salomoni group
jointly with Jabado’s group in Montreal, Canada. So far, it has been suggested
the H3.3G34RV mutation alters H3K36me3 levels, thus disrupting gene
expression and potentially leading to neoplasm (Lindroth and Plass 2013,
Bano et al. 2017).

Finally, mutations in H3F3A as well as H3F3B have also been suggested to
drive bone tumours. The H3.3G3WL (glycine 34 to tryptophan/leucine)
mutations of H3F3A have been predominantly found in giant cell tumour of
bone, while K36M mutation in H3F3B characterises the chondroblastomas
(Behjati et al. 2013).
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H3.3K27M H3_3G34RN

Loss of Polycomb- Altered H3K36me3
mediated repression levels

Disrupted gene expression

Neoplastic transformation

Figure 1. 6: Potential effects of H3.3 mutations in the tumourigenic process of
paediatric high-grade gliomas. The H3.3¥¥"M mutation blocks the polycomb-
mediated target genes repression, and results in the development of glioma in the
thalamus and the brainstem. The H3.3%34*" mutation decreases H3K36 trimethylation,
disrupts normal gene expression, and promotes the formation of paediatric
glioblastomas in the cortex.

1.3.2 The H3.3 chaperone DAXX

1.3.2.1 DAXX as a transcriptional regulator

DAXX is an inhibitor of Pax3, a member of the homeodomain family of
transcription factors, by interacting with the protein and repressing its
transcriptional activity (Hollenbach et al. 1999). This indicates that DAXX not
only represses basal transcription, but also inhibits transcriptional activation
by interacting with the DNA-binding transcription factors.

On the other hand, DAXX regulates events such as chromosome segregation
and mitotic progression during interphase via interaction with centromere
protein C (CENP-C) (Pluta et al. 1998). In addition, DNA methyltransferase 1
has been identified as another Daxx-interacting protein in mice, indicating the
involvement of Daxx in gene silencing (Michaelson et al. 1999). Notably,
similar embryonic lethality phenotypes have been found in mice lacking Daxx
or DNA methyltransferase 1 (Li et al. 1992, Hollenbach et al. 2002).

Furthermore, it has been suggested that promyelocytic leukaemia protein
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(PML) interacts with DAXX in vivo, where they are localised at the PML nuclear
bodies (PML-NBs), thus inhibiting DAXX transcriptional repression activity
(discussed in Section 1.3.2.4).

1.3.2.2 DAXX in apoptosis and ageing

DAXX was first identified as a member of an apoptosis pathway, as it
modulates the cytosolic domain of Fas by activating its downstream c-Jun
NHz-terminal kinase (INK) signalling pathway through its interaction with
apoptosis signal-regulating kinase 1 (ASK1). DAXX overexpression in human
cells results in the activation of Fas and in the increased apoptosis response
(Chang et al. 1998). In mice, Daxx knockout and deficiency lead to extensive
apoptosis and embryonic lethality (Michaelson et al. 1999), suggesting a pro-
survival role during development.

In D. melanogaster, the DAXX homolog protein DLP (DAXX-like protein) is
involved in regulating the transcription of the pro-apoptotic gene Ark, and it
interacts with Dmp53 (p53 homolog in mammals) and affects longevity (Bodai
et al. 2007). In detail, DLP binds to Dmp53 at its C-terminus, and mutant DLP
fails to interact with Dmp53 and leads to Dmp53 overexpression. This
indicates a gene suppressor function of DAXX on the Drosophila p53.

1.3.2.3 DAXX and tumourigenesis

Both the DAXX and ATRX proteins have been reported mutated in various
tumours, including glioma, pancreatic neuroendocrine tumours (pNETs) and
neuroblastoma (Heaphy et al. 2011, Cheung et al. 2012, Liu et al. 2014). The
majority of ATRX/DAXX mutations are loss-of-function mutations, and are
associated with chromosome instability and the alternative lengthening of
telomeres (ALT) (Heaphy et al. 2011, Liu et al. 2014).

In vivo study on mice model of Atrx-deficient glioblastoma has shown that lack
of Atrx is associated with reduced survival rate, and is linked to an increased
mutation rate at the single-nucleotide variant level (Koschmann et al. 2016).
Moreover, in mouse tumours, Atrx deficiency results in impaired non-
homologous end joining (NHEJ), which is involved in repairing DNA DSB
(Koschmann et al. 2016).

In addition, DAXX overexpression is linked to oncogenic effects on ovarian
surface epithelial cells by interacting with PML and promoting the
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transformation capacity and resistance to radiotherapy (Pan et al. 2013).
Moreover, studies on DAXX expression in patients with oesophageal
squamous cell carcinoma (ESCC) have revealed increased DAXX expression

levels correlate directly with the patient survival rate (Ko et al. 2018).

1.3.2.4 DAXX and PML-NBs

The PML-NBs, also known as PML oncogenic domains (PODs) and nuclear
domain (ND10), are recognised as tumour suppressors. It forms a multi-
protein structure to accumulate proteins for PTMs. It also mediates the nuclear
events responding to cellular stresses, including DNA damage, apoptosis,
senescence and angiogenesis (Bernardi and Pandolfi 2007).

The H3.3 chaperone Daxx is associated with the PML-NBs during its transition
to the pericentric heterochromatin, via binding to the C-terminus of
SUMOylated PML. The accumulation of this complex involves Atrx recruitment
and is cell cycle—dependent (Ishov et al. 2004). The PML-NBs/Daxx complex
associates with Atrx through the binding to Daxx. When the cell undergoes the
S phase/cell division, Daxx disassociates from the PML-NBs and accumulates
toward the heterochromatin.

PML-NBs are not only required for the localisation of DAXX, but also play a
critical role in DAXX transcriptional repression activities. In the absence of Pml,
Daxx is concentrated at the condensed chromatin, where genetic
transcriptions are repressed, indicating Daxx transcriptional repression activity
at these gene sites (Li et al. 2000). In the case of increased Pml expression
level, Pml recruits Daxx from the condensed chromatin to the PML-NBs, where
Daxx transcriptional repression activities are inhibited (Li et al. 2000).
Moreover, the absence of PML-NBs results in impaired DAXX pro-apoptotic
activity, and a diffused nuclear pattern (Zhong et al. 2000).

Notably, in acute promyelocytic leukaemia (APL), PML-NBs are disrupted by
the oncogene PML—retinoic acid receptor (RAR) a, and DAXX is delocalised
from the complex. In detail, nearly all APL cases are characterised by the
chromosomal translocation between the PML gene on chromosome 15 and
the RARA gene on chromosome 17, and this creates the oncogenic fusion
protein PML-RARa. The PML-NB structure is disrupted in t(15;17)
translocated APL cells, and PML is delocalised from the NBs to aberrant
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nuclear micro-speckled structures (PML-RARa bodies). Furthermore, as PML
is essential for DAXX localisation into the NBs and its pro-apoptotic activity,
loss of Pml in mice results in the delocalisation of Daxx from the PML-NBs in
APL cells and in impaired Daxx-induced apoptosis in primary keratinocytes
(Zhong et al. 2000). These findings suggest that PML and DAXX interaction
forms a novel PML-NB-dependent apoptosis pathway, with applications in
tumour suppression.

Drane et al. have shown that DAXX carries the PML-NBs to H3.3, where the
PML-NBs associate with H3.3 for its coupling at the condensed chromatin
(Drane et al. 2010). These findings suggest that PML may regulate H3.3
loading onto the chromatin, associating with DAXX. In addition, loss of Pml in
mice led to increased NPC proliferation levels as well as altered composition
of the NPC cell subtypes in the developing neocortex (Regad et al. 2009).
Moreover, Pml loss also resulted in impaired cell differentiation and reduced
cortical thickness, while a smaller brain was observed (Regad et al. 2009).

These indicate Pml modulation of neurogenesis during brain development.

1.4 Outstanding questions, hypotheses and aims

Despite a number of studies reporting the interaction of H3.3 chaperones with
epigenetic regulators, little is known about its interactome in the nervous
system, particularly in neural progenitor cells, which can act as cells of origin
of brain cancer in children and adults. In this chapter, we hypothesise that
DAXX interaction with other epigenetic regulators affects and/or regulates
H3.3 loading. We cannot exclude the possibility that some of these interactions
could affect chromatin in a H3.3-independent manner. The DAXX interactome
in neural cells may change upon expression of GBM tumour drivers (e.g. H3.3
mutant proteins) and during oncogenic transformation, thus contributing to the
establishment of cancer-associated chromatin changes. More generally,
association with other chromatin modifiers can affect DAXX localisation in the
genome as well as its ability to load H3.3. With respect to candidate epigenetic
regulators that can interact with DAXX, given the interaction between ATRX
and non-coding RNA in regulating PRC2 function, it is plausible that DAXX
also could interact with RNA and/or RNA-interacting proteins and affect PRC2
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complex function. Moreover, other chromatin remodelling factors, for example
BRG1/BRM and CHD, are potential DAXX/H3.3-interacting candidates.

As a complementary and equally unbiased approach, we reasoned that it
would be important to develop an imaging platform for visualising H3.3
deposition in the CNS. Through this imaging platform, siRNA and drug

screenings can be run to identify novel regulators of H3.3 and its mutants.

1.5 Aims

The main aims of this research are:
1) To develop an automated platform for visualising H3.3 loading in a robust
mammalian CNS cell line

2) To study the H3.3 chaperone Daxx interactome in the CNS
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1.6 Project Scheme

Objective 1

Objective 2

1.1

H3.3-HaloTag in
Neuro2a cell line

1.2

1.3

Set up in vitro HaloTag imaging platform

and high throughput screens

SiRNA and drug screening on
H3.3 WT and mutant cells*

Nano LC-MS/MS

Identification of H3.3
regulation pathway, partners*

analysis \
FLAG-Daxx FLAG affinity 8 - Functional effects
it o | >
overexpression in NPCs purification Candidate validation Daxx, H3.3*
2.1 2.2 Candidate 2.5

*future perspectives

approach

Unpublished data,
Literature
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Chapter 2

Material and Methods
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2. Material and Methods

2.1 Materials
2.1.1 Plasmids

Table 2. 1 Plasmids

a/a | Name Construct Source
G771A Promega, able to
1 HaloTag produce a fusion protein at its | Promega
N-terminal
2 CMV-H3.3-YFP Drosophila H3.3 Addgene
3 CMV-dH3-YFP Drosophila H3 (dH3) Addgene
Drosophila H3.3 sequence
4 H3.3-HaloTag fused at HaloTag N-terminal Generated
5 dH3-HaloTag Drosophila H3 sec!uence fused Generated
at HaloTag N-terminal
pLenti-PGK-Neo- . .
6 DEST W531-1 Lentivector construct plasmid Addgene
Envelope plasmid of pHIV-
! PCMV-G dTomato lentivirus Addgene
8 DCMV-HIV-1 Packaging pla}smld of pHIV- Addgene
dTomato lentivirus
H3.3-HaloTag- Lentivector construct plasmid .
9 pLenti-PGK-Neo- | with fusion Drosophila H3.3 and Gr((ajzerated by Michod
DEST w531-1 HaloTag sequence group
dH3-HaloTag- Lentivector construct plasmid

10 | pLenti-PGK-Neo-

DEST w531-1

with fusion Drosophila H3 and
HaloTag sequence

Generated by Michod
group

11 | Gene Art Daxx WT

Mouse Daxx wild type

Salomoni group

FLAG sequence at N-terminal

12 | FLAG-Daxx of Daxx sequence in Gene Art | Generated
Daxx WT plasmid
13 | pHIV-dTomato Lentivector construct plasmid Addgene
14 FLAG-Daxx-pHIV- | pHIV-dTomato with FLAG-Daxx Generated
dTomato sequence

54




2.1.2 Primers

2.1.2.1 PCR

The PCR primers were generated by and purchased from Invitrogen (Life
Technologies). Lyophilized oligos were resuspended in the appropriate
volume of sterile nuclease-free H20 to yield a stock of 100 yM and were
thoroughly mixed by vortexing. The primers were further diluted using sterile

nuclease-free H20 to a working concentration of 5 yM and stored at -20°C.

Table 2. 2 Primers for PCR.

a/a | Gene Forward (5'-3") Reverse (5'-3")
AAAGGATCCGCGGCCGCGCCA
CCATGGACTACAAGGACGACGA | TAAGTTCAACTTC

L FLAG-DaxXx | 1 )\ cAAGGCCACCGATGACAGC | TTCTT

ATCATTGTA

5 H3.3-HaloTag AAAGAATTCGCCACCATGGCAC | AAAGAATTCGGCC
GTACCAAGCAA CGCTCGCCACG

3 dH3-HaloTag AAAGAATTCGCCACCATGGCTC | AAAGAATTCGGTG
GTACCAAGCAA GCGACCGGCGG

2.1.2.2 Real-time PCR (qPCR)

The qPCR primers were generated by and purchased from Invitrogen (Life
technologies). Lyophilized oligos were resuspended in the appropriate volume
of sterile nuclease-free H20 to yield a stock of 100 yuM and were thoroughly
mixed by vortexing. The primers were further diluted using sterile nuclease-

free H20 to a working concentration of 5 yM and stored at -20°C.

Table 2. 3 Primers for gPCR.

a/a | Gene | Forward (5'-3) | Reverse (5'-3)

1 Hira iGATTCTGGGAAGGTTGTG TCATCTCCCCCAGAAGCTAA

2 Daxx AGCAGTAACTCCGGTAGTA AGGAACGGAACCACCTCAG
GGAAG

3 Gapdh | TCCACCACCCTGTTGCTGTA A ACCACAGTCCATGCCATCAC

4 Actin TATAAAACCCGGCGGCGCA | TCATCCATGGCGAACTGGTG

2.1.3 NPCs and cell lines

E13.5 NPCs: NPCs isolated from E13.5 mouse embryo cortex
HEK293T: Human embryonic kidney 293T cells

NIH3T3: Mouse embryonic fibroblast cells

Neuro2a (ATCC, CCL): Mouse neuroblastoma cells

55



2.1.4 Antibodies

2.1.4.1 Antibodies for immunoblotting (western blotting)

Table 2. 4 Primary antibodies for western blotting.

i;ltr?ba(%y Species | Dilution ‘ Egtegory ‘ Supplier

1 ATRX Rabbit 1:200 A0308 Santa Cruz

2 a-Tubulin Mouse 1:30,000 | T5168 Sigma

3 B-Actin Mouse 1:5,000 | Ab441 Sigma

4 Brg-1 Mouse 1:1,000 sc-17796X | Santa Cruz

5 Brm Rabbit 1:1,000 ab15597 Abcam

6 CHDA4/Mi-2 beta Rabbit 1:1,000 39289 Active Motif

7 | CPSF2 Rabbit | 1:2,000 ’;|98812030_ Novus Biologicals

8 DAXX (M-112) Rabbit 1:500 sc-7152 Santa Cruz

9 EZH2 (AC22) Mouse 1:1,000 | 3147 Cell Signalling

10 | FLAG Rabbit 1:5,000 | F-7425 Sigma

11 | Anti-Histone H3 Rabbit 1:50,000 | ab1791 Abcam

12 | H3.3 Rabbit 1:1,000 | 09-838 Millipore

13 | Anti-HaloTag Mouse 1:1,000 | G9211 Promega
Homemade: | Peter Adam's

14 | Hira Mouse 1:20 WC119, 19, | group (University
15 and 117 | of Glasgow)

15 | pH3 (Serl0) Rabbit 1:500 9716 Cell Signalling

16 | NET1 Rabbit 1:1,000 | 12740-1-AP | Proteintech

17 :'ST/E”R . Mouse | 1:500 E"; Lo7B.00 | R&D Systems

18 | SUzZ12 (P15) Goat 1:200 sc-46264 Santa Cruz

Table 2. 5 Secondary antibodies for western blotting.

Category

a/a | Secondary Antibody Dilution NG ‘ Supplier
1 | Goat Anti-Rabbit IgG, DyLight 800 | 1:5,000 | 35571 Thermo
Scientific
2 | Goat Anti-Mouse IgG, DyLight 680 | 1:5,000 | 35518 Thermo
Scientific
ECL Anti-Rabbit IgG, Horseradish
3 Peroxidase linked whole antibody | 1:5,000 | NA934V GE I—!ea}lthcare
UK Limited
(from donkey)
ECL Anti-Mouse IgG, Horseradish
4 Peroxidase linked whole antibody | 1:5,000 | NA931V GE Hea}lthcare
UK Limited
(from sheep)
5 Polyclonal Rapblt Anti-Goat 1:2.000 | P0160 Dako
Immunoglobulins/HRP
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2.1.4.2 Antibodies for immunofluorescence (IF)

Table 2. 6 Primary antibodies for immunofluorescence studies.

a/a | Antibody Species | Dilution Cgtegory Supplier
i ™

HaloTag®R110Direct N/A 1:1,000 | G3221 Promega
Ligand

2 HaloTag® TMR ligand N/A 1:1,000 | G8251 Promega

3 | HaloTag®Oregon Green | 1200 | G2801 Promega
ligand

4 DAXX Mouse 1:100 ab492687 | Abcam

5 FLAG Rabbit 1:1,000 F-7425 Sigma

Table 2. 7 Secondary antibodies for immunofluorescence studies.

a/a | Antibody ‘ Dilution Category ‘ Supplier

1 Anti-Rabbit IgG Alexa Flour 488 11,000 | A11008 Life _
(from goat) Technologies

5 Anti-Mouse 1gG Alexa Flour 568 1:1.000 | A11019 Life .
(from goat) Technologies

2.1.5 siRNA oligonucleotides

The siRNA oligonucleotides were generated by and purchased from

ThermoFisher Scientific. The dried oligonucleotides were resuspended in an

appropriate volume of RNase-free H20 to yield a stock of 100 uM and were

thoroughly mixed by vortexing, and stored at -20°C.

Table 2. 8 siRNA oligonucleotides.

a/a | siRNA | Category No | Supplier

1 Hira siRNA | 439077/n426232 Thermo Fisher Scientific
2 Hira siRNA I 439077/s67545 Thermo Fisher Scientific
3 Daxx siRNA | AM16708/61220 Thermo Fisher Scientific
4 Daxx siRNA 1l AM16708/160479 Thermo Fisher Scientific
5 Gapdh siRNA 4390849 Thermo Fisher Scientific
6 Scramble siRNA 4390843 Thermo Fisher Scientific




2.1.6 Materials for immunoprecipitation (IP)

Table 2. 9 Materials for immunoprecipitation.

a/a | Material | Category No | Supplier

1 Anti-FLAG® M2 Affinity Gel A2220 Sigma

2 Anti-FLAG® M2 Magnetic Beads M8823 Sigma

3 Benzonase nuclease E1014-5KU Sigma

4 Tissue grinders/cell homogeniser k885300/0007 | Kimble Chase

5 FLAG peptide F3290 Sigma

6 Pierce™ Protein G Plus agarose beads | 22851 Th.erm.o. Fisher
Scientific

2.1.7 Buffer Recipes

5x Polyethylene glycol (PEG) (pH 7.2): 50 mM PEG, 0.41 M NacCl, and 0.2%
1 M Tris (pH 7.5).

2X HEPES Buffer (pH 7.05): 280 mM NaCl, 10 mM KCI, 1.5 mM NazHPOu,
12 mM D(+)-Glucose Monohydrate, and 50 mM HEPES.

1x Tris-acetate-EDTA buffer (TAE): 40 mM Trisma Base, 0.001% (v/v) Acetic
acid, and 1 mM EDTA (pH 8).

5x Laemmli buffer: 10% (w/v) SDS, 50% (w/v) Glycerol, 0.125% (w/v)
bromophenol blue, 250 mM Tris (pH 6.8), and 2 mM 2-mercaptoethanol.

1x SDS-PAGE running buffer: 0.186 M Glycine, 0.02 M Trisma Base, and
0.15% (v/v) SDS.

1x Transfer buffer: 0.186 M Glycine; 0.02 M Trisma Base, and 20% (v/v)
Methanol.

Phosphate-buffered saline (PBS): 137 mM NaCl, 2.7 mM KCIl, 8 mM
NazHPO4, and 2 mM KH2POa.

PBS-Tween 20: 1x PBS (pH 7.4) supplemented with 0.1% (v/v) Tween 20.

7% Polyacrylamide gel (18 ml): 9.0 ml H20, 4.2 ml 30% Acrylamide mix, 4.5
ml 1.5 M Tris (pH 8.8), 90 ul 20% SDS, 180 pl 10% APS, and 18 pl TEMED.

15% Polyacrylamide gel (20 ml): 4.7 ml H20, 10.0 ml 30% Acrylamide mix,
5.0 ml 1.5 M Tris (pH 8.8), 100 pl 20% SDS, 200 pl 10% APS, and 8 ul TEMED.
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2.2 Methods

2.2.1 Molecular biology

2.2.1.1 Cloning (restriction enzyme digestion and ligation)

The RT-PCR of the insert fragments were prepared with a mix of 5 yl 10 nM
forward and reverse primers, 1 ul PCR-grade nucleotide mix, 2.5 pyl 10x PCR
buffer + MgClz, 100-300 ng template, 0.5 pl FastStart Taq DNA Polymerase,
and H20 to a total volume of 25 pl. PCR settings were set according to the
PCR fragment size and annealing temperature. The PCR products were
electrophoresed on an agarose gel; appropriate-size bands were cut and
collected, DNA was extracted and purified, and the PCR products were either
used directly for restriction enzyme digestion and ligation or stored at -20°C
for future use.

Restriction enzyme digestion was performed on both the insert fragment (PCR
product) and the backbone. For the inserts reaction, 2 ul 10x reaction buffer
and 1 pl enzyme(s) were mixed with PCR product for a total volume of 20 pl.
The control reaction mix contained 10 ul PCR product and 10 pl H20. For the
backbone reaction, 3 ug plasmid was mixed with 1 yl enzyme(s) and 2 ul 10x
reaction buffer. Water was added to increase the total volume to 20 ul. The
control reaction mix contained 3 ug backbone plasmid and water to a total
reaction volume of 20 ul. The restriction enzyme digestion mix was incubated
in a 37°C water bath for 2 hours. After incubation, the backbone was
dephosphorylated with alkaline phosphatase in a reaction mixture of 17 ul
Backbone, 1 ul rAPid Alkaline Phosphatase, and 2 pl 10x buffer for 15 minutes
at 37°C, followed by 2-minute inactivation at 75°C. Both the inserts and
backbones were electrophoresed on an agarose gel; appropriate-size bands
were cut and collected, and DNA was extracted and purified. The 10-ul ligation
mix was prepared as follows: for the experimental reaction, a mixture of 3.5 pl
Insert, 0.5 pl backbone, 1 pl T4 DNA Ligase and 5 pl 2% Rapid Ligation Buffer
were prepared; for the control reaction, a mixture of 3.5 pl elution buffer, 0.5
Ml backbone, 1 yl T4 DNA Ligase and 5 pl 2x Rapid Ligation Buffer were
prepared. The ligation mixes were incubated at room temperature for 30

minutes, and the products were used for Escherichia coli transformation.

59



2.2.1.2 Transformation

Topl0 Chemical competent cells were thawed on ice and mixed with 10 pl
DNA ligation mix. The tubes were mixed by gentle tapping. The cells were
incubated on ice for 30 minutes, and heat-shocked for 30 seconds in a 42°C
water bath, followed by 2-minute incubation on ice. The cells were then mixed
with 250 pl room-temperature S.0.C. medium and shaken at 225 rpm (37°C)
for 1 hour. All cells were plated on LB agar plates with the corresponding

antibiotic selection. The plates were incubated overnight in a 37°C incubator.

