Investigating Factors Contributing to Enhancer-Promoter
Interaction

A thesis submitted for the degree of Doctor of Philosophy of the University of Oxford

DOMI || MINA
NVSs | TIO

Lucy Joy Cornell

St Edmund Hall
Wellcome Trust Doctoral Training Programme in Chromosome and Developmental Biology
Weatherall Institute of Molecular Medicine
University of Oxford
Michaelmas 2023



Abstract

Abstract

Enhancer-promoter interactions are drivers of tissue-specific gene expression and there are several
mechanisms which contribute to their establishment and maintenance. These include accessibility and
recruitment of transcription factors and co-factors to enhancer and promoter elements within the
context of chromatin; compatibility of enhancer-promoter pairs; and the extent to which interactions
are constrained by the 3D structure of the genome. Enhancer promoter interactions usually occur
within topologically associated domains (TADs); large regions (200-2000kb) of interacting chromatin
delimited by binding sites for the insulating factor CTCF. Whilst we know that all these mechanisms
play a role, it remains unclear how each contributes. This thesis aims to address less well understood
mechanisms of how enhancer-promoter communication is fine tuned in the context of the murine a-
globin locus. | report on a functional assay which highlights how actively transcribing genes can
themselves act as insulator elements, similar in strength to a known strong CTCF site (HS-38). This
assay also revealed the unexpected importance of gene orientation relative to their enhancers, such
that maximum enhancer-induced activation is achieved when the genes are in their native orientation,
whilst in the reverse orientation transcription is impeded. Finally, | also find enhancer-promoter
communication, in the context of the a-globin locus, is partially independent from CTCF sites
throughout the locus; removal of most sites individually or in combination has no effect on alpha
globin expression. However, when all 9 CTCF sites across the locus are deleted, a-globin transcription
is reduced. These results highlight the relationship between transcription and cohesin-mediated
contacts and overall, the nuances of enhancer-promoter interactions which together achieve the

optimised level of gene expression.



Acknowledgments

Acknowledgments

Firstly, | would like to give my deepest gratitude to Doug Higgs and Mira Kassouf for the opportunity
to study under their guidance, for their advice and kindness. It has been an incredible experience and
| have learnt so much under your supervision and your continued enthusiasm for research. | must give
special thanks to Mira for her mentorship, her tireless support and all our discussions. This work was

generously funded by the Wellcome Trust, for which | am incredibly grateful.

Thank you to all the members in the Higgs group who made working in the lab such a joy. It was an
honour to have such a wonderful team around me to share their technical expertise and discussions
about research but equally to share Wordle scores, the morning crosswords, and impromptu treks to
Pret. | give special thanks to Felice for training me on the differentiation system and always providing
thoughtful discussion about our experiments. Thank you to Rosa for teaching me how to do my first
ever ChlP and sequencing run, to Emily for sharing her brilliant protocol for cohesin ChlIPs, and to Joe,
Damien, and Rob for sharing their knowledge of bioinformatics. Thank you to Chris Babbs for
invaluable discussions about computing, sequencing, and the opportunity to meet and spend time
with one of the sweetest dogs I've ever met, Freddy. Thank you to Noortje who was my very first
supervisee and who gave me such joy to mentor and train. Also, | want to give my thanks to past
members of the group, particularly Helena Francis, Caz Harrold, and Marieke Oudelaar, who | didn’t
have the chance to work with directly, but who left such an incredible framework of research and

science for me to develop my studies upon.

The work in this thesis would not have been possible without the incredible core facilities at the
WIMM,; particularly the Flow Cytometry Facility, Sequencing facility and Philip Hublitz and the Genome
Engineering Facility. Equally, my work on the synthetic locus was only made possible with our
collaboration with Professor Jef Boeke and Brendan Camellato, who took on feat of synthesising the

locus from scratch.

Away from the lab, | thank the Cardigang, namely, Lizzy, Aleks and Giannhs, for all our hijinks, all the
qguotable moments and our shared Oxford DPhil journeys. | just can’t imagine doing this without you

all and so happy that Teddy Hall brought us together.

Last, but definitely not least, thank you to Mum and Dad. For always been there through the ups and
downs and been my anchor throughout my studies. Thank you for your patience and your unwavering

support, you’ve done more for me than | can ever thank you enough for.



Acknowledgments

To Mum and Dad



Abbreviations

Abbreviations

3C
AID
APH
ATAC
alNVv
BAC
bp
CD71
Chip
CRISPR
CTCF
DHS
E14
EB
FACS
FCS
FISH
Flp
frt
Gatal
GF
GR
HAT
HDR
Hprt
HS

HT
LAD
LCR
MCS
mESC
McCC
MPRA
NGS
NLS
PBS
PCR
PGF
PGR
PF

PR
Polll / RNAPII
PolyA
RMGR
RPKM
rom
RT-qPCR
TAD
TF

tk
UTR
WT
YFP

Chromosome conformation capture
Auxin-inducible degron
Acetylphenylhydrazine

Assay for transposase-accessible chromatin

Inverted Hba-al

Bacterial artificial chromosome
base pair

Transferrin receptor-1
Chromatin immunoprecipitation

Clustered regularly interspaced short palindromic repeats

CCCTC-binding factor

DNase | hypersensitive site
E14-TG2a.IV (mESC clone)

Embryoid body
Fluorescence-activated cell sorting
Fetal calf serum

Fluorescence in situ hybridization
Flippase

Flippase recognition target
GATA-binding factor 1

Gene forward orientation

Gene reverse orientation
Hypoxanthine-aminopterin-thymidine
Homology-directed repair
Hypoxanthine phosphoribosyltransferase
Hypersensitive site
Hypoxanthine-thymidine
Lamina-associated domain

Locus control region

Multispecies conserved sequence
Mouse embryonic stem cell
Micro-Capture-C

Massively parallel reporter assay
Next-generation sequencing

Nuclear localisation signal

Phosphate buffered saline
Polymerase chain reaction

Promoter and Gene forward orientation
Promoter and Gene reverse orientation
Promoter forward orientation
Promoter reverse orientation

RNA polymerase Il

Polyadenylated

Recombinase-Mediated Genomic Replacement
Reads per kilobase per million mapped reads

Rotations per minute

Real-time PCR

Topologically Associated Domain
Transcription factor

Thymidine kinase

Untranslated region

Wild type

Yellow fluorescent protein



TABLE OF CONTENTS

TABLE OF CONTENTS
ABSTRACT ... ceeeciiiitieiierrteeeieeerenasseserennssessreensssssseenssssssseenssssssssnsssssssennssssseeenssssssesnssssssssnnsssssssnnsssssssnnsssssssenns 1
ACKNOWLEDGIMENTS ... ceeeeiiiiieieeiirienenseeereenssesreenssssseseensssssssenssssssssnnsssssessnssssssesnsssssssssnsssssssnnsssssssansssssssanns 2
ABBREVIATIONS ......ceeciiieieiciiteieeeeirenessssieensssesseensssssesesnssssssssnsssssssennssssssennssssssesnssssssssnnsssssssnnsssssssansssssssenns 4
TABLE OF CONTENTS.....coittiuiiiiiemeeeirrenessesereensssesreenssssssseensssssssenssssssssnnsssssssnnssssssesnsssssssssnsssssssnnsssssssannssssssanns 5
1. CHAPTER 1: INTRODUCTION .....cceeuiiiiiemeneirieennseceteennsseessenmssssssesnssssssesnssssssseensssssssennsssssssnnsssssssnnssssssennns 7
1.1 REGULATORY UNITS OF THE MAMMALIAN GENOME.....cititiiiiieieiereeeeeeeeeeeeeeeeeeesesesesesesesesesesssssssssssssssrsssssmerermmemnns 7
1.2 STRUCTURAL ORGANIZATION OF THE GENOME PLAYS A ROLE IN THE REGULATION OF GENE EXPRESSION ....eveeeeeeernennnnes 9
B R O T4 T To [ £ =1 £} KOOSO 9
1.2.2  TADS QNA SUDTOPOIOGIES ... tee ettt e e et e e ettt e e et a e eettaaeesassaaeeasaaeesasees 10
OV B Y/ [ [ol Yol o] e o T 1 0 4 1=1 0 1 X SOOI 11
13 LOOP EXTRUSION AS A MECHANISM OF GENOME ORGANIZATION ..veveverereeeeeeeeesesesesesesesesessssssssssssessssssssmsmsmememmmnn 12
1.3.1  ROIES Of CTCF QNG CORNBSIM ... eeee ettt e ettt e e ettt a e ettt s e e ettaaeesaseaaenaasaaeenanees 12
B 2 No YT =) 4 V[0 IO 13
1.4 TRANSCRIPTIONAL REGULATION: INFORMED OR INFORMING GENOME ARCHITECTURE? ....ceuiiiiieeeeeeeeiirnreeeeeeeeenens 15
1.5 THE MOUSE A-GLOBIN LOCUS AS A MODEL FOR CIS-REGULATORY ELEMENT FUNCTION .ceevvvvrerereerererereserereseenrerenennns 17
1.6 AIMS AND THESIS OUTLINE 1vvvvvvtuuututuunsssnassnesenenanenannnsnsnsssnsnsssssssssssssssssesesesesesesesssssassssssssssssssssssssessssssssasaaans 22
2. CHAPTER 2: MATERIALS AND IMETHODS .........ootteiiiiieneccerieennseeseennssseesenmssssssssnsssssseesnsssssssennsssssssnnnns 23
2.1 MESC GENETIC ENGINEERING .tttiiiiiiiiiieiietieeeeeeeeteeeteteeee et eeeeeeeeeeeseeeeeesaeaeseaea s s s s e s e s e s e s e s e s e e e e aeeeeesesasssnsnsesesesnnn 23
2.1.1  CRISPR/CASG @UITING ...vveeevveereeecteeeeeeeteeeeieeeeeteeetaeeeetveeeteeesseeeseeseseeeiseseasssessssessssesssessssessessaseeeases 23
2.1.2  Synthetic Recombinase Mediated Genetic Replacement (RMGR) ..........cccccecvveeeecveeeeciiraeesirieaeanns 26
2.1.3  SCreeNING MELROMS .......oocceeeeeeeeeeeeee ettt e e et e ettt e e e et e e et a e e ettt e e eeaassaaessssaaeassssaeaaes 28
2.2 CELL CULTURE AND ISOLATION «.tttttttteresesesesesessssssssssssssssssssssssssssssssssssssssssssssssssnsssssssnnnsnsnsnsnsnsnsnsnssnnnsssesasss 30
2.2, MES COI CUITUI. ...ttt e et ta e ettt e e e et e e et aaeatbaaeeaassaaessssaaeassssaenans 30
2.2.2 Isolation of in vitro-derived erytiroid COIIS .............cuuiemieeeeeeeeeeeeee et ee et e saaa e 30
2.3 IMEASUREMENT OF GENE EXPRESSION ...iiiiieiiiiieiiieieieieieteteseseseseseeeeeeseeseessssssssesssesssssesessssssssssssssssssssssssemersmnne 32
2.3.1  RNA extraction QNG RT-GPCR ........ooeueeeeeeeeeeeeeee et e eteteae e tee e ettt e eeaaaaaeasttaaesassasesssssaaessssaeaaes 32
2.3.2  YFPtag design and clonQl reQdOUL ..................cuueeeeueeeeeiiee e eeetee et etae e e e tea e eeetaaaestaaaeeans 33
2.4 NEXT GENERATION SEQUENCING ASSAYS .iiiiiiiiiiiiieieieteteteteteteteseeeeteeeeeeeeeesesesesssesesssesessrereseeeeresesereremererere. 34
2.4.1  ATAC-SEG.ccccaaieeeee ettt e e ettt e e e e e ettt e e e e e e e e et —aaa e e e et —————aeeeea it ————aaaaeeaantbaaaaaaeeaaiinres 34
B B 1\ Ry o ST UUPUE 35
2.4.3 CRUP-SEQ ..ottt e e e e e e e e e e e — e e ettt e e atbt e e e at—aa e ettt aeaatbaaeattraaeatrraaans 35
248 THEA-Cneeoeeeeeeeeeeeeee ettt e et e e et e ettt e e e e a e ettt e e e ettt e e e attba e e ettt e eaatbaaearbraaeatraaaaans 37
2.5 BIOINFORMATIC ANALYSIS «.iiiiiieiiiiiiitieieiee ettt ettt et et et et ettt ettt eeeeeeeee e e e et e et e e e e e e e e s e e e e e s e s e s e s e s e s e s e e e e s e eesasasesassseserernnn 39
2.5.1  CUSLOM GENOME SEQUEINCES .....vvvvvvviiiiieiiiiieiiiisisssssssessssssssssssssssssssssesssasasasasasasssssesesesesesssssasaeees 39
2.5.2  ATAC-S€G AN CRIP-SOQ.......uveeeaeeeeeeeeeeeeeee e eeeeeeeete e eta e e ettt e e e etsa e e s aaaaaea s aaeeaassaseessssaaessssaeeaes 40
B B 0\ Ry o USSP UUPUE 40
2,508 THEA-Ceeoeeeeeeeeeeeeeeee ettt et e e ettt e e et e e e e e ettt e e e ettt e e e at—a e e ettt aeaatbaaeartraaeatraaaans 41
2.5.5  VISUGTISALION ...ttt e ettt e ettt e e ettt e e e et a e e et e e e e tssaaeatsaaeeaassaseeasssaaeassssaeaaes 41
3. CHAPTER 3: TRANSCRIPTION OF AN ECTOPIC a-GLOBIN GENE WITHIN A LANDING PAD REVEALS
INSULATOR ACTIVITY c.eeeeiiiieeeeceiteennsieereemnseessenmssasssesnsssssseenssssssssnnssssssssnssssssssnssssssssnnssssssesnssssssssnnsssssssnnnns 42
3.1 INTRODUCTION . ettt ittt ettt ettt e e ettt ettt et et et et et et e e et e e e e e e e e et e e e e e e e e e e e s e e e e e s e e e s e e e s e s et e e e e e e e e e e e e eesaeaseennnsererernns 42
3.2 [ U] K T PP PPPRPRPRPRPRN 43
3.2.1  Boundary ACtIVity ASSQY GESIGN ...........ueeeeueeeeeiieeeeeeeeeeeeeieeeesteeeeseseeeesteaaeassaaeesssasesssssaseasssaeees 43
3.2.2 Testing the a-globin gene in the BOUNAAry ASSQY ..........cceeeeeeeeeeeeeeeeeeiieeeeaiieeeeesiaeeeeeiiseaeesisvsaeens 46
3.2.3 Transcription of fragments is correlated with insulation Strength ...............cccceeeeevevveeceveeeeciveeens 51
3.2.4 Insertion of transcribed fragments show insulator-like accumulation of cohesin.......................... 59