2.2.1.3 Miniprep, sequencing, and Maxiprep

1) Miniprep with JetStar 2.0 plasmid purification kits

Several colonies were picked from the LB agar plates for further culture in 5
ml LB media with antibiotic selection and incubated overnight. Bacterial
overnight culture (4 ml) was pelleted by centrifugation at 8,000 rpm for 3
minutes at room temperature (15-25°C). The pellet was resuspended in 250
Ml Cell Resuspending Buffer and transferred to a microcentrifuge tube. The
same volume of Cell Lysis Buffer (250 pl) was added to the cells and mixed
thoroughly by inverting the tube 6 times. The cells were lysed for less than 5
minutes. Neutralisation Buffer (350 pl) was added to the lysate and mixed
immediately and thoroughly by inverting the tube 6 times. The samples were
centrifuged for 10 minutes at 13,000 rpm. Supernatant (800 ul) was added to
a spin column by pipetting and the fluid was spun down by centrifugation for
60 seconds at 13,000 rpm. The flow-through from the column was discarded
and the column was washed once with 500 yl Buffer PB. The column was
centrifuged again for 60 seconds at 13,000 rpm and the flow-through was
discarded. Finally, the column was washed with 750 ul Buffer PE, centrifuged
for 60 seconds at 13,000 rpm and the flow-through was discarded. The spin
column was centrifuged again at 13,000 rpm to remove all washing buffer. The
spin column was then transferred to a clean collection tube and eluted with 20
pl Buffer EB with 1-minute incubation following 1-minute centrifugation at
13,000 rpm. The Miniprep samples were used for DNA sequencing. The extra
1 ml from the mini-culture bacteria was stored at 4°C for further expansion for

Maxiprep after sequencing.
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2) Sequencing
Plasmid sequencing was performed using the Source Bioscience Sanger

sequencing service.

3) Maxiprep with JetStar 2.0 plasmid purification kits

Equilibration buffer (30 ml) was added to the column for equilibration. The
solution in the column was drained by gravity flow. Bacterial overnight culture
(200 ml) was pelleted via centrifugation at 12,000 xg for 3 minutes and medium
was aspirated. The cell pellet was resuspended in 10 ml Cell resuspending
buffer. The same amount (10 ml) of Lysis buffer was added and mixed by
gently inverting the tube. The cells were lysed at room temperature for 5
minutes. Precipitation buffer (10 ml) was then added to the mix, and the tube
was immediately inverted 6 times and centrifuged for 10 minutes at room
temperature at 13,000 xg. The supernatant was collected and loaded onto the
column, and the solution was drained by gravity flow. The column was washed
once with 60 ml Wash buffer; DNA was eluted with 15 ml Elution buffer. The
Elution buffer containing DNA was collected in a clean 50 ml tube by gravity
flow. Isopropanol (10.5 ml) was mixed into the DNA elute, followed by
centrifugation at 4°C for 30 minutes at 13,000 xg. The supernatant was
aspirated, and the DNA pellet was washed once with 5 ml 70% ethanol. The
tube was centrifuged again under the same conditions for another 5 minutes.
After the supernatant had been aspirated, the pellet was air-dried for 10
minutes and resuspended in 200 ul water. The DNA/plasmid was quantified

using a NanoDrop spectrophotometer, aliquoted and stored at -20°C.

2.2.2 Cell culture

2.2.2.1 Calcium phosphate transfection for virus particle production
2.2.2.1.1 Lentiviral production

On day 0 (the day before virus production), 6 x 108 HEK293T cells were
seeded in a 15-cm dish containing 20 ml complete Dulbecco’s modified
Eagle’s medium (DMEM, 31966-021 Gibco) containing 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin (Pen/Strep) at 37°C. Two cell
plates were prepared for each type of viral production. On the morning of the
next day, for each viral production, DNA/calcium mix was prepared in 900 pl
H20 with 7.2 ug pCMV-G vector, 15.6 ug pCMV-HIV-1 vector, 24 ug desired
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plasmid DNA, and 100 ul 2.5 M CaClz. The DNA/calcium solution was mixed
by pipetting up and down 10 times, and equilibrated for 20-30 minutes at room
temperature. Meanwhile, 20 ul chloroquine was added to the cell culture
medium, and the cell plates were incubated in a 37°C incubator for 10 minutes.
Pre-warmed 37°C 2x HEPES buffer (1 ml) was added to the DNA/calcium
solution, and mixed immediately 5 times by pipetting the solution up and down.
The DNA-HEPES mixture was incubated for 1 minute and added to the culture
medium. The cell plates were rocked left to right and up and down twice, and
incubated at 37°C for 8 hours.

After 8-hour incubation, the transfection medium was replaced with normal
culture medium containing Pen/Strep. The cells were incubated at 37°C for 48
hours.

On day 3, the supernatant was collected and centrifuged at 3000 xg for 15
minutes to remove cells and debris. The supernatant was filtered through a
0.45-um PVDF filter to further eliminate cellular debris. One volume of cold,
sterile 5x PEG for every 4 volumes of supernatant was mixed with the
supernatant by inverting the tube and was refrigerated overnight. On day 4,
the supernatant/PEG mixture was centrifuged at 1500 xg for 30 minutes at
4°C. The supernatant was aspirated and the residual PEG solution was spun
down by centrifugation at 1500 xg for 5 minutes. All traces of fluid were
removed by aspiration, and the lentiviral pellets were resuspended in 1:50
dilution of the original volume in 1x PBS. The lentivirus was aliquoted in PCR
Eppendorf tubes (20 pl each) and stored at -80°C.

2.2.2.1.2 Lentivirus titration (pHIV-dTomato and FLAG-Daxx-pHIV-
dTomato) for dTomato expression

On the day before titration, 70,000 HEK293T cells per well were plated in a
24-well plate with 500 yl DMEM containing 10% FBS. The cells were prepared
as follows and were incubated at 37°C overnight:

One well: Count cells prior to transduction

One well: Untransduced control

Six wells for each virus: Serial dilutions

The next day, the cells in one well were counted, and 10-fold serial dilutions
of 102 to 107 were prepared in 200 yl DMEM containing 10% FBS. For the 6
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virus transfection wells, the medium was aspirated and replaced with 200 ul
diluted virus. The cells were incubated at 37°C overnight.

At 24 hours post-transduction, the cell medium was replaced with fresh
medium, and incubated for another 48 hours. dTomato expression was
visualised under Zeiss Axio Observer Z1 with Apotome, and 3 images were
obtained under 10x magnification for each well. The dTomato-positive
(dTomato*) cells were counted versus the total cells.

The counted dTomato*/total cell ratio between 5-20% were used to calculate
the transduction titre:

(/N
"=om

T = titre

P = % dTomato* cells

N = number of cells at transduction
D = dilution factor

V = volume of viral inoculum

2.2.2.1.3 Lentivirus transduction (pHIV-dTomato and FLAG-Daxx-pHIV-
dTomato) in NIH3T3 cells and NPCs and cell sorting

Cells (150,000 per well) were seeded in 6-well plates containing 2 ml DMEM
(10% FBS, 1% Pen/Strep) and incubated overnight at 37°C. On the second
day, the medium was replaced with fresh medium 1 hour prior to transduction.
The volume of virus per well was calculated at multiplicity of infection (MOI) =
7 [MOI; V = (MOI % Nceis/T)]. Empty vector (EV; pHIV-dTomato) and FLAG-
Daxx (FLAG-Daxx-pHIV-dTomato) lentiviruses were mixed into the medium
and added to the cells for lentiviral transfection, followed by 8-hour incubation
at 37°C. After 8 hours, the medium was replaced with fresh medium, and the
cells were incubated for another 48 hours.

For the transduced NIH3T3 cells, the cells were imaged after incubation under
Zeiss Axio Observer Z1 with Apotome. There were up to 90% dTomato* cells
versus the total cell number. The cells were collected for immunoblotting
examination of FLAG and Daxx expression.

For the transduced NPCs, cell sorting was performed post-transduction. Cells

(10 x 108 per ml) were prepared for fluorescence-activated cell sorting (FACS).
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The dTomato* cells were sorted and plated in 24-well plates and T25 flasks
for further expansion. The expanded cells underwent immunoblotting for FLAG

and Daxx, as well as immunoprecipitation (IP) of FLAG.

2.2.2.1.4 Lentivirus titration (H3.3-HaloTag-pLenti-PGK-Neo-DEST w531-
1 and dH3-HaloTag-pLenti-PGK-Neo-DEST wb531-1) for neomycin
expression?

On the day before titration, 25,000 HEK293T cells per well were plated in 12-
well plates in 1 ml DMEM containing 10% FBS. The cells are prepared as
follows and were incubated at 37°C overnight:

One well: Untransduced control

Six wells for each virus: Serial dilutions

The next day, 10-fold serial dilutions of virus of 10! to 10 were prepared in
DMEM. The cell medium was replaced with 1 ml diluted virus. The cells were
incubated at 37°C overnight.

At 24 hours post-transduction, the medium was replaced with fresh medium,
and the cells were incubated for another 24 hours. Neomycin G418 (2 mg/ml)
was added to the medium, and the medium was changed after 2 days. After

another 2 days, the cells were collected and counted.

) Number of cells in 107! virus treatment
Titre = - - - - X 100%
Number of cells in no virus treatment/Number of cells in no neomycin treatment

2.2.2.1.5 Lentivirus transduction (H3.3-HaloTag-pLenti-PGK-Neo-DEST
w531-1 and dH3-HaloTag-pLenti-PGK-Neo-DEST w531-1) in Neuro2a
cells and cell sorting?

NeuroZ2a cells (150,000 per well) were seeded in 6-well plates with 2 ml DMEM
(10% FBS, 1% Pen/Strep). On the second day, the medium was replaced with
fresh medium 1 hour prior to transduction. The viruses were added to the
Neuro2a cells and incubated for 8 hours at 37°C. Then, the medium was
replaced with fresh medium, and the cells were incubated for another 48 hours
at 37°C. Cells (10 x 108 per ml) were prepared for FACS: the cells were

labelled with HaloTag fluorescence ligand, and HaloTag-positive cells were

! The lentiviruses were generated by Michod group at ICH. The following is a description of the
standard procedures carried out in our laboratory.

2The cells were transduced by Michod group at ICH. The following is a description of the standard
procedures carried out in our laboratory.
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sorted and plated in 6-cm dishes for further expansion and immunoblotting

analysis.

2.2.3 Biochemistry

2.2.3.1 Immunopreicpitation (IP)

2.2.3.1.1 IP optimisation |

Six million cells were plated on a 10-cm plate at 2 plates for each condition
(EV and FLAG-Daxx), and the cells were incubated overnight at 37°C. The
next day, the cell medium was aspirated, and the cells were washed once with
5 ml 1x PBS. Lysis buffer (500 ul: 50 mM Tris HCL [pH 7.4], 150 mM NacCl, 1
mM EDTA, 1% Triton X-100 supplemented with 1x cOmplete™ Protease
Inhibitor Cocktail [11697498001 Roche], 50 mM sodium fluoride, 1 mM sodium
orthovanadate) was added to each plate and incubated on ice for 30 minutes.
The cells were then scraped down and collected in 1.5-ml tubes. The cell
lysates were centrifuged at 12,000 xg for 10 minutes at 4°C, the supernatants
were collected and the total proteins were quantified via Bradford essay. FLAG
beads resin (A2220 Sigma) (40 pl, i.e. 20 pl packed beads) were prepared via
4 washes in 500 pl lysis buffer, each followed by centrifugation at 8200 xg for
1 minute at 4°C. Protein (500 pg) was added to the beads, and the
protein/beads mix volume was topped up to 600 pl by lysis buffer. The
protein/beads mix was incubated on a rotator at 4°C for 3 hours. After rotation,
the beads were washed with 500 ul lysis buffer 3 times, each followed by
centrifugation at 8200 xg for 1 minute at 4°C. The immunoprecipitated protein
was eluted with 45 pl Laemmli buffer (1x) at 95°C for 6 minutes. The
supernatant was collected after centrifugation as the IP samples. The samples
were stored at -20°C and underwent immunoblotting and silver staining

analyses.

2.2.3.1.2 IP optimisation Il

Fifty million fresh cell pellets were collected on ice and washed once with 1x
PBS. The cells were then lysed with 500 pul isotonic buffer (20 mM Tris [pH
7.5], 100 mM NacCl, 5 mM MgClz, 10% glycerol, 0.2% NP-40 supplemented
with 1x cOmplete™ Protease Inhibitor Cocktail [11697498001 Roche], 50 mM
sodium fluoride, 1 mM sodium orthovanadate) and incubated on ice for 10
minutes. The lysate was homogenised 10 times, followed by ice incubation for
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10 minutes. This procedure was repeated 5 times until more than 90% of the
cells were stained with Trypan blue. The nuclei were spun down by
centrifugation at 11,000 xg for 20 minutes at 4°C. The supernatant was moved
to a clean tube and collected as the cytosolic samples. High-salt buffer (500
pi: 50 mM Tris [pH 7.5], 400 mM NaCl, 10% glycerol, 0.2% NP-40
supplemented with 1x cOmplete™ Protease Inhibitor Cocktail [11697498001
Roche], 50 mM sodium fluoride, 1 mM sodium orthovanadate) was added to
the nuclei pellet, followed by 30-minute incubation on ice. The nuclei were
sonicated for 15 seconds at 20%, and spun down for 5 minutes at the highest
speed at 4°C. The supernatant was saved as the IP input samples and
quantified by Bradford assay. FLAG beads (A2220 Sigma) (40 ul, i.e. 20 pl
packed beads) were prepared via 4 washes in 500 pl high-salt buffer, each
followed by centrifugation at 8200 xg for 1 minute at 4°C. Nuclear lysate/IP
input (500 ug) was added to the beads and incubated on a rotator at 4°C for 3
hours. After rotation, the beads were washed with 500 pl high-salt buffer 3
times, each followed by centrifugation at 8200 xg for 1 minute at 4°C. The
immunoprecipitated protein was eluted with 45 pl Laemmli buffer (1x) at 95°C
for 6 minutes. The supernatant was collected after centrifugation as the IP
samples. The samples were stored at -20°C and underwent immunoblotting

and silver staining analyses.

2.2.3.1.3 IP optimisation I

1) One hundred million fresh cell pellets were collected on ice and washed
once with 1x PBS. The cells were lysed with 1 ml isotonic buffer (20 mM Tris
[pH 7.5], 100 mM NaCl, 5 mM MgCl2, 10% glycerol, 0.2% NP-40
supplemented with protease and phosphatase inhibitors including 1x
cOmplete™ Protease Inhibitor Cocktail [11697498001 Roche], 50 mM sodium
fluoride, 1 mM sodium orthovanadate) and incubated on ice for 10 minutes.
The lysate was homogenised 10 times and followed by ice incubation for 10
minutes. This procedure was repeated 10 times until more than 90% of the
cells were stained with Trypan blue. The nuclei were spun down by
centrifugation at 11,000 xg for 20 minutes at 4°C. The supernatant was
collected as the cytosolic samples. Lysis buffer 1 ml: 50 mM Tris-HCI [pH 7.4],
150 mM NaCl, 1 mM EDTA, 1% Triton X-100 supplemented with 1x
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cOmplete™ Protease Inhibitor Cocktail [11697498001 Roche], 50 mM sodium
fluoride, 1 mM sodium orthovanadate) was added to the nuclei pellet and
incubated on ice for 30 minutes. The nuclei were sonicated for 10 seconds
twice and 5 seconds once at 20%, and centrifuged for 10 minutes at the
highest speed at 4°C. The supernatant was saved as nuclear input and
quantified by Bradford assay.

The FLAG beads resin (40 pl, i.e. 20 ul packed beads) were washed 4 times
in 1 ml lysis buffer and incubated with the IP samples at 4°C on a rotator for
2.5 hours. After rotation, the beads were washed with 1 ml lysis buffer 10
times, 1 minute each, on a rotator at 4°C. Each wash was followed by
centrifugation at 8,000 xg for 1 minute at 4°C. The beads were resuspended
in 45 ul Laemmli buffer (1x) and boiled at 95°C for 6 minutes. After 1-minute
centrifugation at 8,000 xg, the supernatants were collected and the samples

were analysed by immunoblotting and silver staining.

2) For Coomassie staining, prior to FLAG IP, Pierce™ Protein G Plus agarose
beads (22851 Thermo Fisher Scientific) were first used to pre-clear non-
specific binding on the FLAG beads. The agarose beads (40 pl) were washed
3 times in 1 ml lysis buffer, each followed by centrifugation at 8,000 xg for 1
minute at 4°C. Nuclear lysate (1 mg) was added to the Pierce™ Protein G Plus
agarose beads, and different conditions were adjusted to the same volume by
adding lysis buffer. The agarose beads were incubated with the input samples
for 1 hour at 4°C on a rotator. After incubation, the resin was spun down at

8,000 xg at 4°C. The supernatants were kept as the IP samples.

3) For Co-IP (candidate approach), fourteen million cells were collected. 500
Mg nuclear lysate was used for IP. After immunoprecipitation and beads
washing steps, the FLAG beads were eluted with 35 pl Laemmli buffer (1x)
and boiled at 95°C for 6 minutes, and the elutions were used for

immunoblotting analysis.

2.2.3.1.4 IP optimisation IV

Forty-eight million cells were pelleted down and washed in PBS once. The
cells were resuspended in 1 ml Buffer A (10 mM HEPES [pH 7.9], 1.5 mM
MgCl2, 10 mM KCI supplemented with protease and phosphatase inhibitors
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including 1x cOmplete™ Protease Inhibitor Cocktail [11697498001 Roche], 50
mM sodium fluoride, 1 mM sodium orthovanadate). After 10-minute incubation
on ice, the cells were pelleted down at 1400 xg for 5 minutes. The
supernatants were removed, and 300 pl of Buffer A supplemented with 0.1%
NP-40 was added to the samples. The samples were incubated on ice for 10
minutes with gentle agitation. The nuclei were recovered by centrifugation at
1500 rpm for 5 minutes at 4°C. The supernatant was collected as the
cytoplasmic fraction samples. The nuclei were resuspended in 100 ul Buffer B
(5 mM HEPES [pH 7.9], 26% glycerol, 1.5 mM MgClz, 0.2 mM EDTA, 250 mM
NaCl supplemented with 1x cOmplete™ Protease Inhibitor Cocktail
[11697498001 Roche], 50 mM sodium fluoride, 1 mM sodium orthovanadate)
for 1 hour on ice with occasional agitation. The lysates were sonicated for 15
seconds twice at 20%. While incubating the nuclei, the FLAG beads resin (40
i, i.e. 20 yl packed beads) were washed 4 times in 800 pl Buffer BC150 (150
mM KCI, 10% glycerol, 50 mM HEPES [pH 7.9], 0.5 mM EDTA supplemented
with 1x cOmplete™ Protease Inhibitor Cocktail [11697498001 Roche], 50 mM
sodium fluoride, 1 mM sodium orthovanadate) on ice. The nuclei were spun
down at 13,000 rpm at 4°C for 20 minutes, and the supernatants were
collected as the nuclear extract samples. Bradford quantification assays were
used to quantify the protein. Nuclear extract (1 mg) was added to the FLAG
beads, and the sample volume was topped to 600 pl with Buffer BC150. The
sample/beads mixes were rotated for 3 hours at 4°C. After rotation, the beads
were washed in 1 ml Buffer BC300 (300 mM KCI, 10% glycerol, 50 mM HEPES
[pH 7.9] supplemented with 1x cOmplete™ Protease Inhibitor Cocktail
[11697498001 Roche], 50 mM sodium fluoride, 1 mM sodium orthovanadate)
4 times at 8,000 xg at 4°C. The beads were resuspended in 50 yl Laemmli
buffer (1x) and boiled at 95°C for 6 minutes. After centrifugation at 8,000 xg
for 1 minute, the supernatant was collected and analysed by immunoblotting

and silver staining.

2.2.3.1.5 IP optimisation V

Sixty million NPCs per condition were collected and washed twice with 1 ml
1x PBS and once with 1 ml hypotonic buffer A (10 mM HEPES [pH 7.9], 10
mM KCI, 1.5 mM MgClz supplemented with protease and phosphatase
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inhibitors including 1x cOmplete™ Protease Inhibitor Cocktail [11697498001
Roche], 50 mM sodium fluoride, 1 mM sodium orthovanadate). The cells were
pelleted down by low-speed centrifugation at 3000 rpm. Buffer A (300 pl) was
added to the cell pellet. The pellet was homogenised about 10 times, and
placed on ice incubation for 5 minutes between each homogenisation. This
procedure was repeated 15 times until more than 90% of the cells were stained
with Trypan blue. The nuclei were collected by centrifugation at 11,000 xg for
5 minutes at 4°C. The supernatant was collected as the cytosol fraction
samples. The nuclei were washed once with 200 pl buffer A to remove the
contaminating cytosol proteins, which were collected by centrifugation at
11,000 xg for 15 minutes. The nuclear extract was prepared by extracting the
nuclei 2 consecutive times using 200 pl buffer C each time (20 mM HEPES
[pH 7.9], 420 mM NacCl, 25% glycerol, 1.5 mM MgClz, 0.2 mM EDTA
supplemented with protease and phosphatase inhibitors including 1x
cOmplete™ Protease Inhibitor Cocktail [11697498001 Roche], 50 mM sodium
fluoride, 1 mM sodium orthovanadate). In detail, the nuclei were homogenised
about 10 times to improve the efficiency of the extraction, and they were
rotated in buffer C for 30 minutes at 4°C, followed by high-speed
centrifugation, i.e. 15,000 rpm, for 15 minutes. The supernatant was collected
as nuclear extract I. The pellets were resuspended with 200 ul buffer C the
second incubation. The lysate was passed through a syringe needle 10 times
and rotated at 4°C for another 30 minutes. The supernatants were collected
as nuclear extract Il after centrifugation at 15,000 rpm for 15 minutes.
Supernatants | and Il were mixed and used as the nuclear extract samples for
IP. Bradford assay was performed to quantify the protein. FLAG beads resin
(60 pl, i.e. 30 pl packed beads) were washed 3 times with 800 ul IP buffer (20
mM HEPES [pH 7.9], 200 mM NaCl, 10% glycerol supplemented with 1x
cOmplete™ Protease Inhibitor Cocktail [11697498001 Roche], 50 mM sodium
fluoride, 1 mM sodium orthovanadate). Nuclear sample (250 uyg) was added
to the beads and the samples were diluted 4-fold with the IP buffer. The
protein/beads mix was rotated at 4°C for 2.5 hours. After rotation, the beads
were collected and washed with 1 ml IP buffer by centrifugation 10 times, 1

minute each, at 4°C. The beads were eluted with 50 uyl Laemmli buffer (1x)

69



and boiled at 95°C for 6 minutes, and the elutions were used for
immunoblotting, silver staining and mass spectrometry (MS) analyses.

2.2.3.1.6 ‘Mock’ IP optimisation V with different protease and
phosphatase inhibitors

Following the Optimisation V protocol, 10 million NPCs per condition were
collected for ‘mock’ IP with buffers supplemented with: 1) 1x cOmplete™
Protease Inhibitor Cocktail (11697498001 Roche), 50 mM sodium fluoride,
and 1 mM sodium orthovanadate; 2) 1x cOmplete™ ULTRA EDTA-free
Protease Inhibitor Cocktail (05892953001 Roche), 1 ug/ml leupeptin, 50 pg/mi
PMSF (phenylmethylsulphonyl fluoride), 50 mM sodium fluoride and 1 mM
sodium orthovanadate. The nuclear lysates (30 ug) were incubated at 4°C for
0 hour and 5 hours. Laemmli buffer (5%) was added directly to the cell lysates
after the incubation, and Daxx, FLAG, a-tubulin and total H3 were
immunoblotted to examine the effects of the change in protease and
phosphatase inhibitors.