3.2.5 Cohesin accumulates at active enhancer elements and transcription start sites genome-wide .... 61

3.2.6  Preliminary Tiled-C Capture data indicate there may be an increase in interactions between the

engineered 1anding Sit€ QNG ENAGNCEIS ............c.c..uueeeeeeeeeeeeeee ettt eeetee et tttee e et e e ettt a e e st s e e e sreaeeeanees 62
3.3 DISCUSSION ...eteteeeeeettt et e e e e ettt e e e e s e bt ettt e e e s e aaun b ae e e e eeeesaaanne bt e eeeeesaannbeeeeeeeeeaaannbanteeeeeesaannnreeeeeeesannnns 64



TABLE OF CONTENTS

3.4 ACKNOWLEDGMENTS FOR CHAPTER 3.... i iiiiiteiiuieeeeetetstteeeeeesessnneseesssssnnnsesesssssnneeeesssssnnnnsesessssssnneeesssessnnnn 67

4. CHAPTER 4: INVERSION OF A SINGLE COPY OF THE a-GLOBIN GENE RELATIVE TO THE SUPER ENHANCER

68
4.1 INTRODUCTION .ttt ettt e e e e ettt et e e e s et ettt e e e e e saaabee e e e e e e e e e anne et e e eeeesaaannb et e e aeeeeaaannbaeeeaeeeesaansnreeeeeeesannans 68
4.2 RESULTS ettt ettt ettt et e e ettt et e e e e e s b et e e e e e e e e aua e et e e e e e e saanb ettt e e e e e e e nbabteeeeeesaannreeeeeeeeaaaaas 70
4.2.1 Generating an Hba-al inversion by non-homologous end joining (NHEJ)...........cccoveeeeveeeeecrvneanns 70
4.2.2 Inversion of a single copy of the a-globin gene, relative to the superenhancer, leads to reduction
= oL =R X [0 OO OO 72
4.2.3 Gene inversion leads to changes in cohesin accumulation ..................ccceueeeevveeeecieeeeeiiieeeesiiveeeeans 74
4.3 DISCUSSION ...tteteeeeeetttte e e e e ettt e e e s e ab ettt e e e s e s un b e et e e e e e e s e anns et e eeeeesaaannbee et eeeeeaaannbabeeeeeeesaannsreeeeeeesannans 76
4.4 ACKNOWLEDGMENTS FOR CHAPTER 4.....ceeeietteee e ettt e e e e sttt e e e e e e e bbbt e e e e e e e s aabaeeeeeeesasnnsaeeeeaeeessannnnnees 79
5. CHAPTER 5: DELETION OF CTCF SITES WITHIN THE 0-GLOBIN SUB-TAD.......cccccevtttrriiiiisissssssssssnsnnnnnnnenns 80
5.1 INTRODUCTION .ttt ettt e e e e ettt et e e e e e ab bttt e e e e s e auunbe bt e e e e e e s e anne et e e eeeesaannb et eeeeeeeaaannbaeeeaeeeesaannnreeeeeeesannans 80
5.2 RESULTS ettt ettt ettt et e ettt e e e e e e s bttt e e e e e s s aaa et e e e e e e e se e anb ettt eeeeea e nbarteeeeeeaaannreeeeeeeeaaanns 82
5.2.1 Creating a CTCF-null (ACTCF) a-globin locus using RMGR..............ccuueeeeveeeeciiieeeeieeeeecieeaeesciveeeeans 82
5.2.2  CTCF null a-globin locus presents with a reduction in a-globin expression ................ccccccveeecvvveenn. 86
5.2.3  Cohesin is redistributed to other CTCF sites whilst presence at enhancers and genes is unaffected
At the ACTCF Q-GIOBDIN TOCUS ...t e et e ettt e e et e e e et e e e ettt s e e ettt e e e sasssaeeassaneesanses 87
5.3 DISCUSSION ... tttteeeeeettt et e e e ettt e e e s e ab bttt e e e s e s aun b eee e e e e e e e e anse et e eeeeesaaannbe e e e aeeeeaaannbabeaeeeeesaannnneeeeeeesannnns 89
5.4 ACKNOWLEDGEMENTS FOR CHAPTER S ....eeieiieee e ettt et e e ettt e e e e ettt e e e e e s aan bt e e e e e e s e anbeeeeeeeeeesnnnnneen 91
6. CHAPTER 6: GENERAL DISCUSSION ......cccctiiiiiiiiiiiiinnsssnnnnneeeseessenisssssssssssssssnsnsssssssssssssssssssssssssssnsnnnnnsans 92
6.1 SUMMARY OF FINDINGS . eittttteteeeeeeiett ittt e eeeeeattete e eeesesaeunbeeeeeeeeaeaaanbebeeeaeeesaannnsbeeeeeeesasnnsanaeaeesessannnnneen 92
6.2 ORIENTATION AND POSITION OF C/S-REGULATORY ELEMENTS CONTRIBUTE TO MULTIFACTORIAL ENHANCER-PROMOTER
COMMUNICATION ..ttttteteeeeauusteteeeesaasaureeeteeeessaaaunsae et eeeeeaaaanseseeeeeeesaaansseeeeeeeeesannssneeaeeeeeaaansbeeeeeeesasaansnnneeeeeesaanans 92
6.3 CHALLENGING THE CURRENT ‘HUB’ MODEL OF ENHANCER-PROMOTER INTERACTION ...vveeeuveerereesreesreeesseeesseeenneens 93
6.4 FUTURE WORK ettt et e e ettt e e e e ettt et e e e e e sttt e e e e e e e anne et e e e e e e saaans et eeeeeeaaaannbaneeeeeeesannnnneeeeeeesannnnn 95
6.5 CONCLUSION ..ettttteeeeeetttt et e e e e e st ettt e e e e ea s te et e eaeee s aabae et e e eeeeeaansbeeeeeeesasanbaeeeeaaeeesannssbeeeeeeesannnsenneeaaens 97
CHAPTER 7: REFERENCES .......ccoiiiiiiiiiinnnnnnnneeeeesitiississssssssssssnsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnnnnnnnsnns 98



TABLE OF CONTENTS

TABLE OF FIGURES

FIGURE 1.1: PROPOSED MECHANISM OF PREFERENCE FOR CONVERGENTLY ORIENTATED CTCF AT TAD DOMAIN BOUNDARIES. .... 16
FIGURE 1.2: STRUCTURE OF THE MURINE Q-GLOBIN LOCUS TADS AND UNDERLYING ELEMENTS. ......cceveeeeeeeeeeeeeieeereseeasasananannns 21
FIGURE 1.3: IN VITRO DERIVED ERYTHROCYTES MOLECULARLY RESEMBLE PRIMITIVE ERYTHROCYTES. ....cceveveeeeeeeeeeeeeieeeeeeeeaaannns 23
FIGURE 2.1: STRATEGY OF INSERTING Q-GLOBIN FRAGMENTS INTO THE BOUNDARY ASSAY LANDING SITE. ....ceeeeveeeeeeeeaeaeanaannnn, 26
FIGURE 2.2: STRATEGY OF INVERTING THE Q-GLOBIN GENE. ...........uuuuuuuuuuiisisissssssssssssssssssssssssssssssssssssssssssesasssssssssssssens 28

FIGURE 2.3: SERIES OF STEPS IN GENERATING CELLS WITH SYNTHETIC RECOMBINASE MEDIATED GENETIC REPLACEMENT (RMGR)

..................................................................................................................................................................... 29
FIGURE 2.4: SCHEMATIC OF THE GENOME ENGINEERING APPROACH FOLLOWED TO CREATE THE CTCF NULL MODEL. .................. 30
FIGURE 2.5: EMBRYOID BODIES AT DAY 7 OF IN VITRO DIFFERENTIATION. .........uuuuitieieseieseessssssssesesesesssssssssssssssssasssessssssssnens 33
FIGURE 2.6: REPRESENTATIVE TAPESTATION TRACE OF RNA USED AS INPUTS INTO RT-QPCR..........coeveeeeeeeeeeeeeeeeeeeeeeeeieaeae, 34
FIGURE 2.7: TAPESTATION TRACES AND RINE SCORES OF RNA USED AS INPUTS INTO RT-QPCR ........oeeeeeeeeeeeeeeeeeeeeeeeeeeaeaann, 35

FIGURE 2.8: REPRESENTATIVE FACS GATING FOR MEASUREMENT OF YFP FLUORESCENCE AS A PROXY FOR (-GLOBIN EXPRESSION.

..................................................................................................................................................................... 36
FIGURE 2.9: REPRESENTATIVE TAPESTATION TRACE OF AN ATAC LIBRARY.. .......uuiieiieiieieiesssesssssesesesesesesssesssssssasasssssasssssases 37
FIGURE 2.10: TAPESTATION TRACE OF A CHIP LIBRARY. FOLLOWING INDEXING AND AMPLIFICATION. .......cccceveeeeeeeeeeaeeeaeasanann, 39
FIGURE 2.11: QUALITY CONTROL GELS OF DNA USED AS INPUTS IN TILEDC. ......ccuuecoveeeieieeeeeeeeieeeeteeeeeeeetieeasaieeseiees 40
FIGURE 2.12: REPRESENTATIVE TAPESTATION PROFILE OF SONICATED DNA USED IN TILEDC LIBRARY PREPARATION. ................. 41
FIGURE 3.1: DEFINING THE Q-GLOBIN PROMOTER AND GENE INSERTS. .......uuuuuisissssesssssssssssssssesesssssssssssssssssssssasssssesssssssens 46
FIGURE 3.2: LANDING PAD DESIGN AND EXPERIMENTAL STRATEGY. .....uuuuuuiisisissssssssssssssssssssssssssssssssssssesssssssasssesssssssssens 48
FIGURE 3.3: INSULATION STRENGTH OF (-GLOBIN GENE FRAGMENTS IN A BOUNDARY REPORTER ASSAY. ...ceeeveeeeeeeeeieeeeaeaeanann, 50
FIGURE 3.4: INSULATION STRENGTH OF (-GLOBIN GENE FRAGMENTS IN A BOUNDARY REPORTER ASSAY. ...ceeeveeeeeeeeeeeeeeeeaeaaannn, 51
FIGURE 3.5: ACCESSIBILITY ACROSS THE @-GLOBIN LOCUS IN CD71+ DERIVED FROM EDITED REPORTER CELLS. ............ceveeenennnn. 52

FIGURE 3.6: POLYA+ RNA-SEQ ACROSS THE Q-GLOBIN LOCUS IN CD71+ ERYTHROID CELLS DERIVED FROM EDITED REPORTER CELLS.

FIGURE 3.7: PoLYA+ RNA-SEQ ACROSS A ZOOMED IN REGION AT THE LANDING SITE AT @-GLOBIN LOCUS IN CD71+ ERYTHROID
CELLS DERIVED FROM EDITED REPORTER CELLS.........ccvvvvvvvevevereveeeseeesesesssesesssssssssssssssssssssssssssssssssssssssssssssssnsnsssnnnnnnns 56

FIGURE 3.8: POLYA- RNA-SEQ ACROSS THE -GLOBIN LOCUS IN CD71+ ERYTHROID CELLS DERIVED FROM EDITED REPORTER CELLS.

..................................................................................................................................................................... 58
FIGURE 3.10: QUANTIFICATION OF TRANSCRIPTION OF INSERTED FRAGIMENTS. .......uuiiieieiesssesssesesesesesesesssesssssssssasssesasssssasens 60
FIGURE 3.11: COHESIN ACCUMULATION ACROSS THE Q-GLOBIN LOCUS IN CD71+ ERYTHROID CELLS DERIVED FROM EDITED

REPORTER CELLS. ...cvvvvvvvesssesesssesssessssssssssssssssssssssssssssssssssssssnssssssssnssnnnnssssssssssssssnsssssssssssssssssesssssssssesesssssssssssasees 62
FIGURE 3.12: COHESIN ACCUMULATION AT CIS-REGULATORY ELEMENTS GENOME-=WIDE. .......cccceeeseseseseseseseresesesesesesesesasananens 64
FIGURE 3.13: PRELIMINARY CHROMATIN CONFORMATION CAPTURE FROM CD71+ ERYTHROID CELLS DERIVED FROM EDITED

REPORTER CELLS. ....cvvvvvvvesesesesssessssssssssssssssssssssssssssssssssssssssssnssssssssnssssnsssssssssssssssnsssssssssssssssssesssssssssesesssssssssssasees 65