2.2.3.1.7 IP optimisation V with dithiothreitol (DTT)

From this experiment onwards, magnetic FLAG beads (M8823 Sigma) were
used in the IP optimisations. Following the Optimisation V protocol, 20 million
NPCs per condition were collected. All buffers were supplemented with 0.5
mM DTT, 1x cOmplete™ ULTRA EDTA-free Protease Inhibitor Cocktail
[05892953001 Roche], 1 pug/ml leupeptin, 50 pg/ml PMSF, 50 mM sodium
fluoride and 1 mM sodium orthovanadate. Magnetic FLAG beads resin (40 pl,
i.e. 20 ul packed magnetic beads) were used for the IP. 300 ug nuclear lysate
was used for IP. After immunoprecipitation and beads washing steps, the
magnetic FLAG beads were eluted with 45 pl Laemmli buffer (1x) and boiled

at 95°C for 6 minutes, and the elutions were used for immunoblotting analysis.

2.2.3.1.8 Modified IP optimisation V for reduced background and
specificity of co-IP proteins

1) In the first modified Optimisation V, 15 million NPCs per condition were
collected. All buffers were supplemented with 0.5 mM DTT, protease and
phosphatase inhibitors including 1x cOmplete™ ULTRA EDTA-free Protease
Inhibitor Cocktail (05892953001 Roche), 1 ug/ml leupeptin, 50 yg/ml PMSF,

70



50 mM sodium fluoride and 1 mM sodium orthovanadate. The nuclear cell
lysates (200 pg) were pre-cleared with mouse IgG/Protein G Plus agarose
beads. Protein G Plus agarose resin (22851 Thermo Fisher Scientific) (60 pl,
i.e. 30 pl packed beads) were washed once with 1 ml IP buffer and incubated
with 3 pg mouse 1gG in 1 ml IP buffer at 4°C with rotation for 1.5 hour. The
mouse IgG/Protein G Plus agarose beads were washed twice in 1 ml IP buffer
and used for pre-clearing the cell nuclear lysates. The nuclear lysates were
pre-cleared for 1 hour at 4°C on a rotator, and the supernatants were collected
for FLAG IP. Magnetic FLAG beads resin (M8823 Sigma) (40 pl beads resin,
i.e. 20 ul packed beads) were used for FLAG IP. After 2.5-hour rotation, the
FLAG beads were washed 10 times, 5 minutes each, on a rotator at 4°C. The
beads were then eluted with 60 ul Laemmli buffer (1x) and boiled at 95°C for

6 minutes, and the elutions were used for immunoblotting analysis.

2) In the second modified Optimisation V, 15 million NPCs per condition were
collected. All buffers were supplemented with 0.5 mM DTT, 1x cOmplete™
ULTRA EDTA-free Protease Inhibitor Cocktail (05892953001 Roche), 1 pg/mi
leupeptin, 50 pg/ml PMSF, 50 mM sodium fluoride and 1 mM sodium
orthovanadate. Magnetic FLAG beads resin (M8823 Sigma) (40 ul beads
resin, i.e. 20 ul packed beads) were used for the IP. 200 pg nuclear lysate was
used for IP. The washing buffer used for the post-IP beads contained the
addition of 0.2% Triton X-100. The beads were eluted with 60 pyl Laemmli
buffer (1x) and boiled at 95°C for 6 minutes, and the elutions were used for

immunoblotting analysis.

2.2.3.1.9 IP optimisation VI

Twenty million NPCs per condition were collected and washed twice in 10 ml
cold 1x PBS and once with 4 ml cold Buffer A (10 mM HEPES [pH 7.65], 10
mM MgClz, 10 mM KCI, 0.5 mM DTT supplemented with protease and
phosphatase inhibitors including 1x cOmplete™ ULTRA EDTA-free Protease
Inhibitor Cocktail [05892953001 Roche], 1 ug/ml leupeptin, 50 ug/ml PMSF,
50 mM sodium fluoride, 1 mM sodium orthovanadate). The cells were
resuspended in 4 ml ice-cold Buffer A and incubated on ice for 15 minutes.
The cells were lysed to release the nuclei using a 7 ml Dounce homogeniser

via 5 strokes with the loose pestle and 10 strokes with the tight pestle. The
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dounced cells were centrifuged at 230 xg at 4°C for 5 minutes and the
supernatants were collected as the cytoplasmic fraction samples. The nuclei
were washed twice with 5 ml Buffer N (15 mM HEPES [pH 7.65], 1 mM MgClz,
0.5 mM DTT, 250 mM sucrose supplemented with protease and phosphatase
inhibitors including 1x cOmplete™ ULTRA EDTA-free Protease Inhibitor
Cocktail [05892953001 Roche], 1 pg/ml leupeptin, 50 yg/ml PMSF, 50 mM
sodium fluoride, 1 mM sodium orthovanadate) and collected by centrifugation
at 2800 xg for 10 minutes at 4°C. The nuclei were resuspended in 500 pl Buffer
B (5 mM HEPES [pH 7.65], 25% glycerol, 5 mM MgCl2, 0.2 mM EDTA, 0.5 mM
DTT, 250 mM NaCl supplemented with protease and phosphatase inhibitors
including 1x cOmplete™ ULTRA EDTA-free Protease Inhibitor Cocktail
[05892953001 Roche], 1 ug/ml leupeptin, 50 pg/ml PMSF, 50 mM sodium
fluoride, 1 mM sodium orthovanadate). Concentrated 5 M NaCl was mixed
dropwise into the nuclei to increase the salt concentration to 300 mM (i.e. 22
Ml 5 M NaCl per ml nuclei extract), and 37.5 U Benzonase nuclease was added
to the mix. The nuclei extract mix was incubated at 4°C for 2 hours with
agitation, and was pelleted with centrifugation at 13,000 rpm for 20 minutes at
4°C. The supernatant was collected as the nuclear extract samples, and the
salt concentration was reduced to 150 mM by diluting the extract into Buffer B
(5 mM HEPES [pH 7.65], 25% glycerol, 5 mM MgClz, 0.2 mM EDTA, 0.5 mM
DTT, supplemented with protease and phosphatase inhibitors including 1x
cOmplete™ ULTRA EDTA-free Protease Inhibitor Cocktail [05892953001
Roche]r, 1 ug/ml leupeptin, 50 ug/ml PMSF, 50 mM sodium fluoride, 1 mM
sodium orthovanadate). The nuclear extract samples were incubated at 4°C
for 1 hour. BCA assay was performed to quantify the protein.

Magnetic FLAG beads resin (M8823 Sigma) (40 ul beads resin, i.e. 20 pl
packed beads) were washed three times with 1 ml Buffer B, and the
supernatant was removed. The beads were resuspended with 100 pl Buffer B
(5 mM HEPES [pH 7.65], 25% glycerol, 5 mM MgClz, 0.2 mM EDTA, 0.5 mM
DTT, 0.01% NP-40, 150 mM NaCl supplemented with protease and
phosphatase inhibitors including 1x cOmplete™ ULTRA EDTA-free Protease
Inhibitor Cocktail [05892953001 Roche], 1 pug/ml leupeptin, 50 pg/ml PMSF,
50 mM sodium fluoride, 1 mM sodium orthovanadate) and kept on ice until
used. The nuclear extract (200 ug) was added to the beads and incubated at
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4°C on a rotator for 3 hours. After incubation, the FLAG beads were washed
10 times, 5 minutes each, with Buffer B containing 150 mM NaCl. FLAG
peptide (100 pl, F3290 Sigma) (100 pg/ml) was used for FLAG protein elution.
The mixture was incubated in a ThermoMixer with gentle shaking (1100 rpm)
for 30 minutes at 4°C, and the supernatant was collected with a magnet as the
IP elutions. Laemmli buffer (5x) was mixed to the IP elutions, and they were

boiled at 95°C for 6 minutes before being analysed by immunoblotting.

2.2.3.1.10 IP optimisation VIl (non-denaturing buffer)

1) Six million HEK293T cells were collected for the first optimisation with non-
denaturing buffer. The cells were washed twice with 1 ml 1x PBS, and were
pelleted down with centrifugation at 1200 rpm at room temperature. The cells
were resuspended in 500 ul non-denaturing buffer (1% IGEPAL CA-630, 20
mM Tris [pH 7.4], 137 mM sodium chloride, 2 mM EDTA [pH 8.0]
supplemented with 10 pg/ml aprotinin, 10 pg/ml pepstatin A, 10 pg/ml
leupeptin, 1 mM benzamidine-HCI, 50 pg/ml PMSF, 50 mM sodium fluoride, 1
mM sodium orthovanadate) and incubated on ice for 30 minutes. The cells
were homogenised 30 times with a Dounce homogeniser, with intervals every
10 times, until more than 90% of the cells were stained with Trypan blue. The
cell lysates were collected by centrifuging at 14,000 xg for 10 minutes at 4°C,
and the total proteins were quantified with BCA assay. Magnetic FLAG beads
resin (M8823 Sigma) (40 ul beads resin, i.e. 20 ul packed beads) were washed
3 times with 500 ul non-denaturing buffer, and 700 ug lysates were added to
the beads for IP. The beads/lysates mixture was incubated on a rotator for 4
hours at 4°C, and washed 10 times in 1 ml non-denaturing buffer. The beads
were then eluted with 50 pyl Laemmli buffer (2x) and boiled at 95°C for 6

minutes, and the supernatants were collected for immunoblotting analysis.

2) For the second optimisation with non-denaturing buffer, Benzonase
nuclease and FLAG peptides (F3290 Sigma) were used, and 6 million
HEK293T cells were collected per condition. The cells were washed twice in
1 ml 1x PBS, and pelleted down at 1200 rpm at room temperature. The cells
were resuspended in 500 pl non-denaturing buffer (0.5% IGEPAL CA-630, 20
mM Tris [pH 7.4], 137 mM sodium chloride, 1 mM EDTA [pH 8.0]
supplemented with 10 pg/ml aprotinin, 10 pg/ml pepstatin A, 10 ug/ml
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leupeptin, 1 mM benzamidine-HCI, 50 pg/ml PMSF, 50 mM sodium fluoride, 1
mM sodium orthovanadate) and incubated on ice for 1 hour. Benzonase
nuclease (37.5 U) was added to the mixture only in the experimental group.
The cells were homogenised 30 times with a Dounce homogeniser, with
intervals every 10 times, and incubated on a rotator for 2 hours at 4°C. The
supernatants were collected by centrifuging at 14,000 xg for 10 minutes at
4°C, and quantified with BCA assay. Magnetic FLAG beads resin (M8823
Sigma) (40 pl beads resin, i.e. 20 ul packed beads) were washed three times
with 500 ul non-denaturing buffer, and lysates (700 ug) were added to the
beads for IP. The beads/lysates mixture was incubated on a rotator for 3 hours
at 4°C, and washed 10 times in 1 ml non-denaturing buffer. The beads were
eluted with 80 pl FLAG peptides (100 ug/ml) (F3290 Sigma), with gentle
shaking at 1100 rpm for 30 minutes at 4°C. The supernatants were collected
as the FLAG peptide elutions. Laemmli buffer (5x) was mixed to the FLAG
peptide elutions and were boiled at 95°C for 6 minutes. The FLAG peptide-
eluted beads were further eluted with 50 ul Laemmli buffer (2x) and boiled at
95°C for 6 minutes, and the supernatants were collected as the Laemmli
elutions. The IP-eluted samples were analysed by immunoblotting.

3) For IP of NPCs, 15 million cells were collected per condition. This IP protocol
followed the second optimisation protocol above for the HEK293T cells. 1412
Mg lysates were used for IP. Post-IP and post-washing FLAG beads were first
eluted with FLAG peptides, and then eluted with Laemmli buffer (2x). The
supernatants were collected as the FLAG peptide elutions and Laemmli
elutions, respectively. The IP beads were also eluted with Laemmli buffer (2x)
only, and the supernatants were collected as Laemmli elutions*. The IP-eluted

samples were analysed by immunoblotting and silver staining.

2.2.3.2 MS sample preparation

After FLAG IP, the beads were washed 3 times with 1 ml digestion buffer (0.1%
Triton X-100, 100 mM TEAB [pH 8-8.5]), and resuspended in 100 pl digestion
buffer with 200 ng trypsin (0.1% Triton X-100, 100 mM TEAB [pH 8-8.5], 2
ng/ul trypsin). The beads were incubated in the digestion buffer for 10 minutes
at 37°C with gentle shaking at 1100 rpm. The supernatant was collected with

centrifugation for 1 minute at 8,000 xg into 1.5-ml tubes. The IP samples were
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then moved to a vacuum centrifuge and evaporated for 2 hours at room

temperature.

2.2.3.3 siRNA transfection and immunoblotting of Daxx, Hira and Gapdh
At 24 hours before siRNA transfection, 100,000 Neuro2a cells were seeded in
6-well plates and incubated in 2 ml DMEM (10% FBS, 1% Pen/Strep) at 37°C
overnight. Daxx, Hira, Gapdh and Scramble siRNAs were used for the
Lipofectamine transfection. For each transfection well, 250 ul Opti-MEM with
30 nM siRNA were mixed with 250 ul Opti-MEM with 5 pl Lipofectamine
RNAIMAX (13778075 Thermo Fisher Scientific) at room temperature for 30
minutes, and the medium/siRNA mixture was added gently and evenly onto
the cells. The cells were incubated for 24 hours in a 37°C incubator, and the
medium was replaced with differentiation medium (DMEM, 2% FBS, 1%
Pen/Strep, 20 uM RA). The cells were incubated in the differentiation medium
for 48 hours and collected for immunoblotting.

To collect the cells, all cells in the 6-well plates were collected with 1% trypsin
(15400054 Gibco) and pelleted down by centrifugation at 1200 rpm. The cell
pellets were washed once with 1x PBS, and centrifuged at 1200 rpm at room
temperature. The cells were resuspended in 50 pl lysis buffer (0.5% IGEPAL
CA-630, 20 mM Tris [pH 7.4], 137 mM NacCl supplemented with protease and
phosphatase inhibitors including 1 mM EDTA [pH 8.0], 1 mM sodium
orthovanadate, 5 mM sodium fluoride, 10 pg/ml pepstatin A, 10 pg/ml
aprotinin, 1 mM benzamidine-HCI, 10 pg/ml leupeptin, 50 pg/ml PMSF) and
incubated on ice for 20 minutes. The cell lysates were sonicated at 40% for 4
seconds on ice, and spun in a refrigerated centrifuge at 13,000 rpm for 5
minutes. The supernatants were collected and transferred to fresh pre-chilled
tubes as the cell lysate samples. The protein concentrations for each condition
was measured with the BCA assay, and 5x Laemmli buffer was added to the
protein extracts. The samples were boiled at 95°C for 6 minutes and stored at

-20°C until immunoblotted.
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2.2.3.4 Immunoblotting (western blotting)

2.2.3.4.1 Gel electrophoresis, protein transfer and primary antibody
incubation

The polyacrylamide gels were freshly made on the day of the electrophoresis
corresponding to the size of the protein of interest (FLAG-Daxx and Hira
experiments, 7% polyacrylamide gels; H3-HaloTag experiments, 15%
polyacrylamide gels). 1x SDS-PAGE running buffer was prepared in the
electrophoresis tanks. Samples were added to the polyacrylamide gels. The
gels were electrophoresed first at 55 V, and the speed was increased to 95 V.
The electrophoresis continued until the ladders were well separated.

Table 2. 10 Quantity of protein for immunoblotting analyses.

SDS-

ala Experiment PAGE

‘ SEINIEIS) Quantity

H3.3-HaloTag and
dH3-HaloTa
1 chromatin e>?traction 15% Al 1519
(Figure 3.5 A)
Hira siRNA
downregulation
2 (Figure%. 12 A and % Al 3019
B)
Daxx siRNA
downregulation
8 (Figure%. 13 A and % Al 1549
B)
Daxx and Hira
siRNA
4 downregulation % Al 201
(Figure 3. 14 A)
FLAG and Daxx
overexpression in
S NIH3T§ cells (Figure % Al 40ug
4.3)
IP optimisation | P 19 pl of IP elution (45 pl
6 . 7% total)
(Figure 4.4 A) Input and Output 40 ug
P 20 pl of IP elution (45 pl
7 IP optimisation Il 7% total)
(Figure 4.5 A) Input, Output and 30 ug
Cytosolic
P 20 pl of IP elution (45 pl
8 IP optimisation IlI 7% total)
(Figure 4.6 A) Input, Output and
. 40 ug
Cytosolic
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IP optimisation V
(Figure 4. 8 A) and
Candidates
validation with IP
optimisation V
(Figure 4. 9 B)

Oxidative stress
(Figure 4. 10 B)

IP optimisation VI
(Figure 4. 12)

IP optimisation VII
16 on NPCs (Figure 4.
14 A)

7%

%

%

P

10 pl of IP elution (50 pl
total)

Input, Output and
Cytosolic

P

30 pg

36 pl of IP elution (45 pl
total)

Input, Output and
Cytosolic

P

S Mg

50 pl of IP elution (140

ul total)

Input, Output,
Cytosolic, ATRX*
and ATRX

IP (FLAG peptide)

10 ug

25 pl of IP elution (100
ul total)

IP (2x Laemmli)

12 pl of IP elution (50 pl
total)

Input, Output,
Cytosolic, ATRX*
and ATRX

30 ug

2.2.3.4.2 Transfer

Immediately after electrophoresis was completed, the polyacrylamide gel was

collected from the glass plates. A transfer sandwich was made by stacking the

following materials: sponge — 3 layers of paper — membrane —
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polyacrylamide gel — 3 layers of paper — sponge. The transfer sandwich was
placed into the transfer clamper, and the protein transfer was performed with
65 V at 4°C for 2.5-3 hours. Once the transfer had been completed, the
membranes were examined with Ponceau red. The membrane was cut at

variable sizes for detecting the different proteins.

2.2.3.4.3 Immunoblotting

The membranes were incubated twice with PBS-0.1% Tween 20 to wash off
the Ponceau red, and blocked with 5% non-fat milk in PBS—0.1% Tween 20 at
room temperature for 1 hour with gentle agitation. For FLAG and HaloTag
antibodies, the blocking buffer was 5% BSA in PBS—0.1% Tween 20. The
antibodies were prepared in 5 ml dilution buffer (the same as blocking buffer)
in 50-ml Falcon tubes. The membranes were incubated in the primary
antibodies overnight at 4°C.

On the second day, the membranes were washed 3 times in PBS-0.1%
Tween 20, 10 minutes each time, with gentle agitation at room temperature,
and incubated in the secondary antibodies (in 5% non-fat milk in PBS—0.1%
Tween 20) for 1 hour at room temperature. If using the LI-COR imaging
system, the membranes were protected from light. The membranes were
washed 3 times, 10 minutes each time, and developed with enhanced

chemiluminescence (ECL) or the Lycor imaging system.

2.2.3.5 Silver staining

Silver staining was performed with a Silver Stain Kit (161-0443 Bio-Rad). The
polyacrylamide gel was first fixed in Fixative solution | [40% methanol/10%
acetic acid (v/v)] for 1 hour at room temperature, with gentle agitation. Fixative
solution | was replaced with Fixative solution Il [10% ethanol/5% acetic acid
(v/v)] for 30 minutes twice at room temperature, with gentle agitation. The gel
was then incubated in 1x Oxidizer for 10 minutes. The gel was then washed
in deionised water 6 times, 10 minutes each time. The gel was washed in water
until the gel turned from yellow to transparent. The gel was then incubated in
Silver reagent for 30 minutes, followed by a 2-minute wash in deionized water.
The gel was developed with 1x Developer. The gel was first incubated with 1x
Developer for 30 seconds, and the solution was replaced twice until the gel
was well stained. Development was terminated by incubating the gel in Stop
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solution [5% acetic acid (v/v)] for 5 minutes. The gel was then rinsed in
deionized water and imaged with the ChemiDoc™ XRS+ System (Bio-Rad).

Table 2. 11 Quantity of protein for silver staining.

SDS-

Experiment PAGE

Sample(s) ‘ Quantity

19 pl of IP elution (45 pl
total)

20 pl of IP elution (45 pl
total)

20 pl of IP elution (45 pl
total)

20 pl of IP elution (50 pl
total)

10 pl of IP elution (50 pl
total)

IP (FLAG 25 pl of IP elution (100
peptide) ul total)

IP (2x 12 pl of IP elution (50 pl
Laemmli) total)

1 IP optimisation | (Figure 4. 4 B) 7% All

2 IP optimisation Il (Figure 4. 5 B) 7% All

3 IP optimisation Il (Figure 4. 6 B) 7% All

4 IP optimisation IV (Figure 4. 7 B) 7% All

5 IP optimisation V (Figure 4. 8 B) 7% All

6 IP optimisation VII (Figure 4. 14 B) | 7%

2.2.3.6 Coomassie staining

The polyacrylamide gel was rinsed with 100 ml deionized water 3 times, 5
minutes each time, to remove the SDS and buffer salts. The gel was then
stained overnight at room temperature in 20 ml SimplyBlue™ SafeStain
(LC6060 Invitrogen) with 2 ml 20% NaCl with gentle shaking. The next day,
the gel was washed with 100 ml deionized water for 3 hours, and dried with a

gel dryer for 1 hour at 60°C.

2.2.3.7 iCLIP (individual nucleotide resolution UV crosslinking and IP)

iCLIP was used to demonstrate whether Daxx is an RNA-associated protein.
Five million NPCs for both EV and FLAG-Daxx conditions were collected. The
cell plates were washed twice with cold 1x PBS and were UV-crosslinked with
0.15 J/cm? 365 nm/254 nm UV light in a Stratalinker 2400. The cells were
scraped from the plates with 500 ul PBS, and the cell pellets were collected
with centrifugation at 3,000 rpm. The cells were resuspended with 1 ml PBS
and stored at -80°C.

To prepare for the FLAG-beads, 50 ul protein G/A Dynabeads (100.02 Dynal)
per condition was used. The beads were washed twice with lysis buffer (50
mM Tris-HCI [pH 7.4], 100 mM NacCl, 1% NP-40, 0.1% SDS, 0.5% sodium
deoxycholate, +Complete) and resuspended in 50 pl lysis buffer with 5 ug
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FLAG antibody. The antibody and beads were rotated at room temperature for
1 hour. After 3 washes in 900 pl lysis buffer, the beads were ready to proceed
to IP. The cell pellets were resuspended in 1 ml lysis buffer, and the lysates
were passed through a 27G needle 10 times. The lysates were treated with a
gradient of RNase | (AM2295 Ambion), with 1:1,000, 1:500, 1:100 and 1:25
dilutions. The samples were incubated in RNase | for 3 minutes at 37°C on a
shaker at 1,100 rpm, and were transferred into ice immediately. The lysates
were centrifuged at 22,000 xg for 10 minutes at 4°C, and the supernatants
were collected and added to the FLAG-coupled beads. The samples were
rotated for 5 hours at 4°C. After incubation, the beads were collected and
washed 3 times in 900 pl high-salt buffer (50 mM Tris-HCI, [pH 7.4], 1 M NacCl,
1 mM EDTA, 1% NP-40, 0.1% SDS, 0.5% sodium deoxycholate). The beads
were then resuspended in 8 ul PNK mix (0.4 ul PNK [NEB], 0.8 ul 32P-y-ATP,
0.8 yl 10x PNK buffer [NEB], 6 ul water) and incubated at 37°C for 5 minutes.
The hot PNK mix was removed and 20 ul 1x NuPAGE loading buffer with
reducing agent (Invitrogen) was added to the beads. The mix was incubated
on a ThermoMixer at 70°C for 10 minutes. The supernatant was collected and
loaded on a NUPAGE Bis-Tris gel (Invitrogen), which was run at 180 V for 55
minutes. The protein-RNA complexes were transferred from the gel to a
nitrocellulose membrane at 30 V for 1 hour at room temperature in NUPAGE
transfer buffer. The membrane was rinsed with PBS buffer once, wrapped in
Saran wrap and exposed to film at -80°C overnight. FLAG antibody (G9211
Promega) was used for the FLAG protein immunoblotting to further
demonstrate whether RNA is linked with Daxx. The membrane was developed
and imaged with the ChemiDoc™ XRS+ System (Bio-Rad).

2.2.3.8 Immunofluorescence (IF)

On the day before IF, small round cover glasses (13 mm) were placed in the
wells of a 24-well plate. The cover glasses were sterilised by dipping in 100%
ethanol and flame-treated. The 24-well plate was further sterilised by
microwaving for 20 minutes. Cells (50,000 per well) were seeded in the 24-
well plate and incubated in 500 pl medium overnight at 37°C. The next day,
fresh 4% PFA was added to medium (1:1) and incubated at room temperature

for 5 minutes. All liquid was aspirated and 4% PFA was added to the cells. The
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cells were fixed for another 10 minutes. After fixation, the cells were washed
with PBS 3 times, 2 minutes each time. The cells were then permeabilised with
PBS/Triton-X (0.5%) for 15 minutes at room temperature. After 5-minute wash
with PBS—Tween 20 (0.1%), the cells were blocked with goat serum [5%
GS/PBS-Tween 20 (0.1%)] for 1 hour at room temperature. The primary
antibodies were diluted in the blocking solution and added to the cells for
overnight incubation at 4°C. The cover glasses were placed upside down to
ensure the cells were incubated in the antibodies evenly. On day 2, the cover
glasses were placed back upwards, and the cells were washed 3 times, 5
minutes each time, with PBS—Tween 20 (0.1%). The cover glasses were
incubated in the secondary antibody diluted in 5% GS/PBS—0.1% Tween 20
for 1 hour at room temperature in the dark. After secondary antibody
incubation, the cells were washed twice, 5 minutes each time, with PBS—
Tween 20 (0.1%). The cover glasses were incubated in DAPI/Hoechst diluted
1:10,000 in PBS in the dark for 15 minutes at room temperature. The cover
glasses were then washed in PBS for 5 minutes and rinsed with distilled water,
mounted with FluorSave and sealed on glass slides. The cells were dried
overnight at 4°C and then imaged with Zeiss Axio Observer Z1 with Apotome.

2.2.3.9 Chromatin extraction for HaloTag and histone proteins

Ten million Neuro2a cells (untransduced, H3.3-HaloTag— and dH3-HaloTag—
transduced) were collected for chromatin extraction. The cell pellets were
washed once with 1x PBS, resuspended in 200 pl Lysis buffer (10 mM HEPES
[pH 7.4], 10 mM KCI, 0.05% NP-40 supplemented with protease and
phosphatase inhibitors including 1 mM sodium orthovanadate, 5 mM sodium
fluoride, 5 uM trichostatin A [TSA]) and incubated on ice for 20 minutes. The
nuclei were collected by centrifugation at 14,000 rpm at 4°C for 10 minutes,
and the supernatants were saved as the cytoplasmic protein samples. The
nuclei were washed once with lysis buffer and were centrifuged again at
14,000 rpm at 4°C for 10 minutes. The nuclei were resuspended in 200 pl low-
salt buffer (10 mM Tris-HCI [pH 7.4], 0.2 mM MgCl2 supplemented with
protease and phosphatase inhibitors including 1 mM sodium orthovanadate, 5
mM sodium fluoride, 5 pM TSA) with 1% Triton X-100, and incubated on ice

for 15 minutes. The lysates were centrifuged at 14,000 rpm for 10 minutes at
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4°C, and the supernatants were collected as nucleoplasmic protein samples.
The pellets containing the chromatin were resuspended in 200 pl 0.2N HCI
and incubated on ice for 20 minutes. The supernatants containing the acid-
soluble proteins were collected and neutralised with 200 pl 1 M Tris-HCI (pH
8). Laemmli buffer (5x) was added to the protein samples. The samples were
then boiled at 95°C for 6 minutes, and stored at -20°C for immunoblotting.

2.2.4 Function assay: HaloTag imaging assay

2.2.4.1 H3.3/dH3-HaloTag Lipofectamine transfection on HEK293T cells
and HaloTag live imaging

On the day before transfection, 30,000 HEK293T cells per well were plated in
a 6-well plate with 2 ml DMEM (10% FBS, 1% Pen/Strep) overnight at 37°C.
The next day, 150 pl Opti-MEM (31985062 Gibco) was mixed with 9 yl and 12
Ml Lipofectamine as the Lipofectamine mix. Opti-MEM (350 ul) was mixed with
7 ug plasmids (H3.3-HaloTag/dH3-HaloTag) as the DNA mix. The transfection
mix, comprising a 1:1 Lipofectamine mix (150 pl) and DNA mix (150 ul), was
prepared and incubated for 5 minutes at room temperature. The transfection
mix (250 ul) was added to each transfection well and incubated overnight at
37°C. The medium was replaced with fresh Opti-MEM and the cells were
incubated for a further 2 days. On day 4, DMEM (10% FBS, 1% Pen/Strep)
was added to the cells. The cells were used for HaloTag live cell labelling with
Direct110 FluroLigand. In detail, 5x Ligand was prepared 1:200 in DMEM, and
one-fifth of the medium was replaced with a 5x Ligand/DMEM mix. The cells
were incubated overnight at 37°C, and imaged under Zeiss Axio Observer Z1
with Apotome for 488 GFP in fresh DMEM.

2.2.4.2 Preliminary examinations of the HaloTag imaging assay

300,000 Neuro2a cells were seeded on laminin-coated cover slips in 6-cm
dishes and incubated in 3 ml DMEM (10% FBS, 1% Pen/Strep) at 37°C
overnight. On the second day, the medium was removed and replaced with
differentiation medium (DMEM containing 2% FBS, 1% Pen/Strep, 20 yM RA)
and incubated at 37°C for 48 hours.

The cells were first quenched with HaloTag® Oregon Green® (1:1,000) in the

differentiation medium overnight. The cells were rinsed once in DMEM and
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incubated in 1:1,000 HaloTag® TMR Ligand for 0.5, 3, 6 and 9 hours in the
differentiation medium. Once the incubation was completed, the cover slips
with Neuro2a cells were washed gently with 1x PBS and permeabilised with
0.1% Triton X-100 in PBS for 10 minutes at room temperature. The cover slips
were then washed once with 1x PBS before fixation with 4% PFA/PBS for 15
minutes. The cover slips were washed again with 1x PBS and placed upside
down on glass slides, mounted with Fluoroshield Mounting Medium with DAPI
(ab104139) and sealed with nail polish. The cells were then analysed under

an epifluorescence microscope.

2.2.4.3 Cell number and plate coating for high-content screens

Between 1,000 and 7,000 Neuro2a cells were seeded in 384-well plates
(CUSG77540 Perkin Elmer) with a Multidrop Combi Reagent Dispenser
(Thermo Fisher Scientific). Each well contained 70 ul growth medium (DMEM
containing 10% FBS and 1% Pen/Strep), and the cells were seeded for 24
hours before differentiation. The growth medium was replaced with
differentiation medium (DMEM containing 2% FBS, 1% Pen/Strep, 20 uM RA),
and incubated at 37°C for 48 hours. The cells were observed under a bright
field microscope for the best density; 4,000 cells per well was determined as
the initial seeding number for the 384-well plates.

Various coating methods were tested on the 384-well plates, including
Vitronectin XF (07180 STEMCELL), poly-L-lysine (0413 ScienCell), poly-D-
lysine (A-003-E EMD Millipore) and collagen/fibronectin (C5533/F1141
Sigma). Cells (4,000 per well) were seeded onto differently coated surfaces in
the 384-well plates in 70 yl growth medium (DMEM containing 10% FBS and
1% Pen/Strep). Following the differentiation protocol, after 72 hours, the cells
grown on the poly-D-lysine (10 pg/ml)-coated surfaces were the most evenly

distributed, and no multilayer formation was observed.

2.2.4.4 Mitotic index (pH3 staining) with automated platform

The 384-well plates were first coated with 10 yl per well poly-D-lysine (10
pg/ml) for up to 2 days. On the day of cell seeding, the coated plates were
washed 3 times with sterile water (100 pl per well). Neuro2a cells (1,000 and
4,000) were seeded in the 384-well plates in 70 yl DMEM (10% FBS, 1%
Pen/Strep) and incubated at 37°C overnight. On the second day, the medium
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in the wells containing 4,000 cells was replaced with differentiation medium
(DMEM, 2% FBS, 1% Pen/Strep, 20 uM RA) and incubated for 48 hours. On
day 4, both differentiated and undifferentiated cells were fixed with 100 pl 4%
PFA in PBS for 15 minutes at room temperature. The cells were washed once
with PBS and permeabilised with 100 pl 0.5% Triton X-100 for 10 minutes.
Next, the cells were blocked with 50 pl 1% BSA in 0.5% Triton X-100 in PBS
at room temperature for 30 minutes and incubated with 1:500 pH3 antibody
(9716 Cell Signalling) in blocking buffer for 2 hours in the dark at room
temperature. Then, the cells were washed once with 100 pl blocking buffer.
Hoechst was diluted 1:2,500 in 100 ul PBS per well and added to the cells.
The cells were stained with Hoechst for 10 minutes in the dark at room
temperature and washed twice in 100 ul 1x PBS, then imaged and analysed
with CellVoyager CV6000 (Yokogawa).

2.2.4.5 EdU staining on differentiated versus G1l-inhibited Neuro2a cells®
The 384-well plates were first coated with poly-D-lysine (10 pg/ml) for up to 2
days, and the coated plates were washed 3 times with sterile water on the day
of the cell seeding. Neuro2a cells (1,000 and 4,000) were seeded in the 384-
well plates in DMEM (10% FBS, 1% Pen/Strep) and incubated at 37°C
overnight. On the second day, the medium in the wells containing 4,000 cells
were replaced with differentiation medium (DMEM containing 2% FBS, 1%
Pen/Strep, 20 uM RA) or Gl/cyclin-dependent kinase (CDK) 4/6 inhibition
medium (DMEM containing 2% FBS, 1% Pen/Strep, 0.25 yM CDK 4/6
inhibitor). The cells were incubated for 48 hours, and 10 uM EdU (C10340
Invitrogen) was added to the cells by replacing half of the cell medium with 20
UM EdU. After 2-hour incubation, the cells were fixed with 3.7% PFA/PBS for
15 minutes at room temperature. The cells were washed twice with 3% BSA
in PBS, and permeabilised with 0.5% Triton X-100 for 20 minutes. Next, the
cells were washed twice with 3% BSA/PBS and incubated in Click-iT® reaction
cocktail (Click-iT EdU Alexa Flour 647 Imaging Kit) for 30 minutes in the dark
at room temperature. Then, the cells were washed once with 3% BSA/PBS,
and Hoechst was diluted 1:2,500 in 100 pl PBS per well and added to the cells.

3 This was carried out by the Laboratory Automation Technologies group at DZNE, Bonn.
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The cells were stained with Hoechst for 10 minutes in the dark at room
temperature and washed twice in 100 pl 1x PBS. The cells were then imaged
and analysed with CellVoyager CV6000 (Yokogawa).

2.2.4.6 Batch preparation of H3.3-HaloTag and dH3-HaloTag
overexpression NeuroZ2a cells for high-content screens

The earliest batch of Neuro2a frozen stock was thawed in T75 flasks (159910
Thermo Fisher Scientific) with 10 ml DMEM (10% FBS, 1% Pen/Strep), and
the cells were collected and expanded in T175 flasks with 30 ml DMEM (10%
FBS, 1% Pen/Strep). Two days later, the cells in the T175 flasks were
collected as Passage (-2), and 10 vials of 2 million Passage (-2) cells for each
condition were stored in freezing medium (DMEM, 10% FBS, 1% Pen/Strep,
10% DMSO) in liquid nitrogen. The rest of the Passage (-2) cells in the T175
flasks were expanded twice in DMEM (10% FBS, 1% Pen/Strep). After 2
passages, the cells were collected as Passage 0, and frozen stocks were
made. Around 60 frozen vials, at 2 million cells per vial, were produced as

Passage 0 and stored in the freezing medium in liquid nitrogen.

2.2.4.7 H3 deposition on H3.3-HaloTag and dH3-HaloTag overexpression
Neuro2a cells: High-content screening setup with automated
technologies

One vial of Passage 0 stock containing 2 million H3.3-HaloTag and dH3-
HaloTag expression Neuro2a cells were thawed in the T75 flasks with 10 ml
DMEM (10% FBS, 1% Pen/Strep), and the cells were incubated at 37°C for 2
days. The cells were collected on day 3 and expanded once more in the T175
flasks in 30 ml DMEM (10% FBS, 1% Pen/Strep) at 37°C for 3 days.
Meanwhile, 384-well plates were coated with 10 ul per well poly-D-lysine (10
pg/ml) for up to 2 days at 4°C in the dark.

On the day of cell seeding (Day 1), the poly-D-lysine—coated 384-well plates
were washed 3 times with 100 pl per well sterile water. Cells (4,000) were
seeded in each well in 70 yl DMEM (10% FBS, 1% Pen/Strep) using a
Multidrop Combi Reagent Dispenser (Thermo Scientific Fisher), and cultured
at 37°C for 24 hours. On Day 2, the cell medium was replaced with 70 pl
differentiation medium (DMEM, 2% FBS, 1% Pen/Strep, 20 yuM RA) and
incubated at 37°C for 24 hours. On Day 3, 70 ul 5 yM (1:200) Quench Oregon
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Green HaloTag ligand in the differentiation medium (DMEM, 2% FBS, 1%
Pen/Strep, 20 yM RA) was added to the cells. The cells were incubated with
the ligand for overnight/16 hours. On Day 4, the cells were washed gently in
70 ul fresh differentiation medium 3 times, and 50 pl 5 yM (1:1,000) Pause
TMR HaloTag ligand in the differentiation medium (DMEM, 2% FBS, 1%
Pen/Strep, 20 yM RA) was added to the cells. The cells were incubated with
the ligand for between 30 minutes and 96 hours.

The 384-well plates with quenched and the paused cells were collected and
placed on the Biomek NXP Automated Workstation loaded with 96 tips
(P10330-32 717251). The wells were washed with 80 yl 1x PBS 3 times and
permeabilised with 80 pl 0.1% Triton X-100/PBS for 5 minutes. The cells were
washed gently with 80 pl PBS once and with 100 ul PBS twice, and nuclei
staining and fixation were performed in 40 pl 1:2,500 Hoechst in 4% PFA/PBS
for 20 minutes in the dark at room temperature. The cells were imaged and

analysed with CellVoyager CV6000 (Yokogawa).

2.2.4.8 qPCR of siRNA-transfected NeuroZ2a cells

At 24 hours before siRNA transfection, 100,000 NeuroZ2a cells were seeded in
6-well plates and incubated in 2 ml DMEM (10% FBS, 1% Pen/Strep) at 37°C
overnight. Daxx, Hira, Gapdh and Scramble siRNAs were used for the
Lipofectamine transfection. For each transfection well, 250 ul Opti-MEM with
the desired concentration of sSiRNA was mixed with 250 ul Opti-MEM and 5 pl
Lipofectamine  RNAIMAX (13778075 Thermo Fisher Scientific) at room
temperature for 30 minutes, and the transfection mix was gently and evenly
added onto the cell medium. The cells were incubated for 24 hours in a 37°C
incubator, and the medium was removed and replaced with differentiation
medium (DMEM containing 2% FBS, 1% Pen/Strep, 20 uM RA). The cells
were incubated in the differentiation medium for 48 hours, and were prepared
for the RNA extraction as follows.

A RNeasy Plus Kit (74134 Qiagen) was used for extracting RNA from the
Neuro2a cells. The collected cell pellets were resuspended and homogenised
in 350 ul Buffer RLT (1% B-mercaptoethanol). The homogenised lysates were
transferred to a gDNA eliminator spin column in a 2-ml collection tube. After

centrifugation for 30 seconds at 8,000 xg, the flow-through was collected and
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mixed with 350 pl 70% ethanol. Up to 700 pl sample was transferred to the
RNeasy spin columns placed in the 2-ml collection tubes, and the samples
were centrifuged for 15 seconds at 8,000 xg. The flow-throughs were
discarded and 700 ul Buffer RW1 was added to the spin columns and
centrifuged for 15 seconds at 8,000 xg. Again, the flow-throughs were
discarded and 500 pl Buffer RPE was added to the spin columns and
centrifuged for 15 seconds at 8,000 xg. The columns were washed again with
Buffer RPE and spun for 2 minutes at 8,000 xg. The columns were placed in
new 1.5-ml collection tubes, and 30 pl RNase-free water was added directly to
the spin column membrane. The RNA samples were collected by centrifuging
the columns for 1 minute at 8,000 xg. The samples were stored at -80°C for
cDNA reverse transcription (RT).

A High-Capacity cDNA RT Kit (4368814 Applied Biosystems) was used for the
cDNA RT. Each 10 pl 2x RT master mix was prepared by mixing 2 pl 10x RT
Buffer, 0.8 pl 25x dNTPMix (100 mM), 2 ul 10x RT random primers, 1 pl
MultiScribe™ Reverse Transcriptase and 4.2 ul nuclease-free H20. Nuclease-
free H20 (10 pl) containing 500 uyg RNA was mixed with 10 yl 2x RT master
mix to a total reaction volume of 20 yl. The cDNA RT reaction mix was placed

in a thermal cycler, and the program conditions were set as follows:

Lid Step 1 Step 2 Step 3 Step 4
Temperature (°C) 25 25 37 85 4
Time (minutes) - 10 120 5 0

After the cDNA RT, the PCR tubes were kept on ice and mixed with 30 pl
nuclease-free H20. SYBR™ Green PCR Master Mix 2x (4309155 Applied
Biosystems) was used for the gPCR. The qPCR mix was prepared by mixing
1 yl primer mix, 2 yl sample cDNA, 7 pl H20 and 10 ul 2x SYBR™ Green PCR
Master Mix. The gPCR programme was performed in a 7500 Fast Real-Time
PCR System (Applied Biosystems) as follows: 50°C for 2 minutes; 95°C for 10
minutes; 95°C for 15 seconds (40 cycles); and 60°C for 1 minute. The relative
abundance of gene expression for Daxx, Hira and Gapdh were normalised to
actin (ACTB) mRNA, and the calculation was generated using the 2-2ACt

method in the gPCR programme.
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Chapter 3

Visualisation of H3.3 Loading for High-content
Screening
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3. Visualisation of H3.3 Loading for High-content

Screening

3.1 Background

3.1.1 Visualisation of H3.3 loading

To identify novel regulatory pathways controlling H3.3 deposition in the CNS,
we need a powerful tool to visualise its deposition. Via the establishment of
the H3.3 loading visualisation assay, we will be able to observe whether and
how the selected candidates affect the deposition of H3.3. This project was
carried out in collaboration with Michod Group at ICH, London and Phillip
Group at DZNE, Bonn.

3.1.2 High-content screening analysis

The H3.3 visualisation platform is adapted for high-content analysis of
drug/compound screening. The advantages of high-content screening include
rapid unbiased acquisition of a large number of cells, relevant and robust view
of heterogeneity within a population, statistically relevant sampling, and robust
analysis algorithms. During the establishment of the high-content screening,
time-saving and unbiased procedures were performed with the assistance of

robotised automation.

3.1.3 Neuro2a cells and their differentiation

Neuro2a cells are a fast-growing neuroblastoma cell line with neuronal stem
cell/lamoeboid-like morphology. They are widely used in studies, including
those on neurite outgrowth, neurotoxicity, and signalling pathways, amongst
others. Studies involving NeuroZ2a cells benefit from their rapid growth rate and
easy manipulation. They are often studied in their differentiated form, in which,
a neuron-like morphology is presented. Neuro2a cells are easily expanded,
providing a robust visualisation platform for the establishment of the HaloTag
imaging assay for high-content screening in the CNS.

The literature review showed that differentiation methods apparently vary
among research papers. Retinoic acid (RA) plays critical roles in nervous
system development, including neuronal patterning and neurite outgrowth
(Clagett-Dame et al. 2006), and it is generally used for Neuro2a cell

differentiation. In this study, Neuro2a cells were differentiated with DMEM
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containing 2% FBS and 20 uM RA for 48 hours (Riboni et al. 1995, Yanaka et
al. 2007).

3.1.4 HaloTag system and H3.3 deposition

HaloTag protein is a modified bacterial haloalkane dehalogenase that forms a
covalent bond with the synthetic HaloTag ligand (Los et al. 2008), with its
binding being rapid, specific, stable and irreversible. The HaloTag ligand
comprises a chloroalkane linker that could be attached to a variety of
molecules allowing comprehensive protein analyses using a single generic
construct (England et al. 2015). Similar to the other traditional tagging
systems, the technology has wide application possibilities, including protein
isolation and purification, protein functional analysis and protein—protein/DNA
interaction studies, among others (Figure 3. 1). The HaloTag visualisation
system was constructed following two steps: development of the 48-KDa
variant H3.3-HaloTag and canonical dH3-HaloTag fusion proteins, and
visualisation with the HaloTag specific ligand. This technique can be used for
cellular imaging of both live and fixed cells in vitro, as well as for in vivo
visualisation using 2-photon microscopy. Notably, HaloTag enables
monitoring of H3.3 deposition via ratiometric analysis, which other tags (e.g.
SNAP-tag) cannot perform.

The HaloTag sequence is fused at the C-terminus of H3.3 and dH3, where the
histones are folded and incorporated into the chromatin (Figure 1. 2). We
demonstrated here for the first time the ability of the HaloTag system could be
applied in histone deposition studies, and that fusing HaloTag at the C-
terminus of histones does not interfere with their loading/eviction onto/from the
chromatin in vitro.

H3.3 differs from the canonical H3 by only one amino acid in the histone talil
and 3 amino acids (comparing to H3.1)/4 amino acids (comparing to H3.2) in
the histone folding region, but their expression and function vary significantly
(Szenker et al. 2011). Canonical H3 expression is restricted to the S phase,
while H3.3 is expressed throughout the cell cycle (Tagami et al. 2004, Szenker
et al. 2011). During the establishment of the H3.3 deposition imaging assay,
dH3 was considered the negative control for the deposition, as it would neither
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be deposited onto nor evicted from the chromatin in the differentiated/growth-

arrested Neuro2a cells.

HaloTag®
Ligand

HaloTag

- Fluorescent ligands

GA i,i i'i‘ i ﬁ ‘u‘.‘

~ . o) S —7\“ Surfaces

M = R Reactive ligands

Figure 3. 1: The HaloTag imaging platform. Representation of the HaloTag system.
HaloTag protein forms a covalent bond with the HaloTag ligand. Each ligand contains
a binding group and functional moiety, such as fluorescent molecules for intracellular
or extracellular purposes, surface ligand for protein immobilisation with resins or
slides, and reactive ligand for imaging purposes. (Figure adapted from England et al.
2015.)

3.1.5 Quench-chase-pause analysis

The quench-chase-pause protocol enables the recording and visualisation of
H3.3 deposition changes. (Figure 3. 2). Old/already incorporated histones
were labelled with Oregon Green HaloTag ligand, and newly loaded histones
were labelled with TMR HaloTag ligand. During H3.3 deposition, we expected
the red pause signal to reach the maximum level of intensity, as all old histones
would be replaced by new histones, while the intensity of the green quench
signal would decrease to the minimum level. On the other hand, from the
negative condition dH3-HaloTag, as canonical H3 are only deposited in the S
phase, we expected that the red pause signal intensity would not change
significantly, and the green quench signal would remain at the minimum level

in the differentiated/growth-arrested Neuro2a cells.
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Oregon Green g TMR gﬁl\g

Newly synthesised H3.3

Figure 3. 2: HaloTag imaging platform of H3.3 deposition into the nucleosome.
Existing H3.3 in the nucleosome were quenched with the Oregon Green HaloTag
ligand. The cells were chased. Meanwhile, more H3.3 were newly synthesised and
incorporated into the chromatin. These newly loaded H3 were paused with the TMR
HaloTag ligand. The old and new incorporation exchange of H3.3 was visualised
through the green and red fluorescence signals from the ligands. (Figure modified
based on Clément et al. 2016.)