TABLE OF CONTENTS

FIGURE 4.1: INVERSION OF THE @-GLOBIN SUPER-ENHANCER REVEALS INTERACTIONS AND TARGET GENE EXPRESSION IS

ORIENTATION DEPENDENT. .......cceseseseseseseseseeeseeeeeeeeeteeeeeteaeseaeaeeeaetetetetetetetetssassssssesssssssesesesesssssssssssnsnsnsasnnasnnnnnnnnn 71
FIGURE 4.2: SCHEMATIC AND DATA OF GENE EDITING FOR THE INVERTED (-GLOBIN GENE. ........cccceveeeeeeeeeeeeeseseieeesesseasasasananans 73
FIGURE 4.3: CHROMATIN ACCESSIBILITY OF CIS-REGULATORY ELEMENTS IN EDITED (-GLOBIN LOCl. ......ceveveeeeeeeeeeeeaeeeaeaeasaaann, 74
FIGURE 4.4: a-GLOBIN EXPRESSION DECREASES UPON INVERSION, WHILST NEIGHBOURING GENES ARE UNAFFECTED. ................. 75
FIGURE 4.5: INVERSION OF HBA-A1 CAUSES REDISTRIBUTION OF COHESIN AT THE GENE. .......cceeeeeeeeseseseseeesesesesesesesesssssssasanens 77
FIGURE 4.6: PROPOSED MECHANISMS OF ORIENTATION-DEPENDANT ENHANCER INDUCED TRANSCRIPTION. ........cccccveveeeeeeannnn.. 79
FIGURE 5.1: STRUCTURE OF THE Q-GLOBIN LOCUS TADS AND UNDERLYING ELEMENTS. .......cceeieeeeesesesesesesesesesesesesesssssasssasanes 83
FIGURE 5.2: SCHEMATIC OF THE GENOME ENGINEERING APPROACH FOLLOWED TO CREATE THE CTCF NULL MODEL. .................. 85
FIGURE 5.3: LOCATION OF CTCF BINDING SITES WITHIN THE Q-GLOBIN LOCUS. .........cceieieeeiesesesesesesesesesesesesesesssasssssasssssansns 86
FIGURE 5.4: PREPARATION AND TRANSFECTION OF THE SYNTHETIC ACTCF a-GLOBIN BAC INTO RMGR-READY MESCS............. 87
FIGURE 5.5: GENE EXPRESSION CHANGES IN ACTCF IN VITRO DERIVED ERYTHROCYTES. .....cceieieieeesesesesesesesesesesesesasssasasasasanes 88
FIGURE 5.6: MIOLECULAR CHARACTERISATION OF THE ACTCF (-GLOBIN LOCUS. ..........cceieeeieieieiesesesesesesssesesesesesasssesasssasanes 90
FIGURE 6.1: MODEL FOR HOW COHESIN TRANSLOCATION INTERACTS WITH TRANSCRIPTION ACROSS THE (-GLOBIN LOCUS. ......... 97
TABLE OF TABLES
TABLE 2.1: GUIDE SEQUENCES USED IN LANDING PAD INSERTIONS......ccuvuuuturerererereresssesesesnsssssnnnsnsnsnsssnnnsnsnsnsnsnnnssnnnnsssssssens 26
TABLE 2.2: GUIDE SEQUENCES USED TO CREATE THE HBA-AJ INVERSION .......ccuuuuuuurrruuererernsnssnennnnnnsnnnnnnnnnnnnnnnnnnnnnsnnsesesesens 27
TABLE 2.3: CTCF BINDING SITES DELETED IN THE ACTCF IMODEL .....ccvvvvvitiviireieieierersrerereretesesennnneeeasannnaennnnnnnnnnnnnnnssesesens 29
TABLE 2.4: GENOTYPING PRIMERS AND CONDITIONS FOR LANDING PAD INSERTS .....uvvuvuvururusererunnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnssesesans 30
TABLE 2.5: GENOTYPING PRIMERS AND CONDITIONS FOR O(-GLOBIN INVERSION .......cuuvuvurerurernrnnannnnnnnnnnsnnnnnnnnnnnnnnnnnnnnssenanans 31
TABLE 2.6: GENOTYPING PRIMERS AND CONDITIONS FOR BAC INTEGRATION (ACTCF) ......ooiiiiieieiee e 31
TABLE 2.7: ANTIBODIES USED FOR ERYTHROCYTE CHARACTERISATION .....cevvvuvrurererurereresesesnsnsesnnnnnnnsnsnnnsnsnsnnnsnnnsnssnsnnnssenssans 32
TABLE 2.8: TAQMAN PROBES USED FOR RT-QPCR .......cooiiiiiiiiiiiiiiiiiiiiiiiiiiiiiteiiieieieiebab bbb e s s s naan 35
TABLE 2.9: PRIMERS FORCHIP QPCR ... ..ottt ee e aab e a bbb b aba b nnnannsnnn 39
TABLE 2.10: ANTIBODIES USED FOR CHIP .......ooiiiiiiiiiiiiiiiiiictcteeete ettt ee e eaa b ebabeb bbb e nennnass 39
TABLE 5.1: PREVIOUSLY REPORTED CTCF BINDING SITE DELETIONS IN THE O-GLOBIN LOCUS ........uuuuuurununnnninnnnnnnnannnnnnenesenesns 83



Chapter 1: Introduction

Chapter 1: Introduction

1.1 Regulatory units of the mammalian genome

Each nucleated cell contains the same genome sequence, which encodes all the information necessary
to give rise to a multicellular organism comprised of meticulously organised cells, each with specialised
function and purpose which can also adapt to environmental stresses. One of the most prominent
questions is how a single blueprint genome can give rise to such a diverse range of cells. Of course,
each cell type expresses a distinct combination of protein-coding genes which then create specialised
cells, however, the structural genes in the human genome are encoded in only 1.2% of the genome
(Frith et al., 2005). Remarkably, the number of protein-coding genes in the human genome (~22,000)
is almost the same as that of a simple nematode, Caenorhabditis elegans (~20,000) which comprise
~25% of the genome, indicating that the complexity of an organism does not arise from the number
of genes, rather is driven by further variation in when and where the genes are expressed and the
various combinations in their expression. These aspects of gene expression creating further

complexity are now thought to be determine by the “non-coding” proportion of the genome.

Each gene is regulated by its promoter; a region directly upstream (5’) of its transcription start site
(TSS). Promoters transduce regulatory signals which converge on the gene, integrating signals into
transcription initiation events via the recruitment of general transcription factors, the pre-initiation
complex (PIC) and initiation of transcription via RNA Polymerase Il (RNAPII). Mammalian promoters
are often transcribed bi-directionally; however, elongation is often limited to transcription of the
associated gene, with transcription in the opposite direction giving rise to unstable antisense
transcripts which are rapidly degraded (Core et al., 2008; Preker et al., 2008; Seila et al., 2008). Tissue-
specific genes, ubiquitously expressed housekeeping genes and developmental genes tend to have
distinct characteristics and sequence motifs (Haberle and Stark, 2018). Generally, both developmental
and housekeeping gene promoters often do not contain TATA box motifs but are associated with high
densities of CpG di-nucleotides forming unmethylated CG islands (CGls); by contrast tissue-specific
gene promoters often to contain TATA elements but are not associated with CGls (Haberle and Stark,
2018). In different cellular contexts, there are distinct repertoires of transcription factors, which bind
to promoter proximal sequences, in concert with general transcription factors, to modulate

expression.
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Promoters can also be activated by enhancers, which are cis-regulatory elements rich in binding sites
for tissue-specific and developmental stage-specific transcription factors; therefore, conferring
spacio-temporal activation signals to target genes. In addition, enhancers can also recruit RNAPII, co-
activators and Mediator complexes to further regulate gene expression (Kagey et al., 2010). Enhancer
activation upon cofactor and transcription factor binding is thought to initiate a series of mechanistic
events leading to increased gene activation including but not limited to; nucleosome repositioning
and eviction of repressive Polycomb complexes at activated promoters, recruitment of RNAPII, pause
release of RNAPII and nuclear repositioning (reviewed in Long et al., 2016). Classically, enhancers are
defined as acting on their cognate promoters independently of genomic distance and orientation
(Baneriji et al., 1983). Recent developments have disputed such definition, as enhancer function does
appear to be inversely correlated with distance (Rinzema et al., 2022; Zuin et al., 2022) and clusters of
enhancers may act in an orientation dependant manner (preprint Kassouf et al., 2022). This disparity
is likely caused by the traditional validation of enhancers in episomal reporter assays (Banerji et al.,
1983) or minimal reporter systems (Pennacchio et al., 2006) which do not fully recapitulate the
enhancer’s native genomic context. Enhancers can be close to or found at large distances from their
target genes; in the case of the mammalian sonic hedgehog (shh) gene, a cognate enhancer element
(ZRS) is located more than 1Mb away (Lettice, 2003). In addition, enhancers show remarkable
selectivity to their target genes, this is exemplified by ‘bystander’ genes, which can be found proximal
to enhancers but remain unresponsive to them (Kikuta et al., 2007). One mechanism by which this is
achieved may be active silencing and in-accessibility of intervening ‘bystander’ genes; for example,
the embryonic Hba-x gene lies proximal to strong enhancers but is silenced during differentiation and
associated with extensive epigenetic modifications preventing its expression (King et al., 2021).
Another mechanism by which genes can be overlooked by enhancers may be due to inherent
specificity between enhancer promoter pairs. Development of massively parallel reporter assays
(MPRA) and testing of multiple combinations of enhancer promoter pairs, indicate that sequence
composition of elements may confer such specificity between enhancers and promoters in Drosophila
(Arnold et al., 2017; Zabidi et al., 2015) and to a more limited degree in vertebrates (Bergman et al.,
2022; Martinez-Ara et al., 2022). This may be facilitated by biochemical compatibility of transcription

factors and their associated co-factors bound to each element (Haberle et al., 2019).

Given the large linear distances that separate enhancer and promoters, it is rational that for the
elements to communicate they must at some point be in physical proximity and conceptually this can
be achieved by DNA looping. Many mechanisms have been proposed to explain looping: passive

diffusion; tracking, with a protein translocating from enhancers to target promoters; linking or
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bridging, by oligomerisation of transcription factors between the enhancer and promoter; and
relocation, with active regions migrating to sub-nuclear transcription factories (reviewed in Furlong
and Levine, 2018). Looping may be aided shared occupation of potential ‘tethering’ factors at
enhancers and promoters, such as Mediator, YY1 (Hnisz et al., 2016) and LDB1 (Deng et al., 2012).
Enhancer proximal non-promoter CGls, were also proposed to act as tethering elements, bringing their
associated enhancers into proximity with developmental promoters containing CGls (Pachano et al.,
2021). After establishment of contact, a sub-nuclear compartment may be formed, often referred to
as a ‘transcriptional hub’, which contains a high concentration of transcription factors and co-factors
which enable transcription. Different mechanisms may be more important at different stages of
enhancer-promoter contact, such as during establishment or maintenance of contact. Indeed, how
enhancer-promoter pairs are drawn into proximity has been the subject of intensive study in recent

years.

1.2 Structural organization of the genome plays a role in the regulation of gene

expression

To fit into a cell, the genome (~2 metres of DNA) must be compacted and organised. DNA is wrapped
around octameric histone proteins, providing the first layer of compaction; approximately 200 bps fit
around a histone octamer to form nucleosomes. Whilst post-translational modifications to histones
can affect the accessibility of the underlying DNA, further organisation is required to facilitate the
precise and selective activation or repression of genes. One way in which this is achieved is by radial
positioning, such that gene-poor regions or densely packed silenced heterochromatin are found at the
nuclear periphery, sometimes forming lamina-associated domains (LADS) (Peric-Hupkes et al., 2010)
whilst gene-rich or active euchromatin is found more centrally. In addition, individual chromosomes
form discrete territories in the nucleus, preferentially interacting in cis rather than in trans, as shown

by chromosomal DNA fluorescence in situ hybridization (FISH) (Cremer and Cremer, 2001).

1.2.1 Compartments

This organisation was recapitulated in early genome-wide chromosome conformation capture (Hi-C)
studies, such that blocks of predominantly active chromatin colocalise with other active regions to
form A-compartments, whilst regions of transcriptionally inactive chromatin coalesce forming B-
compartments (Lieberman-Aiden et al., 2009). These A and B compartments are mutually exclusive

and are found at large mega-base scales and visualised in genome-wide Hi-C matrices as checkerboard
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patterns. This was the first instance of use of genome-wide implementation of chromosome
conformation capture (3C) (Dekker et al., 2002). Briefly in 3C, chromatin in close spatial proximity is
crosslinked together, DNA is then fragmented (for example by using restriction enzymes Dpnll or Ncol)
but remain held in place by cross links. In situ proximity ligation then connects spatially proximal DNA
ends forming concatemers. The frequency of chromosomal contacts can be calculated from the
number of newly formed ligation junctions in the resulting chimeric DNA concatemers, as the closer
two genomic regions are in 3D space, the more likely they are to be ligated. The presence of A/B
compartments each with shared epigenetic signatures, lead to development of the hypothesis that
microphase separation may give rise to these compartments; however, it is difficult to determine if
this occurs in vivo and whether is a cause or consequence of chromatin regulation (reviewed in

Hildebrand and Dekker, 2020).