3.2 Results

3.2.1 Construction of expression vectors (H3.3/dH3-HaloTag and
H3.3/dH3-pLenti-PGK-Neo-DEST)

As the functional region of the H3.3 and dH3 proteins are at the N-terminus,
the HaloTag sequence was fused at the C-terminus of H3.3 and dH3 (Figure
3. 3). The fusion sequence of H3.3/dH3-HaloTag was then cloned into the
lentiviral vector pLenti-PGK-Neo-DEST (w531-1) to produce the H3.3/dH3-

HaloTag lentiviral construct.*

CMV Enhancer/
Promoter

pHTC HaloTag® CMV-neo
Amp* Vector
(6185bp)

HaloTag® Open
Reading Frame

S§V40 Late

Synthetic poly(A) poly(A)

signal

SV40 Earl
Enhancer,
Promoter

Figure 3. 3: H3.3- and dH3-HaloTag construct. Re-constructed pHTC HaloTag
CMV-neo Vector with H3.3 or dH3 sequence inserted at the HaloTag N-terminus.
(Figure modified based on Promega.)

4 This was carried out by Michod group at ICH, London.
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3.2.2 H3.3/dH3-HaloTag Lipofectamine transfection on HEK293T cells,
and HaloTag live imaging

Once the H3.3-HaloTag and dH3-HaloTag constructs were produced (Figure
3. 3), Lipofectamine transfection was performed in HEK293T cells for
exogenous HaloTag overexpression. The transfected cells were labelled with
the HaloTag® R110Direct™ Ligand and imaged live in GFP for HaloTag
expression. As a result, both the H3.3-HaloTag— and dH3-HaloTag—
transfected HEK293T cells were HaloTag-positive (Figure 3. 4).

HEK293T Transfection
H3.3-HaloTag dH3-HaloTag Negative Control

Imaging Field
Bright field + GFP

GFP

Figure 3. 4: HEK293T HaloTag live cell imaging. Pictures show live cell imaging on
the H3.3-HaloTag and dH3-HaloTag Lipofectamine-transfected HEK293T cells with
the HaloTag® R110Direct™ Ligand. Negative control is untransfected cells. Images
were acquired with Zeiss Axio Observer Z1 with Apotome. Scale bar = 100 um.

3.2.3 H3.3-HaloTag and dH3-HaloTag overexpression in Neuro2a cells

The lentiviral constructs were produced and used for transducing H3.3/dH3-
HaloTag into Neuro2a cells.® Both the endogenous H3.3 (15 KDa) and
exogenous H3.3-HaloTag fusion protein (48 KDa) were shown via H3.3
immunoblotting (Figure 3. 5 A). Notably, the membrane blotted with the H3.3
antibody demonstrated non-specific binding at under 55 KDa (*) (Figure 3. 5
A). It was unsurprising that dH3 was also visualised by the H3.3 antibody, as
the two histones differ by only a few amino acids (Figure 3. 5 A). In addition,

> This was carried out by Michod group at ICH, London.
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HaloTag IF demonstrated specific signals from the H3.3-and dH3-HaloTag
transduced NeuroZ2a cells (Figure 3. 5 B).

A Chromatin fraction Chromatin fraction
Negative dH3- H3.3- Negative dH3- H3.3-
Control HaloTag HaloTag Control HaloTag HaloTag
48 — .| HaloTag 48 ———= ===\ H3.3 (Exogenous)
43]---—' B-actin 15|--- H3.3 (Endogenous)
B Neuro2a Transduction
H3.3-HaloTag dH3-HaloTag Negative Control
i}
o 3.
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Figure 3. 5: Chromatin extraction and IF of H3.3-HaloTag— and dH3-HaloTag—
transduced Neuro2a cells. (A) Immunoblotting of HaloTag, H3.3 and B-actin on the
chromatin fraction of H3.3-HaloTag— and dH3-HaloTag—transduced Neuro2a cells. *
Represents the non-specific binding of H3.3 antibody. Negative control is
untransduced cells. (B) Pictures show the GFP IF of the transduced Neuro2a cells
labelled with the HaloTag ligand Oregon Green. Negative control is untransduced
cells. Images were acquired with an epifluorescence microscope. Scale bar = 100
pm.

3.2.4 NeuroZ2a cell differentiation and growth arrest

Neuro2a cells were cultured in complete DMEM for 24 hours before
differentiation. RA (20 uM) was used as the differentiation treatment. The cells
were cultured in differentiation medium for 48 hours before they were used for
HaloTag assay analyses. Compared with undifferentiated Neuro2a cells, the
differentiated cells exhibited neuron-like morphology, and exon extension was
observed (Figure 3. 6 A).

As H3 is specifically phosphorylated during mitosis, pH3 was examined in the
differentiated versus undifferentiated Neuro2a cells (Figure 3. 6 B). Around 4%

of the total counted Neuro2a cells were pH3-positive, of which around 0.5%
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were differentiated cells and about 3.5% were undifferentiated cells (Figure 3.
6 B, Left). The mitotic index of the differentiated cells was about 5 times lower
than that of the undifferentiated cells (Figure 3. 6 B, Right), indicating that the
differentiated cells were indeed growth-arrested.

In the following sections, the experiments were performed on differentiated
NeuroZ2a cells. The detailed protocols have been described in the Material and
Methods, Section 2.2.4.

A Neuro2a Differentiation
Undifferentiated Differentiated
ke
Q@
i
=
2
| -
m
B o Mean (% pH3 positive) vs. Cells Mitotic index vs. Cells
I Mean (% pH3 Neuro2a cells © Mitotic index

positive) Undifferentiated Differentiated

3.5

254

% pH3 positive
Mitotic index

iy 1

L

0.5+

B | =

Undifferentiated Differentiated 0

Figure 3. 6: NeuroZ2a cell differentiation and pH3 expression. (A) Pictures show
morphology of undifferentiated and differentiated Neuro2a (N2a) cells. Images were
acquired with a bright field microscope. Scale bar = 100 ym. (B) (Left) The expression
level of pH3 in differentiated and undifferentiated Neuro2a cells. (Right) The mitotic
index of differentiated and undifferentiated Neuro2a cells.®

6 These graphs were produced by the Laboratory Automation Technologies group at DZNE, Bonn.
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3.2.5 H3.3 and dH3 loading in Neuro2a cells: HaloTag fluorescence
imaging assay

The HaloTag ligands, Oregon Green and TMR, were applied to H3.3-
HaloTag— and dH3-HaloTag—transduced Neuro2a cells. The Oregon Green
ligand was used for quenching histone deposition, and the TMR ligand was
used for pausing histone deposition. The TMR control (pause-only) showed
that the signal was exclusive in the red channel; no cross-channel leakage
was observed (Figure 3. 7 A and B). The cells were quenched with the Oregon
Green ligand, chased for 4 time points: 0, 3, 6, and 9 hours, and paused with
the TMR ligand. Signal intensities differed between the time points and the
fluorescence channels (Figure 3. 7 A and B). Quantification analysis of the
corrected total cell fluorescence (CTCF) demonstrated changes in the
intensities, representing changes in the deposited and evicted histones
(Figure 3. 7 C). The CTCF analysis showed that the intensity of both the green
signal (quench) and the red signal (pause) increased during the 9-hour chase
period in the H3.3-HaloTag overexpression Neuro2a cells (Figure 3. 7 C). In
the dH3-HaloTag overexpression Neuro2a cells, CTCF analysis showed a
decreased green signal (quench) while the red signal remained unchanged in
the 9-hour chase period (Figure 3. 7 C).

The quench-chase-pause experiment was duplicated, in which an Oregon
Green control (quench-only) was included (Figure 3. 8 A). The results from the
TMR ligand control were consistent with the experiment in Figure 3. 7, and the
Oregon Green ligand control experiment showed no leakage of green signals
to the red channel (Figure 3. 8 A, B and C). Similar findings were observed
from CTCF analysis of the H3.3-HaloTag overexpression Neuro2a cells, in
which the intensity of both the green signal (quench) and the red signal (pause)
increased during the 9-hour chase period (Figure 3. 8 D). CTCF analysis of
the dH3-HaloTag overexpression Neuro2a cells also demonstrated a similar
result as in its duplicate experiment above (Figure 3. 8 D versus Figure 3. 7
C).
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Figure 3. 7: HaloTag IF of quench-chase-pause in H3.3/dH3-HaloTag
overexpression Neuro2a cells. (A) Images show H3.3-HaloTag overexpression
Neuro2a cells quenched with the Oregon Green HaloTag ligand; chased for 0, 3, 6
and 9 hours; and paused with the TMR HaloTag ligand. The nuclei were labelled with
DAPI. For the red channel control, the cells were only labelled with the TMR HaloTag
ligand. (B) Images show the dH3-HaloTag overexpression Neuro2a cells quenched
with the Oregon Green HaloTag ligand; chased for 0, 3, 6 and 9 hours; and paused
with the HaloTag TMR ligand. The nuclei were labelled with DAPI. For the red channel
control, the cells were only labelled with the TMR HaloTag ligand. (C) CTCF
gquantification of HaloTag signals at the pause time points 0, 3, 6 and 9 hours. The
expression levels of the Oregon Green HaloTag signal were normalised to the 0-hour
signal. The expression levels of the TMR HaloTag signal were normalised to the TMR
control signal. Images were acquired with an epifluorescence microscope. Scale bar
=200 pm.
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Figure 3. 8: HaloTag IF of quench-chase-pause in H3.3/dH3-HaloTag
overexpression Neuro2a cells (duplicate). (A) H3.3/dH3-HaloTag overexpression
Neuro2a cells labelled with either red-only or green-only HaloTag ligand as the red or
green channel control, respectively. The nuclei were labelled with DAPI. (B) H3.3-
HaloTag overexpression Neuro2a cells were quenched with Oregon Green HaloTag
ligand; chased for O, 3, 6 and 9 hours; and paused with the HaloTag TMR ligand. The
nuclei were labelled with DAPI. (C) dH3-HaloTag overexpressing Neuro2a cells were
gquenched with the Oregon Green HaloTag ligand; chased for 0, 3, 6 and 9 hours; and
paused with the HaloTag TMR ligand. The nuclei were labelled with DAPI. (D) CTCF
gquantification of HaloTag signals at the pause time points 0, 3, 6 and 9 hours.
Expression levels of the Oregon Green HaloTag signal were normalised to the
Oregon Green control signal. Expression levels of the TMR HaloTag signal were
normalised to the TMR control signal. Images were acquired with an epifluorescence
microscope. Scale bar = 100 ym.

3.2.6 Establishment of H3.3 deposition assay for high-content
compound/drug screening

Before establishing the histone deposition assay with the automated platform
for high-content screening, the H3.3/dH3-HaloTag overexpression Neuro2a
cells were first examined as quality control. This included examining the
percentage of cells expressing the HaloTag protein, and the percentage of
cells labelled with the HaloTag fluorescence ligand (Figure 3. 9 A). We found
that all HaloTag-transduced cells were labelled with the HaloTag fluorescence
ligand, i.e. all the Neuro2a cells were HaloTag-positive (Figure 3. 9 A).
Compared with nuclear staining (Hoechst), the intensity of the HaloTag signal
was more evenly distributed (Figure 3. 9 B). Moreover, the mean intensity of
the HaloTag fluorescence ligand was lower than that of the Hoechst signal by
0.02 points (Figure 3. 9 B, Top). There was no cross-channel contamination
between the blue (Hoechst) and green channels (HaloTag Oregon Green
ligand) (Figure 3. 9 B, Bottom).

Although altered morphology and reduced mitotic index were observed

(Section 3.2.4), the level of Neuro2a cell growth arrest was examined as part
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of the quality control. Here, the growth rate of Neuro2a cells treated and
differentiated with G1-inhibitor and RA, respectively, were analysed (Figure 3.
10 A). In detall, the undifferentiated Neuro2a cell number varied between 100
and 1,250, and the mean value was >1,100 cells per well (Figure 3. 10 A).
Compared with the undifferentiated cells, the cell counts of the Neuro2a cells
treated with G1-inhibitor and differentiated with RA among the cell wells were
more concentrated (Figure 3. 10 A). Moreover, the mean cell number of the
RA-differentiated Neuro2a cells was only 25 cells higher than that of the cells
treated with G1-inhibitor (Figure 3. 10 A).

Consistent results were observed from the EdU staining, in which the
proportion of the dividing cells in the RA-differentiated condition was about
10% higher than that of the G1-inhibited condition (Figure 3. 10 B).

A HaloTag ligand staining vs. Plate column B Hoechst HaloTag ligand

99.4-

HaloTag positive cell (%)
Fluorescent internsity (a.u.)
Fluorescent internsity (a.u.)

A B c D E F G H | J K L U N o P
Plate column

Figure 3. 9: In vitro HaloTag expression in transduced Neuro2a cells, and the
HaloTag imaging assay.’ (A) Proportion of cells positive for HaloTag staining in
HaloTag-transduced Neuro2a cells. (B) (Top) Intensity distribution of nuclear staining
(Hoechst) and HaloTag ligand staining in HaloTag-transduced Neuro2a cells.
(Bottom) The two images are examples of nuclear and HaloTag staining in the
transduced Neuro2a cells corresponding to the top left and right graphs, respectively.
Red arrows highlight DAPI-stained nucleus and its corresponding location in the
HaloTag ligand channel. Images were acquired with CellVoyager CV6000
(Yokogawa) confocal microscope.

" These graphs were produced by the Laboratory Automation Technologies group at DZNE, Bonn.
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Figure 3. 10: Analysis of cell growth arrest and EdU staining.® (A) The number of
cells among the G1-inhibited, RA-differentiated and undifferentiated Neuro2a cells.
(B) The percentage of EdU-positive cells among G1-inhibited and RA-differentiated
Neuro2a cells. The negative control was Neuro2a cells without EdU staining.

Following quality control analysis, H3.3 deposition visualisation with the
HaloTag fluorescence ligand was examined. Although the preliminary
experiment in Section 3.2.5 showed increased H3.3 deposition during the 9-
hour quench-chase-pause, neither the quench nor the pause exhibited altered
intensity during the observed time (0—6 hours) (Figure 3. 11 A).

Next, the observation time of the quench-chase-pause was increased to 26
hours (Figure 3. 11 B). Consequently, the quench signals (old histones) were
decreased between 6 and 26 hours of the chase period, and the pause signals
(new histones) were increased during the 26-hour chase period in both the
H3.3-HaloTag and dH3-HaloTag overexpression Neuro2a cells (Figure 3. 11
B).

To examine the complete turnover duration of H3.3 eviction—deposition in the
chromatin, the observation time of the quench-chase-pause was extended to
48 hours and 72 hours (Figure 3. 11 C and D, respectively). Although changes
in quench/pause signal intensity were visualised (Figure 3. 11 F), neither 48
nor 72 hours were sufficient for H3.3/dH3 to complete the eviction—deposition

cycle.

8 This experiment was carried out and the graphs were produced by the Laboratory Automation
Technologies group at DZNE, Bonn.
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In the end, the quench and pause signals reached their minimum and
maximum intensities, respectively, at 96 hours (Figure 3. 11 E), indicating that

the turnover time of H3.3 eviction—deposition requires 96 hours.
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Figure 3. 11: H3.3/dH3-HaloTag deposition assay in differentiated Neuro2a
cells. The guench-chase-pause assay visualises and quantifies H3.3/dH3
eviction and incorporation from and into the chromatin.® (A) H3.3-HaloTag
overexpression Neuro2a cells were quenched with the Oregon Green HaloTag
ligand; chased for 0, 2.5, 3, 3.5 and 6 hours; and paused with the HaloTag TMR
ligand. (B) H3.3-HaloTag and dH3-HaloTag overexpression Neuro2a cells were
quenched with the Oregon Green HaloTag ligand; chased for 0, 6 and 26 hours; and
paused with the HaloTag TMR ligand. (Left) The eviction of H3.3 and dH3 from the
chromatin. (Right) The deposition of H3.3 and dH3 on the chromatin. The control
group was untransfected Neuro2a cells. (C) H3.3-HaloTag and dH3-HaloTag
overexpression Neuro2a cells were quenched with the Oregon Green HaloTag
ligand; chased for 0, 6, 24 and 48 hours; and paused with the HaloTag TMR ligand.
The control group was untransfected Neuro2a cells. (D) H3.3-HaloTag and dH3-
HaloTag overexpression Neuro2a cells were quenched with the Oregon Green
HaloTag ligand; chased for 0, 6, 24, 48 and 72 hours; and paused with the HaloTag
TMR ligand. (E) H3.3-HaloTag overexpression Neuro2a cells were quenched with the
Oregon Green HaloTag ligand; chased for 0, 24, 72 and 96 hours; and paused with
the HaloTag TMR ligand. (F) Images of Oregon Green (Quench) and TMR (Pause)
at 0-48 hours from H3.3-HaloTag overexpression Neuro2a cells. Images were
acquired with CellVoyager CV6000 (Yokogawa) confocal microscope.

° The graphs A—E were produced by the Laboratory Automation Technologies group at DZNE, Bonn.
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3.2.7 Single downregulation of Hira and Daxx with RNAI

As Daxx and Hira are the two main H3.3 deposition chaperones, Daxx and
Hira single and double downregulations in Neuro2a cells are established here.
These conditions will be considered the negative controls in de novo H3.3
loading, and will be performed with the high-content drug/compound
screening.

siRNA was used for downregulating the Hira and Daxx proteins in the H3.3-
HaloTag and dH3-HaloTag overexpression Neuro2a cells. As Neuro2a cell
differentiation takes place over 48 hours (Section 3.2.4), the cells were
transfected 24 hours before differentiation. Therefore, the cells were
differentiated when the transfection reagents had been completely washed
out.

First, the downregulation transfection with gradient Hira SIRNA concentrations
was examined. The cells were also transfected with Gapdh and Scramble
siRNA as the transfection positive and negative control, respectively. The
immunoblotting quantification showed that Hira RNAi was most effective at 72
hours post-transfection in the H3.3-HaloTag overexpression Neuro2a cells,
where Hira was downregulated by 50% (Figure 3. 12 A). At 72 hours post-
transfection, Hira downregulation was maintained despite the Hira siRNA
concentration being increased (Figure 3. 12 A and B). Moreover, Gapdh
downregulation (positive control) was most effective at 72 hours post-
transfection, with a reduction rate of over 75% (Figure 3. 12 A and B). Daxx
expression in the Hira siRNA transfection cells was monitored. Notably, the
Daxx expression level was increased by almost 50% and 20% at 72 hours
post-transfection in the H3.3-HaloTag and dH3-HaloTag overexpression
Neuro2a cells, respectively (Figure 3. 12 A and B).

The downregulation with 30 nM Daxx siRNA was then examined (Figure 3.
13). At 72 hours post-transfection, Daxx was downregulated by about 50%,
and Gapdh was downregulated by about 75% (Figure 3. 13 A). Notably,
although the Hira expression level in the dH3-HaloTag overexpression
Neuro2a cells was unaffected by the Daxx downregulation, that of the H3.3-
HaloTag overexpression Neuro2a cells was increased by 20% (Figure 3. 13
B).
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Figure 3. 12: Hira siRNA downregulation in the H3.3/dH3-HaloTag
overexpression Neuro2a cells. (A) Immunoblotting of Hira, Daxx, Gapdh and a-
tubulin in H3.3-HaloTag overexpression Neuro2a cells. The cells were treated with
10 nM, 20 nM or 30 nM Hira siRNA and collected 48, 72 or 96 hours post-transfection.
The positive control was cells treated with 30 nM Gapdh siRNA. The negative control
was cells treated with 30 nM Scramble siRNA. The histogram shows the
immunoblotting expression quantification for Hira, Gapdh and Daxx normalised to the
negative control. (B) Immunoblotting of Hira, Daxx, Gapdh and a-tubulin in dH3-
HaloTag overexpression Neuro2a cells. The cells were treated with 10 nM, 20 nM or
30 nM Hira siRNA and collected 48, 72 or 96 hours post-transfection. The positive
control was cells treated with 30 nM Gapdh siRNA. The negative control was cells
treated with 30 nM Scramble siRNA. The histogram shows the immunoblotting
expression quantification for Hira, Gapdh and Daxx normalised to the negative
control.
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Figure 3. 13: Daxx siRNA downregulation in H3.3/dH3-HaloTag overexpression
Neuro2a cells. (A) (Left) Immunoblotting of Daxx, Gapdh and a-tubulin in H3.3-
HaloTag and dH3-HaloTag overexpression Neuro2a cells. The cells were treated with
30 nM Daxx and collected 72 hours post-transfection. Cells treated with 30 nM Gapdh
SiRNA were the positive control. Cells treated with 30 nM Scramble siRNA were the
negative control. (Right) The histogram shows the immunoblotting expression
quantification for Daxx and Gapdh normalised to the negative control. (B) (Left)
Immunoblotting of Hira and a-tubulin in H3.3-HaloTag and dH3-HaloTag
overexpression Neuro2a cells. The cells were treated with 30 nM Daxx siRNA and
collected 72 hours post-transfection. Cells treated with 30 nM Gapdh siRNA were the
positive control. Cells treated with 30 nM Scramble siRNA were the negative control.
(Right) The histogram shows the immunoblotting expression quantification for Hira
normalised to the negative control.

3.2.8 Hira and Daxx double downregulation with RNAI

Double downregulation of Daxx and Hira was first performed in the H3.3-
HaloTag overexpression Neuro2a cells. Daxx was downregulated by 90% by
Daxx single siRNA transfection and by 55% by Daxx/Hira double siRNA
transfection (Figure 3. 14 A). However, there were strong background signals
on the immunoblotting membrane blotted with the HIRA antibody (Figure 3. 14
A). We speculate that the Hira antibody did not perform well, possibly due to
handling during transport of the antibody to Germany or due to change of batch
of the homemade antibody.

Therefore, the experiment was repeated, and gPCR was used to analyse the
MRNA expression of Daxx and Hira in the siRNA-transfected Neuro2a cells.

Hira mRNA was downregulated (by 50%) only in the Hira siRNA transfection
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H3.3-HaloTag overexpression Neuro2a cells (Figure 3. 14 B, Left). However,
Hira expression was increased in all other conditions, including the Daxx
siRNA—only transfection (Figure 3. 14 B, Left).

As gPCR analysis showed that Hira siRNA downregulation was not efficient,
increased Hira sSiRNA treatments at 40 nM and 50 nM were tested.
Transfection with 40 nM or 50 nM Hira siRNA resulted in similar levels of Hira
MRNA downregulation, ranging between 70% and 80% (Figure 3. 15, Left).
Hira downregulation with 30 nM Hira siRNA transfection was ~10% and ~80%

in the H3.3-HaloTag and dH3-HaloTag overexpression Neuro2a cells,

respectively.
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Figure 3. 14: Daxx and Hira siRNA downregulation in H3.3/dH3-HaloTag
overexpression Neuro2a cells. (A) (Left) Immunoblotting of Daxx, Hira, Gapdh and
B-actin in H3.3-HaloTag overexpression Neuro2a cells. The cells were treated with
30 nM Daxx siRNA, 30 nM Hira siRNA, or 30 nM Daxx and 30 nM Hira siRNA. The
cells were collected 72 hours post-transfection. Cells treated with 30 nM Gapdh
siRNA were the positive control. Cells treated with 30 nM Scramble siRNA were the
negative control. (Right) The histogram shows the immunoblotting expression
quantification for Daxx, Hira and Gapdh normalised to the negative control.
Arrowhead indicates the Hira protein immunoblotting signal. * Represents non-
specific binding of Hira antibody. (B) gPCR analysis of Daxx, Hira and Gapdh in H3.3-
HaloTag and dH3-HaloTag overexpression Neuro2a cells normalised to the negative
control. RQ = relative quantification.
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Figure 3. 15: Hira siRNA downregulation in H3.3/dH3-HaloTag overexpression
Neuro2a cells. (Left) gPCR analysis of Hira in H3.3-HaloTag and dH3-HaloTag
overexpression Neuro2a cells. The cells were treated with 30 nM, 40 nM and 50 nM
Hira siRNA. (Right) gPCR analysis of Gapdh in H3.3-HaloTag and dH3-HaloTag
overexpression Neuro2a cells. The cells were treated with 30 nM Gapdh siRNA. The
cell lysates were collected 72 hours post-treatment. Quantification was normalised to
cells treated with 50 nM Scramble siRNA (negative control). RQ = relative
quantification.

The double siRNA transfection was repeated, in which increased, i.e. 50 nM,
Hira siRNA was used for downregulating Hira. The Daxx siRNA downregulated
the expression of Daxx (Figure 3. 16, Top left). Notably, in the double siRNA
transfection conditions, Daxx downregulation in the dH3-HaloTag
overexpression Neuro2a cells was around 50% less effective than that in the
H3.3-HaloTag overexpression Neuro2a cells (Figure 3. 16, Top left). In
addition, Hira was downregulated by around 50% in the single Hira SiRNA
transfection cells (Figure 3. 16, Top right). However, in the double siRNA
transfection conditions, Hira mRNA level was increased almost 50 times in the
H3.3-HaloTag overexpression Neuro2a cells (Figure 3. 16, Top right).
Meanwhile, Hira mRNA level in the dH3-HaloTag overexpression Neuro2a
cells was increased by almost 2 times (Figure 3. 16, Top right).

We speculate that the Daxx downregulation may interfere with the Hira
downregulation and/or activate a cell defensive mechanism, thus leading to
the boosted Hira mRNA level.
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Figure 3. 16: Daxx and Hira siRNA downregulation in H3.3/dH3-HaloTag
overexpression Neuro2a cells. H3.3-HaloTag and dH3-HaloTag overexpression
Neuro2a cells were treated with 30 nM Daxx siRNA and 50 nM Hira siRNA, or 30 nM
Daxx and 50 nM Hira siRNA. (Top left) gPCR analysis of Daxx in H3.3-HaloTag and
dH3-HaloTag overexpression Neuro2a cells. (Top right) gPCR analysis of Hira in
H3.3-HaloTag and dH3-HaloTag overexpression Neuro2a cells. (Bottom) gPCR
analysis of Gapdh in H3.3-HaloTag and dH3-HaloTag overexpression Neuro2a cells.
The cells were treated with 30 nM Gapdh siRNA. The cell lysates were collected 72
hours post-treatment. Quantification was normalised to cells treated with 50 nM
Scramble siRNA (negative control). RQ = relative quantification.
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3.3 Discussion

This chapter focused on the development of the H3.3 chromatin-incorporation
imaging assay in Neuro2a cells. The visualisation assay was also adapted to
the robotised automation platform for use in high-content/drug screening.

3.3.1 HaloTag imaging assay for H3.3 deposition

3.3.1.1 Generation of H3.3/dH3-HaloTag overexpression Neuro2a cells
During the generation of the H3.3-HaloTag and dH3-HaloTag overexpression
Neuro2a cells, HaloTag immunoblotting showed the expected 48-KDa H3-
HaloTag fusion protein (Figure 3. 5 A). Only H3.3 was immunoblotted, as there
are no suitable Drosophila H3 antibodies. Given that dH3 only differs from
H3.3 by 5 amino acids, non-specific binding was expected. Drosophila H3
immunoblotting should be performed once the antibody is available. In addition,
the immunoblotting results suggest that the H3.3-HaloTag fusion protein was
indeed expressed in the Neuro2a cells. Meanwhile, IF confirmed that all
Neuro2a cells were transduced with H3.3/dH3-HaloTag, and confirmed the
specificity of the HaloTag ligand (Figure 3. 9).

3.3.1.2 RA differentiation of NeuroZ2a cells

Even though neuronal-like morphology with elongated neurites was observed
in the RA-treated Neuro2a cells (Figure 3. 6), Neuro2a cell differentiation was
validated via pH3 staining (i.e. the mitotic index) analysis and EdU staining
(Figure 3. 6 and Figure 3. 10). The expression level of pH3 was significantly
reduced in the differentiated Neuro2a cells, and the percentage of the dividing
cells (EdU) among the RA-differentiated Neuro2a cells was as low as that of
the G1-inhibited Neuro2a cells (Figure 3. 10 B).

3.3.1.3 Quench-chase-pause assay

Preliminary examinations of the HaloTag imaging assay were performed using
the traditional IF method, with cells plated on coverslips and imaged with an
epifluorescence microscope. The results obtained from the differentiated
Neuro2a cells indicated a significant increase in H3.3 chromatin deposition at
6 hours and 9 hours post-quenching, whereas dH3 generally remained
unchanged (Figure 3. 7 and Figure 3. 8). However, when the visualisation
protocol was applied with the robotised automation platform, there was no

indication of the increased H3.3 deposition at 6 hours (Figure 3. 11 A). This
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could be because: 1) a limited number of Neuro2a cells were quantified on a
coverslip, while the robotised automation imaging platform quantified cells in
up to 384 wells; 2) as the Neuro2a cells are easily detached, cells were lost
during the manual laboratory procedures (e.g. medium change, detergent
exchange and washes on the coverslips). The automated platform avoided
this.

Significantly, the deposition of H3.3 and dH3 was boosted between 6 and 26
hours, which meant that the newly produced H3.3 and dH3 were replacing the
evicted old histones (Figure 3. 11 B). It is also noteworthy that not only was
H3.3 incorporated onto the chromatin, dH3 was also loaded onto the chromatin.
The chase time was extended to 48 and 72 hours (Figure 3. 11 C and D). Both
the quench and pause signals apparently reached the bottom and top
thresholds, respectively, after 72 hours. However, it appeared that the longer
the chase duration, the less concentrated the intensity levels. In addition, in
the growth-arrested Neuro2 cells, the deposition patterns for dH3 and H3.3
were identical.

Eventually, H3.3 deposition at up to 96 hours showed an overlapping but more
concentrated intensity of pause signal compared to that at 72 hours, indicating
that all ‘available’ H3.3 slots on the nucleosome were replaced with the newly
produced histone (Figure 3. 11 E). The results also suggest that complete
turnover of H3.3 requires about 96 hours.

The establishment of high-content analysis of the HaloTag imaging assay
provides a method for visualising the deposition of H3.3 for functional biology
study. This would also provide a powerful tool in the application to therapeutic
development in, but not limited to, brain tumour and neurodegeneration
diseases. Via the visualisation assay, the deposition pattern of mutant H3.3
cells reportedly found in glioblastomas can be studied; last but not least, drugs
specifically targeting the deposition of mutant H3.3 can be identified and
developed.

3.3.1.4 Canonical H3 deposition

It has been widely reported that canonical H3 are only expressed during the
S-phase, and is loaded onto the chromatin in a DNA synthesis—dependent
manner (Tagami et al. 2004, Szenker et al. 2011). The dH3-HaloTag
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overexpression Neuro2a cells were produced with the original intention of
being used as the negative control for H3.3 loading onto the chromatin. The
differentiated Neuro2a cells provide a platform where the cells are growth-
arrested, from which H3.3 deposition onto the chromatin could be studied.
However, in this study, the canonical H3 displayed the same deposition pattern
as H3.3 in the growth-arrested Neuro2a cells. As the RA-differentiated cells
had a higher EQU* count compared to the G1-inhibited condition (Figure 3. 10),
it was suspected that some of the RA-treated Neuro2a cells were still under
division; However, the deposition pattern of dH3 was almost identical to that
of H3.3 (Figure 3. 11), suggesting this was possibly not the case here.

The data here challenges the commonly accepted idea that canonical H3
loading onto the chromatin is limited to the S-phase. It suggests a more
comprehensive coupling of canonical H3 deposition during DNA synthesis
events. Notably, canonical H3 deposition out of S-phase has also been
reported by Polo et al. during their study on H3.1 incorporation by its
chaperone CAP-1 at DNA damage repair sites in HeLa cells (Polo et al. 2006).
In addition, Shi et al. have also suggested that H3.1 may under certain
circumstances (nor specified in the paper) be deposited into the chromatin
during interphase in a DNA replication—independent manner in Arabidopsis
(Shi et al. 2011).

3.3.2 Downregulation of Hira and Daxx

The single siRNA downregulation of the H3.3 chaperones Hira and Daxx was
successful in the differentiated Neuro2a cells. At 72 hours after Hira SIRNA
treatment (30 nM siRNA), Hira expression was downregulated by around 50%,
and did not affect normal expression of Daxx in the cells (Figure 3. 12). Daxx
proteins were also downregulated by Daxx siRNA (30 nM), which caused
downregulation of about 50%, while Hira expression was increased by 20% in
the H3.3-HaloTag overexpression Neuro2a cells (Figure 3. 14).

However, the double downregulation of Daxx and Hira was not as efficient.
The downregulation of Hira in the Daxx siRNA-treated cells resulted in
increased Hira expression regardless of the Hira siRNA concentration. This
might indicate that Daxx siRNA interferes with Hira siRNA in double siRNA

transfection, or that Hira was increased in vitro due to the loss of Daxx as a
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cellular defence mechanism. Further analysis is required to determine the
reason behind this. For example, a different Hira siRNA can be examined in

Daxx and Hira double downregulation, and Hira can be downregulated in Daxx
knockout neuronal cells.
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Chapter 4

H3.3 Chaperone Binding Partners in NPCs
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4. H3.3 Chaperone Binding Partners in NPCs

4.1 Background

4.1.1 Choice of model: neural progenitor cells

In this study, NPCs were used as it is a neural cell system and can be kept in
self-renewal mode or differentiated to main neuronal and glial subtypes in a
temporal fashion. NPCs from mouse embryos prenatal embryonic day 13.5
(E13.5) were used for identifying the H3.3 chaperone Daxx binding partner, as
E13.5 is the peak stage of mouse embryonic neurogenesis.

4.1.2 Identifying H3.3 regulatory pathways in neural cells

As discussed above, DAXX is a H3.3 chaperone and plays a crucial role in
H3.3 deposition onto the chromatin (Goldberg et al. 2010, Michod et al. 2012).
While gain-of-function mutations in H3.3 have been identified in human GBM
samples and other tumours (Khuong-Quang et al. 2012, Schwartzentruber et
al. 2012, Sturm et al. 2012, Wu et al. 2012, Behjati et al. 2013), loss-of-function
DAXX and ATRX mutations co-occur with H3.3 mutations and also with
several H3.3 unmutated neoplasms (Heaphy et al. 2011, Liu et al. 2014). In
addition, DAXX may also play a role in chromatin remodelling and transcription
at least partially independent from its ability to load H3.3 (Li et al. 1992, Pluta
et al. 1998, Hollenbach et al. 1999). Critically, DAXX have been shown to
regulate chromatin remodelling and transcription in neurons, with implications
for neuronal plasticity, brain function and ageing. In this respect, H3.3 loading
is required for lifespan extension in worms, suggesting that it plays a protective
role during ageing (Piazzesi et al. 2016).

To identify the Daxx interactomes, we used the co-IP technique to pull down
the potential Daxx-interacting/binding partners with FLAG-tag. The FLAG-tag
protein is a short and hydrophilic 8—amino acid peptide DYKDDDDK. It is fused
on the N-terminus of DAXX protein, close to the binding sites of H3.3 (aal183-
417) (Lewis et al. 2010) and its known interacting partner ATRX (aa55-144)
(Tang et al. 2004) (Figure 4. 1). Due to its hydrophilic nature, the FLAG-tag is
located on the surface of the fusion protein, therefore it can be easily accessed
by the FLAG antibody during IP. Additionally, given its small size, it does not

obstruct the functional domains of Daxx.
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Figure 4. 1: Schematic presentation of the DAXX domain map. Functional
domains are highlighted with coloured boxes (Red: ATRX binding domain; Green:
H3.3 binding domain). FLAG-tag is cloned at the N-terminus of Daxx.

In detail, the FLAG-Daxx sequence was cloned into a dTomato lentiviral
construct. The FLAG-Daxx overexpression NPCs were produced via lentiviral
transfection. To develop the most efficient FLAG-Daxx pull-down system, the
FLAG IP protocol first had to be established by optimising the salt
concentration and buffer composition. The efficiency of the IP was examined
via immunoblotting and silver staining. The immunoblotting demonstrated the
overexpression of the FLAG-Daxx fusion protein and the efficiency of FLAG
IP. Silver staining indicated the total proteins eluted from the FLAG beads,
including Daxx and its interaction partners. Successful Daxx co-IP was
determined by whether there was Atrx presence, as Atrx is a known Daxx co-
function partner. The negative control of the FLAG-Daxx overexpression cells
were cells transduced with dTomato lentivirus only (i.e. EV). The negative
control group in each IP experiment was constructed following the same
procedure as the experiment group, but the cell lysates were replaced with the

same volume of lysis buffer only.

4.1.3 Mass spectrometry

MS analysis was performed once the IP protocol (Protocol V, Section 4.2.3.1)
had been established. Specifically, FLAG-Daxx was co-immunoprecipitated
with its known interactome Atrx, and unique protein bands with low
background were observed via silver staining.

Nanoscale liquid chromatography coupled to tandem MS (nano-LC-MS/MS) is
an improved LC-MS/MS technique with high sensitivity that allows the analysis
of peptide mixtures under sample-limited situations. Gaspari and Cuda
established a nano-LC-MS/MS technique that allows the analysis of peptides
from enzymatic digestion of complex protein mixtures (Gaspari and Cuda
2011). In this study, FLAG beads with FLAG-Daxx and its potential associating
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proteins were digested into short peptides with trypsin (cleaved at lysine and
arginine residues), and these protein peptides were analysed with MS by
Gaspari’'s group at University of Catanzaro in Italy. Proteins that were
significantly scored from the analysis had higher potential as Daxx binding

partners and were selected for further validation.

4.2 Results
4.2.1 Generating FLAG-Daxx and FLAG-Daxx-pHIV-dTomato constructs,

and FLAG-Daxx overexpression in NPCs

The FLAG-tag was fused at the N-terminus of Daxx in the Gene Art Daxx WT
plasmid. The fused FLAG-Daxx sequence was then inserted into the lentiviral
construct pHIV-dTomato. The lentiviruses was generated with the EV (pHIV-
dTomato) and FLAG-Daxx (FLAG-Daxx-pHIV-dTomato) lentiviral vectors and
were titrated with HEK293T cells. These lentiviruses were used to infect the
HIN3T3 cells and mouse NPCs (mMNPCs).

The pHIV-dTomato and FLAG-Daxx-pHIV-dTomato lentiviruses were first
tested on NIH3T3 cells. As a result, the virus transduction rate indicated by
dTomato fluorescent signal was about 90% (Figure 4. 2 A). The FLAG and
Daxx protein expression levels were examined with IF (Figure 4. 2 B).
Furthermore, whole cell lysates were extracted for immunoblotting of the FLAG
and Daxx expression levels. The expression of FLAG protein was observed in
the FLAG-Daxx condition, while the FLAG signal in the EV condition was non-
specific (Figure 4. 3 A). Daxx expression was about 9-fold higher in the FLAG-
Daxx—transduced cells than in the EV-transduced cells (Figure 4. 3 A). After
the above analysis on the transduced NIH3T3 cells, the same infection
protocol was applied to the mNPCs, and the dTomato-positive cells were
collected via FACS (Figure 4. 3 B).
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Figure 4. 2: NIH3T3 lentiviral transduction, and IF of FLAG/Daxx expression. (A)
The EV- and FLAG-Daxx—transduced NIH3T3 cells in bright field (top) and the same
field cells in dTomato (bottom). The negative control condition was the untransduced
cells. Images were acquired with Zeiss Axio Observer Z1 with Apotome. Scale bar =
10 ym (B) IF of FLAG and Daxx on EV- and FLAG-Daxx—transduced NIH3T3 cells.
Images were acquired with Zeiss Axio Observer Z1 with Apotome. Scale bar =10 ym.
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Figure 4. 3: FLAG/Daxx overexpression in NIH3T3 cells and the transduction of
MNPCs. (A) Immunoblotting of FLAG and Daxx in EV- and FLAG-Daxx—transduced
NIH3T3 cells. The protein expression levels were normalised to B-actin. (B)
Transduced mNPCs. The negative control condition was the untransduced cells.
Images were acquired with Zeiss Axio Observer Z1 with Apotome. Scale bar = 10 pm.
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4.2.2 Initial optimisation of FLAG-IP in FLAG-Daxx overexpression
MNPCs

4.2.2.1 Optimisation | (IP on whole cell lysate)

The first FLAG-Daxx IP optimisation was performed on whole cell lysates. The
proteins were extracted in lysis buffer containing 150 mM salt. The detailed
protocol is described in the Material and Methods, Section 2.2.3.1.1. Daxx was
overexpressed >6 times more in the FLAG-Daxx conditions than in the EV
conditions (Figure 4. 4 A). Almost all of the FLAG-Daxx exogenous proteins
were immunoprecipitated from the input samples (Figure 4. 4 A). Moreover,
the known Daxx binding partner Atrx was co-immunoprecipitated from the
FLAG-Daxx condition (Figure 4. 4 A). Interestingly, the expression of Atrx was
increased by about 3-fold in the whole cell lysates of the FLAG-Daxx
overexpression cells (Figure 4. 4 A).

Silver staining showed one specific band of <130 KDa, which was presumably
the Daxx protein (Figure 4. 4 B).

These results suggest that the NPCs overexpressed the transduced FLAG-
Daxx fusion protein, and the exogenous Daxx protein was bound with its

interacting partner Atrx in vitro.
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Figure 4. 4. Immunoblotting and silver staining analyses of FLAG IP by
Optimisation | on whole cell lysate. (A) Co-IP of whole protein lysate of EV- and
FLAG-Daxx—transduced mNPCs. Daxx is overexpressed in the input sample of the
FLAG-Daxx condition. Atrx and Daxx proteins are shown in the FLAG-Daxx IP sample.
The bottom two graphics are the quantification of Daxx and Atrx in the EV and FLAG-
Daxx input samples. The protein expression levels are normalised to (B-actin. (B)
Silver staining of the IP samples. The arrowhead indicates Daxx protein (120 KDa).
* Represents the heavy chain of FLAG antibody eluted from the FLAG beads.
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4.2.2.2 Optimisation Il (IP of nuclear extracts with high-salt buffer)

As the majority of Daxx protein expression is localised in the nucleus, the IP
protocol with nuclear extraction was tested on the NPCs. The cytosol and the
nucleus were separated, and the nucleus was extracted with 400 mM salt
buffer. The detailed protocol is described in the Material and Methods, Section
2.2.3.1.2.

The immunoblotting results show that the nuclear extract was isolated from
the cytosolic proteins, and the histone proteins were extracted. The FLAG IP
was successful, but no co-immunoprecipitated Atrx was shown (Figure 4. 5 A).
Silver staining of the IP samples did not visualise the heavy chain or light chain
of the FLAG antibody (Figure 4. 5 B). However, the Daxx protein band, sized
at <130 KDa, was shown in the FLAG-Daxx condition (Figure 4. 5 B).

The loss of the co-IP proteins was very likely due to the high salt in the nuclear
lysis buffer. The high salt in the lysis buffer damaged the protein—protein link
between Daxx and Atrx, and potentially disrupted Daxx interaction with other
interacting partners. In addition, more bait (FLAG-Daxx) was required for

improved FLAG IP from the input.
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Figure 4. 5: Immunoblotting and silver staining of FLAG IP from Optimisation Il
of nuclear extracts. (A) Co-IP of the nuclear lysates of EV- and FLAG-Daxx—
transduced mNPCs. The images show the immunoblotting of Atrx, Daxx, a-tubulin, 8-
actin and total H3. * Represents the heavy chain of FLAG antibody eluted from the
FLAG beads. (B) Silver staining of the IP samples. Arrowhead indicates Daxx protein.
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4.2.2.3 Optimisation Ill (IP of nuclear extracts with pre-clearing, low-salt
buffer and stringent washes)

The results from Optimisation Il suggested that 400 mM salt in the lysis buffer
was too harsh for the FLAG IP, and an increased amount of cell lysate was
needed. In Optimisation lll, the salt concentration of the nuclear extraction
buffer was reduced to 150 mM. Moreover, increased washing steps were
performed on the post-IP FLAG beads in response to the increased
background signals. The detailed protocol is described in the Material and
Methods, Section 2.2.3.1.3, 1).

Figure 4. 6 A shows that the immunoblotting demonstrated clean separation
of the nuclear extract from the cytosolic proteins. The protein Daxx was
present only in the nuclear extract samples (Figure 4. 6 A). Moreover, the
FLAG-Daxx protein was immunoprecipitated with the FLAG beads, and Atrx
was co-immunoprecipitated with Daxx (Figure 4. 6 A).

However, silver staining of the IP samples showed significant background
signals, indicating that increased washes of the post-IP beads was not efficient
for reducing the non-specific protein binding (Figure 4. 6 B).

Therefore, to minimise the background binding, the nuclear protein lysates
were pre-cleared with mouse IgG/Protein G Plus agarose beads before IP.
The detailed protocol is described in the Material and Methods, Section
2.2.3.1.3, 2). The IP samples were analysed with Coomassie staining, as it is
less sensitive than silver staining and might eliminate some background
signals. Unfortunately, Coomassie staining did not reveal any protein bands
apart from the heavy chains of the FLAG antibody (Figure 4. 6 C).

Overall, these results imply that the salt concentration was yet too mild to
reduce the non-specific protein binding on the FLAG agarose beads.
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Figure 4. 6: Immunoblotting and silver staining of FLAG IP from Optimisation
[ll. (A) Co-IP of the nuclear extract of EV- and FLAG-Daxx—transduced mNPCs.
Images show the immunoblotting of Atrx, Daxx, a-tubulin and total H3. (B) Silver
staining of the IP samples. (C) Coomassie staining of the IP samples. * Represents
the heavy chain of FLAG antibody eluted from the FLAG beads.

126



4.2.2.4 Optimisation IV (IP with 300mM salt washing buffer)

Optimisation IV was designed to determine whether an increased salt
concentration of the washing buffer would reduce the non-specific protein
binding onto the FLAG beads. The same salt concentration of 150 mM was
maintained in the IP buffer, while the salt concentration in the washing buffer
was increased to 300 mM. The detailed protocol is described in the Material
and Methods, Section 2.2.3.1.4.

Almost no FLAG-Daxx protein was immunoprecipitated from the nuclear lysate,
and no Atrx co-IP was indicated (Figure 4. 7 A). Moreover, the presence of
cytosolic protein in the nuclear extract suggested that the nucleus/cytosol
separation was not efficient (Figure 4. 7 A). In addition, faint signals were
observed from the silver staining, and the signal patterns of the EV and FLAG-
Daxx were nearly identical (Figure 4. 7 B).

These results suggest that the protocol with 300 mM salt washing buffer
interfered with the binding of FLAG-Daxx protein to the FLAG beads, which

also affected the co-IP of the interacting partners.
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Figure 4. 7: Immunoblotting and silver staining of FLAG IP from Optimisation
IV. (A) Co-IP of the nuclear extract of EV- and FLAG-Daxx—transduced mNPCs.
Images show the immunoblotting of Atrx, Daxx, a-tubulin and total H3. (B) Silver
staining of the IP samples. * Represents the heavy chain of FLAG antibody eluted
from the FLAG beads.
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4.2.3 Optimised FLAG-IP in FLAG-Daxx-overexpression mNPCs and MS
analysis

4.2.3.1 FLAG-IP of the nuclear extract of FLAG-Daxx overexpression
MNPCs (Optimisation V protocol)

The fifth optimisation protocol (optimisation V) yielded improved IP results. The
detailed protocol is described in the Material and Methods, Section 2.2.3.1.5.
First, the immunoblotting results demonstrated that the overexpressed FLAG
protein was specifically detected in the FLAG-Daxx—transduced NPCs (Figure
4. 8 A). The FLAG protein was bound to the FLAG IP beads and was
immunoprecipitated from the nuclear lysate (Figure 4. 8 A). The Atrx protein
was also co-immunoprecipitated along with the FLAG-Daxx fusion protein
(Figure 4. 8 A). Notably, silver staining revealed at least four specific protein
bands in the FLAG-Daxx overexpression sample (Figure 4. 8 B).