1.2.2 TADs and sub-topologies

Within the A/B compartments, higher resolution Hi-C analysis revealed smaller domains of the scale
of 100s to 1000s of kilobases, which are described as topologically associating domains (TADs) (Dixon
et al., 2012; Nora et al., 2012; Sexton et al., 2012). These domains were initially reported to be of a
median size of ~880 kb, but improvement to kilobase resolution suggested a smaller average size of
185 kb (range 40 kb—3 Mb) (Rao et al., 2014). Such structures have also been observed by orthogonal
techniques not using proximity ligation, including high-resolution (FISH) imaging (Bintu et al., 2018;
Wang et al., 2016), genome architecture mapping (GAM) (Beagrie et al., 2017), proximity methylation
(DamC) (Redolfi et al., 2019) and proximity tagging (SPRITE) (Quinodoz et al., 2018) further confirming
spatial partitioning of genomes into domains corresponding to TADs. TADs are contiguous regions of
chromatin which show preferential intra-domain interactions and lower inter-domain interactions
with neighbouring domains in cis. Many lines of evidence support a functional role of TADs in gene
regulation. Random transposition of a reporter into the mouse genome revealed enhancer activity
was limited to large regulatory regions corresponding to TADs (Symmons et al., 2014). When analysing
Hi-C from 21 different tissues, some TADs were consistently present in different cell types, however a
small number of TADs were specific to single cell types and enriched for differentially expressed tissue-
specific genes and super enhancers (Schmitt et al., 2016). Indeed, during neural development and
differentiation of mESCs into cortical neurons (CNs), regions that underwent architectural
reorganisation were associated with altered gene expression (Bonev et al., 2017). In addition,
disruption of TADs, such as by structural rearrangements, are associated with gene mis-regulation,

which can give rise to developmental malformations (Cova et al., 2023; De Bruijn et al., 2020; Franke
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et al., 2016; Lupiaiiez et al., 2015; Symmons et al., 2016) and development of cancer (Flavahan et al.,
2016; Hnisz et al., 2016). From this, TADs are understood to act as functional regulatory units,

providing topological restriction to tissue-specific enhancer-promoter interactions.

Within mammalian TADs, smaller self-interacting nested structures were also identified; referred to
as sub topologies (sub-TADs) (Phillips-Cremins et al., 2013), contact domains (Rao et al., 2014),
insulated neighbourhoods (Dowen et al., 2014) and frequently interacting regions (FIREs) (Schmitt et
al., 2016). This inconsistent nomenclature and differences across experimental setups confuse
classification of these domains. However, there are some characteristics which can help toward
distinguishing TADs and sub-TADs from one another. For example, megabase-scale TADs are largely
cell-type invariant, whereas sub-TADs are more likely to exhibit cell-type-specific reconfiguration; this
is indeed the case in the a-globin locus (Oudelaar et al., 2020a). TADS and sub-TADS may be governed

by different architectural proteins, but this remains unclear (Beagan and Phillips-Cremins, 2020).

1.2.3 Microcompartments

Recent technical developments have improved the resolution of 3C methods still further, allowing
finer-scale interrogation of the genome architecture. Micro-C, and its variants, use micrococcal
nuclease (MNase) in the place of 4-6bp restriction enzymes, to fragment chromatin to the level of
individual nucleosomes (~200 bp) (Hsieh et al., 2020, 2015; Krietenstein et al., 2020). Micro-C has
improved signal-to-noise ratio compared to Hi-C, allowing visualisation of fine-scale structures,
including promoter-promoter and enhancer-promoter contacts. Combining this approach with region
enrichment, Micro Capture-C (MCC), reveals base-pair resolution of interactions to the extent that
footprints of proteins bound at interacting cis-regulatory elements can be visualised (Aljahani et al.,

2022; Hua et al., 2021).

Whilst TADs and chromatin loops are apparent in data population-averaged chromatin-interaction
maps, single cell techniques have highlighted that chromosome structure varies markedly from cell to
cell (Nagano et al., 2013; Stevens et al., 2017). Despite the variability that may arise from the difficult
task of extracting Hi-C from single cells, upon the ensemble of data from multiple cells, TADs do appear
from the noise, even if they are not evident structures in individual cells. This is further corroborated
by high-resolution single cell imaging, which also show high levels of stochasticity and heterogeneity

in chromatin conformations on a cell-to-cell basis (Bintu et al., 2018; Finn et al., 2019; Gabriele et al.,
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2022). Together these findings demonstrate that TADs are not static structures and instead are

statistical constructs which arise from variations in the probability of pair-wise interactions.

1.3 Loop extrusion as a mechanism of genome organization

1.3.1 Roles of CTCF and Cohesin

A common characteristic of TADs is that the borders of domains are demarcated by CCCTC-binding
factor (CTCF) and can be seen in Hi-C contact maps as ‘corner peaks’ (Dixon et al., 2012; Nora et al.,
2012; Phillips-Cremins et al., 2013; Rao et al., 2014). CTCF is a small (~82 kDa) zinc finger transcription
factor which binds a non-palindromic consensus sequence; hence there is inherent orientation of CTCF
binding. Interestingly, the CTCF binding sites at domain boundaries are often found to be convergently
orientated, and it was shown that convergent CTCF sites are functionally significant in the insultation
and formation of domain boundaries (de Wit et al., 2015; Guo et al., 2015; Rao et al., 2014; Sanborn
etal., 2015; Vietri Rudan et al., 2015). The importance of CTCF in gene regulation is displayed by many
instances where disruptions of CTCF sites at domain boundaries led to merger of neighbouring
domains and mis-regulated gene expression (Dowen et al., 2014; Hanssen et al., 2017; Lee et al., 2017,
Lupidnez et al., 2015; Narendra et al., 2015; Symmons et al., 2016; Vos et al., 2021). This is in line with
CTCF’s recognised function as an insulator, so called because CTCF acts as a local barrier to cis-acting
elements, insulating promoters from distal enhancers (Bell et al., 1999; Wendt and Peters, 2009). CTCF
has also been described as a chromatin barrier, as its presence limits the spread of chromatin
modifications such as H3K4me3 and H3K27me3 associated with active and inactive chromatin
respectively, however this may be a secondary effect of limiting enhancer activity (Hanssen et al.,

2017; Narendra et al., 2015).

CTCF bound sites are often co-occupied by the protein complex cohesin (Parelho et al., 2008; Rubio et
al., 2008; Stedman et al., 2008; Wendt et al., 2008). Cohesin is a tripartite ring-complex comprised of
structural maintenance of chromosomes (SMC) family proteins Smc1/3 and Rad21; this further
associates with Scc which comes in 3 variants in mammals (SA-1, SA-2, and SA-3). Complex assembly
leads to Smc1/Smc3 heterodimerisation, which then form a composite ABC-like ATPase domain
(Haering et al., 2002). Cohesin was primarily associated with DNA replication and sister chromatid
cohesion and is considered to encircle chromosomal helices (Nasmyth and Haering, 2009). It is thought
to be loaded onto chromatin by Nipbl-Mau2 complexes (Ciosk et al., 2000) and released by Wapl and

Pds5 (Kueng et al., 2006), presumably by opening of the cohesin ring. Co-localisation of cohesin with
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CTCF was found to be dependent on CTCF, however CTCF could associate with chromatin
independently of cohesin, suggesting that CTCF may anchor cohesin to chromatin (Parelho et al., 2008;
Rubio et al., 2008; Wendt et al., 2008). CTCF and cohesin were identified at >86% of domain
boundaries in mammalian Hi-C, indicating a key role of these two proteins in TAD formation (Rao et

al., 2014).