Overall, the IP results from this protocol met the sample requirements for the
MS analysis, as the immunoprecipitated FLAG-Daxx fusion protein (the bait)
was sufficient to pull-down its interacting protein complex (Figure 4. 8 A).
However, it should be noted that the output samples suggested that the
proteins were degraded during the IP (Figure 4. 8 A). In addition, the presence
of the cytosolic protein a-tubulin indicated incomplete separation of nuclear

extracts from the cytosol (Figure 4. 8 A), but this did not affect the IP efficiency.
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Figure 4. 8: Immunoblotting and silver staining of FLAG IP with Optimisation V.
(A) Co-IP of the nuclear extract of EV- and FLAG-Daxx—transduced mNPCs. Images
show the immunoblotting of Atrx, FLAG, a-tubulin and total H3. (B) Silver staining of
the IP samples. Arrowheads indicate the unique bands on the FLAG-Daxx sample in
comparison to the EV sample. * Represents the heavy chain (55 KDa) and the light
chain (25 KDa) of the FLAG antibody eluted from the FLAG beads. A Represents the
non-specific binding of the Atrx immunoblotting antibody.
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4.2.3.2 Mass spectrometry analysis

MS analysis was performed on the IP samples obtained from the Optimisation
V protocol (duplicate experiment). The detailed MS sample preparation
protocol is described in the Material and Methods, Section 2.2.3.2. The post-
IP FLAG beads were digested partially and sent to our collaborator, i.e.
Gaspari's group at the University of Catanzaro in Italy, where the samples
were processed with full digestion and the protein peptides were identified with
nano-LC-MS/MS.

Four percent of the full tryptic digestion was submitted for the initial test run,
and around 10,000 of 30,000 MS/MS events matched the mouse proteins
tryptic peptides, meaning that the signal obtained from the IP was sufficient.
Later on, full MS analysis was performed. Consequently, 1604 proteins were
identified from the mass spectrum; 308 proteins obtained peptide-spectrum
matches (PSM) ratio (FLAG-Daxx/EV) scores of 22.0, and these proteins were
considered hit interactors. Atrx, the known Daxx binding partner, obtained a
ratio value of 2.8, and H3 (including H3.3) obtained a ratio value of 2.24. Table
4. 1 shows the identified proteins with PSM ratio of 210.0. These proteins were
considered significantly enriched in the FLAG-Daxx sample, and are more
likely to be true hits as Daxx interaction partners.
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Table 4. 1: Identified proteins from MS with PSM ratio 210.0

Identified proteins PSM ratio
Death domain-associated protein 6 [DAXX_MOUSE] 57.01
Netrin-1 [NET1_MOUSE] 42.72
Nuclear receptor subfamily 2 group C member 2 40.94
[NR2C2_MOUSE]

Cleavage and polyadenylation specificity factor subunit 2 32.76
[CPSF2_MOUSE]

Alpha-amylase 1 [AMY1_MOUSE] 30.72
Pre-mRNA-splicing factor CWC22 homolog [CWC22_MOUSE] 24.46
Putative ATP-dependent RNA helicase DHX57 [DHX57_MOUSE] | 23.65
Putative ATP-dependent RNA helicase DHX30 [DHX30_MOUSE] | 20.69
Perilipin-2 [PLIN2_MOUSE] 20.36
Nuclear-interacting partner of ALK [NIPA_MOUSE] 20.26
Signal-induced proliferation-associated 1-like protein 1 19.38
[SI1L1_MOUSE]

Integrator complex subunit 1 [INT1_MOUSE] 19.30
GA-binding protein alpha chain [GABPA_MOUSE] 17.31
40S ribosomal protein S24 [RS24_MOUSE] 14.91
Bifunctional coenzyme A synthase [COASY_MOUSE] 13.78
Pre-mRNA 3' end processing protein WDR33 [WDR33_MOUSE] 12.19
Histone H1.2 [H12_MOUSE] 10.33
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4.2.3.3 Validation of top hits Netl, Nr2c2 and Cpsf2

The top three protein hits from the MS analysis were validated via
immunoblotting. The same immunoblotting membrane from Optimisation V
(Figure 4. 8 A) was immunoblotted with CPSF2, NET1 and NR2C2 antibodies.
Cpsf2 and Nr2c2 were identified in the FLAG-Daxx nuclear extract IP sample
(Figure 4. 9), indicating that they were true hits. However, we could not exclude
Netl as a Daxx-interacting partner, as the immunoblotting antibody did not
perform well (Figure 4. 9). Netl should be further analysed in the future with a

working antibody for mNPCs.
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Figure 4. 9: Validation of Netl, Nr2c2 and Cpsf2. Images show immunoblotting of
Cpsf2, Netl and Nr2c2 on the immunoblotting membrane in Figure 4. 8 A.
Arrowheads indicate the specific protein signals of Cpsf2 and Nr2c2. * Represents
the heavy chain (55 KDa) of FLAG antibody eluted from the FLAG beads. Note: The
Netl immunoblotting antibody (12740-1-AP) is currently off-shelf because it is being
tested by Proteintech. We did not exclude Netl as a Daxx interactome although it is
shown negative here.
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4.2.4 Attempts to optimise IP

Although the MS analysis identified several Daxx-interacting candidates,
further improvement of the protocol was needed. These included: 1) Improving
separation of the nuclear extraction from the cytosolic extraction; 2) Solving
the issue of protein loss in output samples; 3) Reducing the background from
the FLAG IP beads.

To achieve this, magnetic FLAG-beads (M8823 Sigma) were used to reduce
the non-specific binding. The protocol and buffers were adjusted to overcome

the issues from Optimisation V, and a different elution method was tested.

4.2.4.1 Protein degradation and oxidative stress

One of the potential reasons for protein loss in the output/post-IP samples is
protein degradation. Thus, additional protease inhibitors, including a different
PMSF and leupeptin were added to the buffers throughout the ‘mock’ IP
procedure. The detailed protocol is described in the Material and Methods,
Section 2.2.3.1.6. However, regardless of the incubation duration, there was
a sharp reduction in the overall protein concentrations in the output samples
(Figure 4. 10 A), suggesting that the loss of the output proteins from this
protocol was not due to the degradation of the proteins or that degradation
occurred also in the presence of additional protease inhibitors.

The other potential reason for the protein loss was oxidative stress. The
detailed protocol is described in the Material and Methods, Section 2.2.3.1.7.
Therefore, IP buffers containing DTT were tested.

However, the presence of DTT in the buffers did not aid the protein
preservation in the output samples (Figure 4. 10 B). In addition, the
proteins/FLAG beads were ‘stickier’, as more background binding appeared in
the EV condition. Interestingly, unlike the results from Optimisation V (Figure
4. 9), the histone proteins were preserved in the output samples, and were
pulled down together with the beads in the IP samples non-specifically (Figure
4. 10 B).
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Figure 4. 10: Protein degradation and oxidative stress. (A) FLAG-Daxx—
transduced mNPCs lysed in buffers containing protease inhibitors. The protein
lysates were incubated in the IP buffer for 0 hour and 5 hours. Old: ‘Mock’ IP with
buffers supplemented with 1x cOmplete™ Protease Inhibitor Cocktail, 50 mM sodium
fluoride, and 1 mM sodium orthovanadate. New: ‘Mock’ IP with buffers supplemented
with 1x cOmplete™ ULTRA EDTA-free Protease Inhibitor Cocktail, 1 ug/ml leupeptin,
50 pg/ml PMSF, 50 mM sodium fluoride, and 1 mM sodium orthovanadate. (B) Co-IP
(with 0.5 mM DTT) on the nuclear extract of EV- and FLAG-Daxx—transduced
MNPCs. Images show the immunoblotting of Atrx, Daxx, Cpsf2, Netl, Nr2c2, a-
tubulin and total H3. * Represents the heavy chain (55 KDa) of FLAG antibody eluted
from the FLAG beads.
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4.2.4.2 Background reduction

The following experiments were designed to yield more stringent washes as
well as to reduce the background staining from DTT: 1) cell lysates were pre-
cleared with mouse IgG/Protein G Plus agarose beads to remove the ‘sticky
proteins’ (Figure 4. 11 A); 2) 0.2% Triton X-100 was added to the washing
buffer for more stringent washes. The detailed protocol is described in the
Material and Methods, Section 2.2.3.1.8.

Consequently, pre-clearing the nuclear lysates with the mouse IgG/Protein G
Plus agarose beads before IP indeed prevented most of the non-specific
binding to the FLAG magnetic beads, as the non-specific proteins were bound
to the pre-clear agarose beads (Figure 4. 11 A). However, no Atrx was
observed in the FLAG-Daxx IP sample (Figure 4. 11 A).

On the other hand, Triton X-100 in the washing buffer did not improve the
background signals in the IP samples, as the non-specific proteins still bound
to the FLAG magnetic beads (Figure 4. 11 B).

It can be summarised here that despite our attempts, the protein loss in the
output samples remained substantially unchanged. Notably, the additive DTT
somehow strengthened the bound between the protein and the IP beads, thus
worsening the background binding. Efforts were made by washing the beads
in a more stringent washing buffer (0.2% Triton X-100) but returned little
success. Furthermore, although pre-clearing the proteins with the agarose
beads improved the situation, the connection between the Daxx protein and

its interacting partners was lost during the process.
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Figure 4. 11: Reduction of the background and specificity of co-IP proteins. (A)
Co-IP of the nuclear extract of EV- and FLAG-Daxx—transduced mNPCs. The protein
lysates were pre-cleared with mouse IgG/Protein G Plus agarose beads. The IP and
washing buffers contained 0.5 mM DTT. Images show the immunoblotting of Atrx,
Daxx, Nr2c2, a-tubulin and total H3. Images on the right are the immunoblotting of
the elutions from the pre-clearing beads. (B) Co-IP of the nuclear extract of EV- and
FLAG-Daxx—transduced mNPCs. The IP buffer contained 0.5 mM DTT, and the
washing buffer contained 0.5 mM DTT and 0.2% Triton X-100. Images show the
immunoblotting of Atrx, Daxx, FLAG, Nr2c2, a-tubulin, total H3 and FLAG. *
Represents the heavy chain (55 KDa) of FLAG antibody eluted from the FLAG beads.
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4.2.4.3 Optimisation VI (Elution with FLAG peptides)

Steen Ooi’s group at the UCL Cancer Institute have also been working on the
FLAG-fused protein IP of nuclear extracts from NPCs. Notably, in their protocol
(described in the Material and Methods, Section 2.2.3.1.9), FLAG proteins
were eluted with FLAG peptides (competitive elution) instead of Laemmli
sample buffer.

This protocol greatly improved the separation of the nuclear extracts from the
cytosolic proteins was compared with optimisation V (Figure 4. 12). Importantly,
no significant protein degradation was observed in the output samples (Figure
4. 12). There was no signal interference from the FLAG antibody heavy chain,
as the FLAG beads were eluted via FLAG peptide competition (Figure 4. 12).
However, the FLAG-Daxx protein IP was less efficient, and not all the FLAG-
Daxx fusion proteins were immunoprecipitated from the nuclear lysates
(Figure 4. 12). Moreover, no co-immunoprecipitated Atrx was observed from

the FLAG-Daxx overexpression cell lysates (Figure 4. 12).
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Figure 4. 12: Immunoblotting of FLAG IP from Optimisation VI. Co-IP of on the
nuclear extract of EV- and FLAG-Daxx—transduced mNPCs. Images show the
immunoblotting of Atrx, Daxx, FLAG, a-tubulin and total H3. Atrx* represents the
protein lysate from wild-type mNPCs. Atrx represents the protein lysate from Atrx
knockout mNPCs.
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4.2.4.4 Optimisation VII (IP with non-denaturing buffer)

One of the advantages of non-denaturing buffer is that it does not contain
denaturants or components that might interfere with antibody binding or
protein—protein interactions. The IP protocol using non-denaturing buffer
extracts whole cell lysates, including the cytosolic proteins and nuclear
extracts. This buffer was modified based on the non-denaturing lysis buffer
recipe from Abcam, and the detailed protocol is described in the Material and
Methods, Section 2.2.3.1.10.

This was first tested on the HEK293T cells overexpressing EV and FLAG-Daxx
[protocol described in the Material and Methods, Section 2.2.3.1.10, 1)]. Figure
4. 13 A shows that FLAG-Daxx was immunoprecipitated from the whole cell
lysates of the FLAG-Daxx overexpression condition, and Atrx was co-
immunoprecipitated. The cytosol proteins did not experience any protein
degradation (Figure 4. 13 A). However, the FLAG-Daxx elution by the FLAG
peptides was not complete, as more FLAG-Daxx proteins were eluted with the
Laemmli buffer (arrowheads in Figure 4. 13 A). It was also worth noting that
most of the histone proteins (total H3) were not extracted from the cells.

We suspect that the histones were ‘trapped’ with the chromatins, and were
pelleted down and discarded with the cell debris during the lysing procedure.
Therefore, Benzonase nuclease was added to the lysis buffer to aid the
extraction of proteins from chromatin [protocol described in the Material and
Methods, Section 2.2.3.1.10, 2)]. Little improvement in the histone protein
extraction was observed (Figure 4. 13 B). However, there was an increased
signal of Atrx co-IP (Figure 4. 13 B). The FLAG elution was unaffected, and
the FLAG-Daxx elution by the FLAG peptides was not thorough (Figure 4. 13
B).
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Figure 4. 13: Immunoblotting of FLAG IP from Optimisation VIl on HEK293T
cells eluted with FLAG peptides followed by Laemmli buffer. (A) Co-IP of the
nuclear extract of EV- and FLAG-Daxx—transduced HEK293T cells. Images show the
immunoblotting of Atrx, Daxx, FLAG, a-tubulin and total H3. Arrowheads indicate the
FLAG and Daxx proteins eluted with Laemmli buffer. (B) Co-IP of the nuclear extract
of EV and FLAG-Daxx conditions with Benzonase nuclease (37.5 U) in lysis buffer.
The images show the immunoblotting of Atrx, Daxx, FLAG, a-tubulin and total H3.
Atrx* represents the protein lysate from wild-type cells. Atrx represents the protein
lysate from Atrx knockout cells. * Represents the heavy chain (55 KDa) of FLAG
antibody eluted from the FLAG beads.
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The IP protocol with non-denaturing buffer was applied to the FLAG-Daxx
overexpression mNPCs [protocol described in the Material and Methods,
Section 2.2.3.1.10, 3)], and similar immunoblotting results were obtained as
from the HEK293T cells (Figure 4. 14 A versus Figure 4. 13 B). Not all of the
FLAG-Daxx protein was eluted with the FLAG peptides, as more FLAG-Daxx
proteins were eluted with the Laemmli buffer from the beads (Figure 4. 14 A).
No protein degradation was shown in the samples. Atrx was co-
immunoprecipitated in the FLAG-Daxx condition (Figure 4. 14 A). Notably, the
histone proteins/DNA-associating proteins, indicated by the total H3, were
extracted with the Benzonase nuclease—containing lysis buffer (Figure 4. 14
A). Moreover, no co-IP from the Daxx potential binding partners was identified
(Figure 4. 14 A).

Silver staining of the FLAG peptides—eluted IP samples did not indicate any
unique protein band in the FLAG-Daxx condition, nor from the samples further
eluted with Laemmli buffer (Figure 4. 14 B). Importantly, several distinct protein
bands were shown in the FLAG-Daxx IP samples eluted with Laemmli buffer
only (Figure 4. 14, Immunoprecipitation Laemmli Elution®).

We can conclude here that IP with non-denaturing buffer is indeed an
appropriate protocol for studying Daxx interactome in the NPCs. It resolves
the protein instability issue in the post-IP samples in Optimisation V (Figure 4.
8). The whole cell lysates, including the chromatin proteins, were extracted
with the aid of the Benzonase nuclease. Although the FLAG peptide elution
method helps to exclude the heavy and light chains of the FLAG beads and
yields cleaner immunoblotting and silver staining, the elution efficiency is not
as good as elution with Laemmli buffer. More importantly, silver staining
showed unique protein bands with the IP sample eluted with Laemmli buffer,

suggesting that it would benefit more from the Laemmli buffer elution method.
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Figure 4. 14: Immunoblotting and silver staining of FLAG IP from Optimisation
VIl eluted with FLAG peptides and Laemmli buffer. (A) Co-IP of the nuclear extract
of EV- and FLAG-Daxx—transduced mNPCs eluted with FLAG peptides followed by
Laemmli buffer. The lysis buffer contained Benzonase nuclease. Images show the
immunoblotting of Atrx, Daxx, total H3, Chd4, FLAG, Cpsf2, Nr2c2 and B-actin. Atrx*
corresponds to protein lysate from wild-type cells. Atrx corresponds to protein lysate
from Atrx knockout cells. (B) Silver staining of the IP samples from Optimisation VII
eluted with FLAG peptides followed by Laemmli buffer and eluted with Laemmli buffer
only (*). Arrowheads indicate the unique bands in FLAG-Daxx condition versus EV
condition. * Represents the heavy chain (55 KDa) of FLAG antibody eluted from FLAG
beads.
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4.2.5 Candidate approach

4.2.5.1 Analysis of candidate chromatin regulators for their ability to
interact with Daxx

Parallel to the unbiased MS approach (Section 4.2.3), we decided to use a
candidate approach. As discussed in the Introduction, Section 1.2.4 and 1.2.5,
Chd4, Brm, Brgl, Ezh2 and Suz12 are epigenetic regulators that interact with
Daxx-associated epigenetic regulators. The candidate approach was carried
out with Optimisation Ill, which was prior to the MS analysis. The detailed
protocol is described in the Material and Methods, Section 2.2.3.1.3, 3). From
the immunoblots, none of the protein candidates were co-immunoprecipitated
in the FLAG-Daxx overexpression mNPC lysate (Figure 4. 15).

If there had been more time, | would examine these candidate chromatin

regulators with the IP protocols in Optimisation V and Optimisation VII.
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Figure 4. 15: Co-IP (candidate approach). Co-IP of the nuclear extract of EV- and
FLAG-Daxx—transduced mNPCs. The cell lysates were obtained using Optimisation
[ll. Images show the immunoblotting of Chd4, Brm, Brg1, Suz12, Ezh2, a-tubulin and
Total H3. The immunoblotting of Atrx and Daxx are from Figure 4. 6. * Represents
the heavy chain of FLAG antibody eluted from the FLAG beads.
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4.2.5.2 iCLIP: Daxx association with RNA

H3.3 has been reported to be recruited through an RNA-mediated mechanism
at the activated transcription site (Newhart et al. 2013). Sarma’s group has
suggested an interaction between ATRX and non-coding RNAs in the
regulation of PRC2 function (Sarma et al. 2014). In addition, association
between ATRX and noncoding RNA TERRA have been identified in cancer
cells with ALT, in which loss of ATRX leads to disrupted ALT and triggers cell
apoptosis (Zou et al. 2003). As DAXX forms a partnership with ATRX during
H3.3 loading, we reasoned that it could also interact with RNA directly or
indirectly. To test this, we performed iCLIP on FLAG-Daxx overexpression
NPCs to determine whether Daxx interacts with RNA. This assay was run in
collaboration with Richard Jenner’s group at the UCL Cancer Institute. The
detailed protocol is described in the Material and Methods, Section 2.2.3.7.
The iCLIP results barely suggested direct RNA binding on the FLAG-Daxx
protein, as the RNA—protein signals were not clearly shown even when treated
with 1:25 RNase | (Figure 4. 16 A). Therefore, the iCLIP membrane was
analysed with immunoblotting for FLAG (Figure 4. 16 B). If Daxx was bound
to RNAs, we would observe protein bands >120 KDa, as the binding to RNAs
would increase the size of the FLAG-Daxx protein. However, no such
indication was observed (Figure 4. 16 B). In addition, although strong RNA-
binding signal was observed in the positive control group (RNA-binding protein
FUS), the negative control group (IgG) was also positive for RNA-binding
(Figure 4. 16 A).

Therefore, we cannot conclude that DAXX does not bind to any RNA. First,
this protocol should be improved: as the negative control group (IgG) was not
negative (Figure 4. 16 A). If the time of the project allowed, | would have tried
to solve this technical problem before studying further on Daxx interaction with
RNA. Further optimisation of the buffer components should be performed in

the future.
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Figure 4. 16: FLAG iCLIP on FLAG-Daxx— and EV-transduced mNPCs. (A)
Autoradiograph showing potential RNAs that cross-linked and immunoprecipitated
with the FLAG-Daxx protein. The RNA—protein samples were digested with RNase |
diluted to between 1:1000 and 1:25. FUS was the positive control and IgG was the
negative control. (B) FLAG immunoblotting on the iCLIP membrane. Arrowhead
indicates the FLAG protein at 120 KDa. * Represents the heavy chain of FLAG
antibody eluted from the FLAG Dynabeads.
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4.3 Discussion

4.3.1 Daxx binding partners in mNPCs: Identifying the best FLAG-Daxx
IP protocol

A total of 7 FLAG IP protocols were tested on the mNPCs. The first protocol,
Optimisation |, analysed FLAG-Daxx overexpression and FLAG IP in whole
cell lysates (Section 4.2.2.1). With this protocol, complete immunodepletion of
exogenous FLAG-Daxx with FLAG agarose beads was achieved. Notably, the
co-IP of the known Daxx functioning partner Atrx was present in the FLAG-
Daxx condition, suggesting that the overexpressed Daxx protein is indeed
correctly assembled in vitro and bound to the endogenous Atrx.

As DAXX is a nuclear protein, we decided to isolate nuclear extracts to
increase our chances of identifying Daxx nuclear interactors. First, high-salt
(400 mM) lysis buffer was used for the nuclear extraction and bead washes
(Optimisation I, Section 4.2.2.2). As protein—protein interactions are highly
salt-dependent, the 400 mM salt concentration disrupted the link between
Daxx and Atrx.

The salt concentration in Optimisation Il was reduced to 150 mM. As expected,
the decreased concentration maintained the Daxx-Atrx interaction (Section
4.2.2.3). However, the low salt in the washing buffer was insufficiently stringent
to remove non-specific binding from the FLAG agarose beads.

Therefore, a higher salt concentration of 300 mM was tested on the mNPCs in
Optimisation IV (Section 4.2.2.4). The background in the silver staining was
significantly reduced. This demonstrated the benefit of using a high-salt
washing buffer to achieve reduced non-specific protein binding levels.
Nevertheless, the FLAG-Daxx IP was negatively affected, likely due to the IP
buffers, and the binding of FLAG-Daxx to the FLAG beads was weakened.

In Optimisation V (Section 4.2.3.1), the nuclear proteins were extracted in 420
mM salt extraction buffer, and the FLAG IP beads were washed with 200 mM
salt washing buffer. Notably, FLAG-Daxx protein was immunoprecipitated with
the FLAG beads, and Atrx was co-immunoprecipitated. Although the loss of
output proteins was observed from the IP, the silver staining of the IP samples

was clear, and multiple unique protein bands were observed in the FLAG-Daxx
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condition. The experiment was duplicated and the samples were analysed with
MS.

4.3.2 Mass Spectrometry analysis and Daxx interaction candidates

Two proteins, Dmapl (DNA methyltransferase 1—-associated protein 1) and
Adar (double-stranded RNA-specific adenosine deaminase; adenosine
deaminases that act on RNA), identified from the MS (with PSM ratio =24.0),
have been previously reported as Daxx-associated proteins (Muromoto et al.
2004) (Table 4. 2). Adar obtained an enrichment ratio of 4.64 from the nano-
LC-MS/MS analysis. Biological function studies have shown that Adar
catalyses the hydrolytic deamination of adenosine to inosine in the double-
stranded RNA (A-to-I RNA editing) and affects gene expression and function
(St Laurent et al. 2013, Sakurai et al. 2014). It initiates mRNA translation by
changing the codons, thus altering the protein sequence and activity of the
encoded protein. It also regulates pre-mRNA splicing by altering the splice site
recognition sequences, and alters RNA stability by changing the sequences
involved in nuclease recognition (St Laurent et al. 2013, Sakurai et al. 2014).
On the other hand, Dmapl gained an enrichment ratio of 5.93. Biological
function studies have shown its involvement in transcriptional repression
activity, and it can repress transcription independently (Rountree et al. 2000,
Muromoto et al. 2004). It targets the replication foci by binding directly from its
N-terminus throughout the S-phase. Importantly, it also initiates DAXX-
mediated repression of glucocorticoid receptor—-dependent transcription
(Rountree et al. 2000, Muromoto et al. 2004).
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Table 4. 2: Identified Daxx-associated proteins with PSM ratio 24.0 (STRING:
Known and Predicted Protein—Protein Interactions)

Protein name | Biological process

Adar Cell differentiation @Adar
Metabolic process .

Regulation of biological process

Transport

Response to stimulus Daxx

Cell organization and biogenesis Y

Defence response mbmapl
Dmap1l Regulation of biological process -

Metabolic process ¢4y Textmining

Co-expression

Response to stimulus S

Experimentally determined

Cell organization and biogenesis S

From MS analysis, the higher the PSM ratio, the more enriched a protein is in
the FLAG-Daxx sample, and is more likely to be a candidate of Daxx interactor.
Here | discuss the top three candidates, i.e. Netl, Nr2c2 and Cpsf2, from the

MS analysis.

4.3.2.1 Netl (PSM ratio score 42.72)

NET1 (neuroepithelial cell transforming 1) is part of the family of Rho guanine
nucleotide exchange factors (Rho GEFs). The Rho GTPases control many
cellular processes, such as cell survival, gene expression and cell migration.
NET1 is an unusual member of the Rho GEFs family, as it is localised in the
nucleus because of its multiple nuclear localisation signal (NLS) sequence at
its N-terminus.

It has been suggested that NET1 can shuttle in and out of the nucleus and
control the activation of Rho in the nucleus by changing its subcellular
localisation. NET1 is overexpressed in a number of human cancers, as the
truncation at its N-terminus leads to its delocalisation from the nucleus to the
cytoplasm, thus activating its oncogenic feature (Schmidt 2002, Menon et al.
2013). Moreover, NET1 contributes to the activation of nuclear RhoA and

RhoB in response to cell ionizing radiation and DNA damage, leading to
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apoptosis (Dubash et al. 2011, Srougi and Burridge 2011). Although the
validation was not conclusive, as no immunoblot signal was observed in the
FLAG-Daxx IP condition, we cannot exclude NET1 as a Daxx-interacting

candidate, until a more suitable antibody is found.

4.3.2.2 Nr2c2 (PSM ratio score 40.94)

NR2C2 is also known as TR4 (testicular orphan nuclear receptor 4). It is a
transcription factor and can bind to the AGGTCA DNA sequence motifs in the
promoters of its target genes. NR2C2 is widely expressed in both embryonic
and adult tissues, suggesting that it is involved in various developmental and
physiological pathways. More importantly, it is widely expressed in the neural
tissues, including the forebrain and spinal cord, during embryonic
development (Young et al. 1997), suggesting a potential role of Nr2c2 in
neurogenesis. In detail, the absence of Nr2c2 in mice in vivo results in defects
in postnatal growth, and female mice have reduced fertility and severe defects
in maternal behaviour (Collins et al. 2004). These findings demonstrate an
essential role of Nr2c2 in the various physiological functions associated with
early embryonic development as well as reproduction. Moreover, the lack of
Nr2c2 leads to changes in cerebellar cortex lamination, resulting in disrupted
granule cell proliferation during cerebellar development (Chen et al. 2008).
Another Nr2c2 knockout study indicated the essential function of Nr2c2 in
osteoblast differentiation and calcification during osteoporosis (Lin et al. 2012).
In that study, Nr2c2 bound directly to the promoter region of the osteocalcin
gene, and induced gene expression at transcriptional level in a dose-
dependent manner. Interestingly, Nr2c2 has been identified as a tumour
suppressor during prostate tumorigenesis, in which it modulates the activation
of the DNA damage/repair system—ATM (Ataxia Telangiectasia Mutated)
expression—at transcriptional level (Lin et al. 2014).

Notably, despite the findings on the significant roles of Nr2c2 during early
development and adulthood maintenance, its binding ligand remain unclear.
We showed here that Nr2c2 was immunoprecipitated along with FLAG-Daxx,
suggesting that Daxx could be a ligand of Tr4 related to the neurogenesis

pathways.
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4.3.2.3 Cpsf2 (PSM ratio score 32.76)

CPSF2 (cleavage and polyadenylation specificity factor 2) is a component of
the multi-subunit CPSF complex, which catalyses the cleavage step of the
mRNA 3’ end formation. Polyadenylation of mRNA by poly(A) polymerase
(PAP) requires specificity factors and their recognition sequences. The CPSF
complex recognises the upstream core AAUAAA element, in conjunction with
CtsF (cleavage stimulation factor), thus recognises the U/GU-rich downstream
core element. This serves as a platform for the assembly of enzymatic
components onto the pre-mRNA substrates. Cleavage factor | and Il (CFI and
CFIl) are also required for generating the 3’ end of the transcript, which is
subsequently polyadenylated by PAP (Sagawa et al. 2011). The CPSF
complex consists of subunits 160 KDa, 100 KDa, 73 KDa, 30 KDa, hFipl and
symplekin; CPSF2 is the 100-KDa subunit (Bienroth et al. 1993, Shi et al.
2009).

However, CPSF2 may not act as an essential factor among the CPSF subunits
(Schonemann et al. 2014), with studies suggesting its roles in other aspects.
In detail, CPSF2 is required for the assembly of endonuclease activity that
cleaves the histone pre-mRNA (maturation of pre-mRNA) together with
CPSF73 (Kolev et al. 2008). CPSF2 forms a complex with THOC5, a member
of the transcription/export complex, to the 3° UTR of the THOC5-targeting
genes during the modulation of immediate early gene transcription. CPSF2 is
also a co-factor of RBFOX2, an RNA-binding protein. Together with SYMPK,
the CPSF2/RBFOX2 complex promotes either exon inclusion or exclusion in
alternative splicing regulation of the precursor mRNAs. Moreover, the
CPSF/SYMPK complex is a co-factor of NOVA2 as well as the heterologous
nuclear ribonucleoprotein Al during the regulation of alternative splicing
(Misra et al. 2015).

A knockdown study of CPSF2 showed increased cellular invasion in thyroid
cancer cells, while decreased CPSF2 expression is linked to more aggressive
papillary thyroid cancer (Nilubol et al. 2014). These indicate the significance
of CPSF2 in tumour development and invasion. Significantly, we show that
Cpsf2 is immunoprecipitated along with FLAG-Daxx. This indicates that Daxx

might interact with RNASs via its binding partners Atrx and Cpsf2.
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4.3.3 Graphical representation of LC-MS/MS results

The proteins presented in Figure 4. 17 were identified from the LC-MS/MS
analysis, and had a PSM ratio of 24.0. The protein analysis here is based on
the biological database and web resource of known and predicted protein—
protein interactions (STRING). The proteins involved in regulating DNA-
templated transcription are highlighted in red. Notably, the ribosomal proteins
normally considered background in MS analysis were considered actual hits
here, as they obtained high PSM ratio scores. Moreover, CHD2 had a score
of 4.66, indicating it is likely connected to Daxx. The detailed protein
candidates with a PSM ratio of 24.0 are listed in Appendix I.
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Figure 4. 17: MS analysis identified candidates Daxx-associated proteins with
PSM ratio 24.0 (STRING). The proteins labelled in red are involved in the regulation
of DNA-templated transcription. Associations: Blue — from curated databases;
Purple — experimentally determined; Yellow — textmining; Black — co-expression.
Note: The size of the nodes is unrelated to the MS score of the proteins, and ribosome
proteins are not presented here.
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4.3.4 Further optimisations of FLAG-Daxx IP

The magnetic FLAG beads were used in further optimisations of the IP
protocol, as they perform better in terms of purity specificity as compared to
agarose FLAG beads. In addition, the protocol in Optimisation V required
improvement to overcome the loss of proteins during the IP. It was suspected
that the protein loss was caused by protein degradation and oxidative stress.
Unfortunately, the improved buffer recipe with change of protease and
phosphatase inhibitors and DTT did not prevent protein loss in the output/post-
IP samples.

Finally, IP with non-denaturing buffer in Optimisation VII was tested on the
NPCs, and no significant protein loss was observed during the IP. Interestingly,
the FLAG peptides could elute the FLAG-Daxx proteins from the FLAG beads,
but the FLAG elution was not absolute and no specific protein bands were
observed in the silver stain. On the other hand, the FLAG beads eluted with
Laemmli buffer worked better than FLAG peptide elution, and silver staining
showed unique protein bands in the FLAG-Daxx condition.

In conclusion, two co-IP protocols have been developed in this project on
MNPCs for application on Daxx interactome identification. Several Daxx
binding partners have already been validated from IP using the first protocol
(Optimisation V). If my PhD project timeline had allowed, | would have
continued working on the following experiments: 1) Functional analysis of the
validated DAXX interaction partners, including their knockdown/knockout
impacts in vitro and in vivo, in relation to the DAXX cellular mechanisms as
well as H3.3 deposition. 2) More top hits from the MS analysis to be validated
via immunoblotting from the experiment duplicates, followed by functional
analysis of the validated proteins. On the other hand, the protocol in
Optimisation VII benefits from its non-denaturing feature, and novel protein
bands were shown from the silver staining. Notably, the different buffer
components and salt concentrations would result in altered protein—protein
interactions, which could explain why CPSF2 was not co-immunoprecipitated
with FLAG-Daxx here. If there had been more time, | would perform MS
analysis of these samples, and: 1) The top hits would be validated, and their
function in relation to DAXX would be analysed. 2) The identified potential

DAXX-interacting partners could also be compared with that from Optimisation
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V, and any overlapping candidates would be further studied. In addition, the
co-IP protocols developed in this project can be applied in other nuclear
protein interactome studies, potentially in other neuronal cells including neural
stem cells and glioma cells. More importantly, using the co-IP protocols, the
potentially altered DAXX interactomes in the neural cells carrying the
oncogenic transformed H3.3 (K27M or G34R/V mutation) can be studied.

4.3.5 Candidate approach (immunoblotting and iCLIP)

As elaborated above, several chromatin-remodelling factors were examined
to determine whether they are Daxx-associating proteins. Unfortunately, with
the adapted protocols, no association was found between Daxx and the
selected protein candidates. Nevertheless, we cannot rule out these proteins,
as the IP analysis of the protein—protein connections depends greatly on the
salt concentration. It is also possible that these proteins associate with Daxx
in an indirect manner.

Moreover, although the iCLIP results indicated that Daxx is not an RNA-
associated protein, we cannot be certain of this here, as MS analysis identified
the ribosomal proteins and pre-mRNA processing proteins as potential Daxx
interactomes. In addition, this experiment should be repeated, as we expect
the 1gG negative control to be negative. Therefore, further optimisation should
be performed to achieve an improved outcome that indicates the connection

of DAXX or its interacting partners to RNAs.
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Chapter 5

Conclusions and Future Research
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5 Conclusions and Future Research

5.1 Conclusions

Recent studies in our group and others have shown the importance of H3.3 in
chromatin remodelling and transcriptional regulation. In particular, H3.3
turnover on chromatin has been suggested to play an important role in
regulating transcriptional identity and cell plasticity. Moreover, H3.3 driver
mutations have been identified in paediatric brainstem (K27M) and cerebral
hemisphere (G34R/V) GBM. H3.3 accumulates on chromatin during ageing
and plays a significant pro-survival role in lifespan extension in nematodes.
Finally, it has been suggested that a lack of H3.3 promotes the development
of several psychiatric disorders as well as neurodegenerative diseases.

The H3.3 deposition chaperone DAXX is required for H3.3 deposition at the
pericentric heterochromatin and telomeres in a replication-independent
manner. Our group has demonstrated the involvement of Daxx in the activity-
dependent regulation of H3.3 loading at immediate early gene regulatory
regions in neurons, and that Daxx may regulate H3.3 incorporation in
downstream calcium signalling.

The key question in this study is whether and how we can modulate H3.3
loading. Insights into H3.3 regulatory mechanisms could provide new tools for
modulating H3.3 loading in cancer as well as ageing.

We took dual approach: on one hand, we developed a H3.3 deposition
visualisation assay that will allow us to compound screen for the H3.3
modulation factors (Chapter 3). On the other hand, we used a biochemical
approach to identify candidate interactors in the regulatory pathway of H3.3
deposition (Chapter 4).

For the high content/drug screening analysis of H3.3 deposition, a robust
visualisation platform with Halo-tagged H3.3 in Neuro2a cells was developed
via the cutting-edge automated platform. Notably, during the establishment of
the imaging assay, it was demonstrated that the turnover time for old—new
H3.3 and dH3 in the growth-arrested Neuro2a cells was 96 hours. Significantly,
dH3-HaloTag demonstrated identical loading patterns as H3.3-HaloTag,
suggesting that the canonical H3 is also deposited when the cells are in growth
arrest. Further analysis should be performed at different cell cycle stages and
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in various cell types. The established visualisation assay will be applied in
compound screening for H3.3 modulation factors, thus identifying and
developing drugs specifically targeting the deposition of mutant H3.3.

A FLAG affinity purification system was established on Daxx, and was adapted
using a number of IP protocol optimisations. MS analysis revealed 101
proteins with PSM scores 24.0. The top two Daxx-interacting candidates,
Nr2c2 and Cpsf2, were verified via IP-immunoblotting, linking Daxx to
neurogenesis as well as RNA processing. In addition, MS/MS analysis showed
a top score for Netl, but no immunoblotting antibody is commercially available
for tis validation. If Netl were validated, it would suggest that Daxx interacts
with Netl during its programmed cell death process. The finding of Daxx-
interacting partners, which have not been previously reported, not only
suggests its novel functions in cellular processing, but also provides key
insights in future exploration of Daxx functional studies including in brain
tumour and age-related diseases.

Overall, through this work, we were able to identify novel and potentially
targetable regulatory mechanisms of H3.3 loading with implications for cancer
treatment and the amelioration of age-associated tissue dysfunction and

disease.
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5.2 Future research

During the development of the H3.3 imaging assay, the unexpected finding of
the canonical H3 chromatin loading patterns has challenged the commonly
acknowledged ‘fact’ that this histone is only incorporated during the S phase.
Further studies should be carried out in cell growth arrest at different cell cycle
stages, as well as in various cell types. Significantly, the established
visualisation assay will be applied in compound screening for H3.3-interacting
partners, for the eventual purpose of developing pharmaceutical treatments
for tumour and psychology-related diseases.

Currently, the high-content/drug screening platform is undergoing further
optimisation, and the PI3K/mTOR inhibitors have been recently applied to the
cells with the visualisation platform. In addition to the application of the
HaloTag system in vitro, this system can also be applied in vivo. For example,
HaloTag can be electroporated in utero to the brain area of interest, and the
HaloTag expression would be examined via visualisation on tissue slides or in
vivo 2-photon microscopy.

The finding of Daxx-interacting partners, which has not been previously
reported, not only suggests its novel functions in cellular processing, but also
provides key insights into future exploration of Daxx functional studies. These
include, but are not limited to, brain tumour and age-related diseases.
Moreover, the two Daxx-interacting partners identified in this research are
currently under further investigation by our group. The in vitro and in vivo
functional analysis of these candidates will be performed in the future, and
more top scored MS/MS candidates would be validated.

| believe that this work will provide a window of opportunity for targeting H3.3
deposition via modulation of H3.3 chaperones. More generally, it will increase
our understanding of fundamental mechanisms regulating chromatin structure
and function in physiological processes and human disease. In addition, this
study has the potential to pave the way for drug discovery aimed at targeting
the cancer epigenome, with implications for brain cancer, neurodegeneration

diseases as well as bone neoplasms.
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Appendix I: Identified proteins from MS with PSM ratio 24.0

Identified proteins PSM Ratio
Death domain-associated protein 6 [DAXX_MOUSE] 57.01
Netrin-1 [NET1_MOUSE] 42.72
Nuclear receptor subfamily 2 group C member 2 [NR2C2_MOUSE] 40.94
Cleavage and polyadenylation specificity factor subunit 2 3276
[CPSF2_MOUSE]

Alpha-amylase 1 [AMY1_MOUSE] 30.72
Pre-mRNA-splicing factor CWC22 homolog [CWC22_MOUSE] 24.46
Putative ATP-dependent RNA helicase DHX57 [DHX57_MOUSE] 23.65
Putative ATP-dependent RNA helicase DHX30 [DHX30_MOUSE] 20.69
Perilipin-2 [PLIN2_MOUSE] 20.36
Nuclear-interacting partner of ALK [NIPA_MOUSE] 20.26

Signal-induced proliferation-associated 1-like protein 1 [SI1L1_MOUSE] | 19.38

Integrator complex subunit 1 [INT1_MOUSE] 19.30
GA-binding protein alpha chain [GABPA_MOUSE] 17.31
40S ribosomal protein S24 [RS24_MOUSE] 14.91
Bifunctional coenzyme A synthase [COASY_MOUSE] 13.78
Pre-mRNA 3' end processing protein WDR33 [WDR33_MOUSE] 12.19
Histone H1.2 [H12_MOUSE] 10.33
Ribosome biogenesis regulatory protein homolog [RRS1_MOUSE] 9.83
Histone H1.5 [H15_MOUSE] 9.53
Histone H1.4 [H14 MOUSE] 9.49
Histone H1.1 [H11_MOUSE] 9.47
60S ribosomal protein L35a [RL35A MOUSE] 8.26
60S acidic ribosomal protein P2 [RLA2_MOUSE] 7.87
60S ribosomal protein L6 [RL6_MOUSE] 7.82
Putative oxidoreductase GLYR1 [GLYR1_MOUSE] 7.59
Hemopexin [HEMO_MOUSE] 7.58
60S ribosomal protein L14 [RL14 MOUSE] 7.54
Zinc finger protein 512 [ZN512_MOUSE] 7.48
60S ribosomal protein L7 [RL7_MOUSE] 7.47
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40S ribosomal protein S16 [RS16_MOUSE] 7.34
60S ribosomal protein L21 [RL21_MOUSE] 7.24
Ilg gamma-1 chain C region secreted form [IGHG1_MOUSE] 7.09
60S ribosomal protein L18 [RL18 MOUSE] 7.08
60S ribosomal protein L7a [RL7A_MOUSE] 7
Histone H1.0 [H10_MOUSE] 6.84
60S ribosomal protein L8 [RL8_MOUSE] 6.77
Putative RNA-binding protein 15B [RB15B_MOUSE] 6.76
Nucleolin [NUCL_MOUSE] 6.7
Protein SOGAL [SOGA1_MOUSE] 6.68
60S ribosomal protein L30 [RL30_MOUSE] 6.6
60S ribosomal protein L10a [RL10A MOUSE] 6.41
60S ribosomal protein L18a [RL18A _MOUSE] 6.41
Ig kappa chain C region [IGKC_MOUSE] 6.35
60S ribosomal protein L27 [RL27_MOUSE] 6.31
Serine/arginine-rich splicing factor 1 [SRSF1_MOUSE] 6.27
60S ribosomal protein L15 [RL15 MOUSE] 6.24
IQ motif and SEC7 domain-containing protein 1 [[IQEC1_MOUSE] 6.22
Ubiquitin carboxyl-terminal hydrolase 3 [UBP3_MOUSE] 6.08
Arginine and glutamate-rich protein 1 [ARGL1_MOUSE] 5.97
Ceruloplasmin [CERU_MOUSE] 5.97
Polypyrimidine tract-binding protein 3 [PTBP3_MOUSE] 5.94
DNA methyltransferase 1-associated protein 1 [DMAP1_MOUSE] 5.93
Serine/arginine-rich splicing factor 6 [SRSF6_MOUSE] 5.93
60S ribosomal protein L13a [RL13A MOUSE] 5.73
60S ribosomal protein L3 [RL3_MOUSE] 5.64
Double-strand-break repair protein rad21 homolog [RAD21_MOUSE] 5.58
Nucleolar transcription factor 1 [UBF1_MOUSE] 5.58
60S ribosomal protein L26 [RL26_MOUSE] 5.55
60S ribosomal protein L12 [RL12_MOUSE] 5.54
60S ribosomal protein L29 [RL29 MOUSE] 5.51
60S ribosomal protein L4 [RL4_MOUSE] 5.45
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60S ribosomal protein L28 [RL28 MOUSE] 5.38
60S ribosomal protein L32 [RL32_MOUSE] 5.32
KH domain-containing, RNA-binding, signal transduction-associated 526
protein 3 [KHDR3_MOUSE]

Transthyretin [TTHY_MOUSE] 5.22
Bromodomain-containing protein 7 [BRD7_MOUSE] 5.21
Rho guanine nucleotide exchange factor 2 [ARHG2_MOUSE] 5.18
Tetraspanin-6 [TSN6_MOUSE] 5.14
40S ribosomal protein S25 [RS25 MOUSE] 5.13
CLIP-associating protein 2 [CLAP2_MOUSE] 5.1
AT-hook DNA-binding motif-containing protein 1 [AHDC1_MOUSE] 5.06
KH dgmain—containing, RNA-binding, signal transduction-associated 502
protein 1 [KHDR1_MOUSE]

U2 snRNP-associated SURP motif-containing protein [SR140_MOUSE] | 4.93
60S ribosomal protein L13 [RL13_MOUSE] 4.93
Transcription initiation factor TFIID subunit 9B [TAF9B_MOUSE] 4.9
60S ribosomal protein L36 [RL36_MOUSE] 4.81
40S ribosomal protein S18 [RS18_MOUSE] 471
Zinc finger protein 638 [ZN638_MOUSE] 4.67
Chromodomain-helicase-DNA-binding protein 2 [CHD2_MOUSE] 4.66
Golgin subfamily A member 1 [GOGA1_MOUSE] 4.66
Double-stranded RNA-specific adenosine deaminase [DSRAD_MOUSE] | 4.64
RNA-binding protein 10 [RBM10_MOUSE] 4.59
60S ribosomal protein L27a [RL27A_MOUSE] 4.58
ELAV-like protein 1 [ELAV1_MOUSE] 454
LIM zinc-binding domain-containing Nebulette [LNEBL_MOUSE] 4.52
SWI/SNF-related matrix-associated actin-dependent regulator of 457
chromatin subfamily A containing DEAD/H box 1 [SMRCD_MOUSE]

Apoptosis inhibitor 5 [API5_MOUSE] 4.5
Tyrosine-protein kinase BAZ1B [BAZ1B_MOUSE] 4.48
Eukaryotic translation initiation factor 4B [IF4B_MOUSE] 4.45
LIM and calponin homology domains-containing protein 1 441

[LIMC1_MOUSE]
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RNA-binding protein 39 [RBM39_MOUSE] 4.4

Heterochromatin protein 1-binding protein 3 [HP1B3_MOUSE] 4.39
40S ribosomal protein S5 [RS5_MOUSE] 4.39
Histone deacetylase 6 [HDAC6_MOUSE] 4.38
60S ribosomal protein L37a [RL37A_MOUSE] 4.38
60S ribosomal protein L35 [RL35 MOUSE] 4.3

Paired amphipathic helix protein Sin3a [SIN3SA_MOUSE] 4.29
Zinc finger protein 687 [ZN687_MOUSE] 4.29
CDKN2A-interacting protein [CARF_MOUSE] 4.28
60S ribosomal protein L34 [RL34_MOUSE] 4.2

Nuclear pore complex protein Nup88 [NUP88_ MOUSE] 412
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