1.3.2 Loop extrusion

The role of both CTCF and cohesin in building chromatin architecture is highlighted in acute depletion
studies coupled with Hi-C. When cohesin is removed via an auxin-inducible degron (AID) chromatin
domain structures are lost globally (Rao et al., 2017) whilst degron depletion of CTCF results in loss of
TAD insulation and creating merged TADs (Nora et al., 2017). However, in this situation, A and B
compartments remain intact (Nora et al., 2017). In addition, upon knockout or knockdown of the
cohesin release factor Wapl, cohesin residency time increases and chromatin loops are extended,
indicating that Wapl normally acts to restrict domain formation by off-loading

cohesin and thereby limiting its translocation (Haarhuis et al., 2017; Wutz et al., 2017).

It has been proposed that TADs are formed, at least in part, by loop extrusion (Fudenberg et al., 2016;
Sanborn et al., 2015). In this mechanism, a DNA-extruding factor (i.e. cohesin) is loaded onto
chromatin, proceeding to translocate uni- or bi-directionally and extruding DNA into a loop as it
progresses. Translocation continues until halted by boundary elements, such as convergent CTCF sites,
at which point it is stalled, and a loop domain is formed and eventually off-loaded by Wapl. This
mechanism can explain the curious observation of convergent CTCF sites at domain boundaries, as it
is the N-terminal domain of the CTCF protein that interacts with the translocating Rad21 subunit of
cohesin causing stalling of cohesin translocation long enough for stabilisation, whilst stabilisation may
not be achieved with weaker stalling at the C-terminus (Figure 1.1) (Li et al., 2020; Pugacheva et al.,

2020).
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Figure 1.1: Proposed mechanism of preference for convergently orientated CTCF at TAD domain boundaries.

Cohesin is loaded onto chromatin, likely by a combination of Nipbl:MauZ2 activity, and proceeds to pull chromatin
into an extruded loop. Cohesin continues to translocate until it encounters CTCF sites. When CTCF sites are in
divergent orientation, cohesin may be stalled but not stabilised and is promptly released from chromatin by Wapl.
When CTCF sites are convergent, cohesin translocation is stalled and the N-terminal domain of CTCF may form a
stabilising interaction with cohesin, preventing off-loading by Wapl. Figure adapted from (Davidson and Peters,

2021)

Loop extrusion also explains the transient nature of TADs and subTADs as it is an inherently dynamic
process. Single molecule tracking in vitro provide direct evidence of cohesin mediated DNA extrusion
in vitro, using yeast cohesin (Ganji et al., 2018) and mammalian cohesin (Davidson et al., 2019; Kim et
al., 2019) however it is yet to be observed directly in vivo. These studies as well as (Rhodes et al., 2017)
suggest that Nipbl acts as a processivity factor to cohesin extrusion and so regions enriched for Nipbl
may not simply be indicative of cohesin loading. Indeed, whether cohesin is pervasively loaded
genome-wide or if there are sites of active loading remains an open question and is difficult to
determine in vivo due to its dynamic nature; however, there are indirect observations that support
the suggestion that cohesin may be loaded active enhancer elements. Firstly, cohesin co-localises with
cell-type specific transcription factors and Mediator at promoters and enhancers (Faure et al., 2012;

Kagey et al., 2010). In addition, cohesin occupancy at enhancers is reduced with degron-induced
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depletion of Mediator (Ramasamy et al., 2023). Furthermore, if cohesin is indeed loaded at enhancer
elements then it would be expected that disruption of enhancer elements would lead to a reduction
in cohesin occupancy; this was observed when only one of the 5 enhancer elements is present in the
a-globin locus cohesin accumulation across the locus is markedly reduced (preprint Georgiades et al.,
2023). Similarly, this was also reported in a separate study, with reduced cohesin accumulation
observed at flanking CTCF sites (Vos et al., 2021). Insertion of enhancer elements into ‘neutral’ regions
of chromatin also leads to cohesin recruitment (Georgiades et al., 2023; Rinzema et al., 2022). Finally,
predictions from polymer simulations predicted that targeted loading of cohesin and loop-extrusion
would result in perpendicular ‘jets’ from loading sites in Hi-C maps, which were recently observed in
quiescent murine thymocytes and associated with accessible chromatin, Nipbl and H3K27ac (Guo et
al., 2022). However, it remains unclear whether those chromatin signatures are sufficient or causative

of targeted cohesin loading.

It also unclear whether loop extrusion is a bi-directional or asymmetric process, however genomic
context may dictate the resultant trajectory of cohesin translocation. For example, the phenomena of
architectural stripes in Hi-C contact matrices can be interpreted as a forced asymmetric extrusion;
cohesin loaded in the vicinity of a correctly orientated CTCF site is immediately blocked, anchoring
one side of the loop. Extrusion then continues to reel in the rest of the domain and so presenting the
anchor to the entire TAD (Barrington et al., 2019; Vian et al., 2018). In some cases, the anchor site is
proximal to lineage-specific enhancers and super enhancers, thus the tethered enhancers can be

considered to track along chromatin, permitting linear scanning for cognate promoters.

1.4  Transcriptional regulation: informed or informing genome architecture?

Despite these insights, the functional role of genome architecture and loop extrusion in gene
regulation remains unclear, as there are numerous reports with surprisingly minor changes in gene
expression upon the disruption of domain structures. Depletion of CTCF, cohesin, Wapl and Nipbl,
whilst associated with massively perturbed global architecture, display very minor changes in
transcription following depletion, with A/B compartmentalisation appearing to be more prominent,
(Nora et al., 2017; Rao et al., 2017; Schwarzer et al., 2017; Wutz et al., 2017). The relatively small
number of loci with significantly changed expression upon depletion of cohesin, corresponded to
enhancer regulated tissue-specific genes. This led to the hypothesis that there may be two forces
contributing to genome architecture; the first is loop extrusion (cohesin dependant) and the second

is the molecular compartmentalisation (cohesin-independent). Molecular compartmentalisation may
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arise from spatial separation of different chromatin states, such that regions with similar epigenetic
signatures tend to attract and separate from other signatures (Nuebler et al., 2018). Loop extrusion
appears to act as an antagonistic force to compartmentalisation, which may arise from more passive
mechanisms, such as phase-separation, but this is still largely unclear. The extent to which each of
these forces contributes to regulation remains an important line of study and may be dependent on

genomic and cellular contexts.

Whilst global interactions are lost, the resolution of Hi-C prevented assessment of how individual
enhancer-promoter interactions are affected. With the advent of Micro-C, it became possible to
determine the role of cohesin in determining the fine-scale enhancer—promoter/promoter—promoter
interactions, overlooked in Hi-C. ‘Microcompartments’ containing such interactions were reportedly
resistant to acute depletion of cohesin (Hsieh et al., 2020). Even with the generation of region
enrichments of Micro-C, deepening the mapping of 3D structures, uncertainty of the contribution of
loop extrusion remains. Depending on the locus, some enhancer-promoter interactions are
weakened, and some are unaffected upon acute depletion of cohesin in mESCs (Aljahani et al., 2022;
Goel et al., 2023). This suggests that cohesin may not be important for the establishment and/or the
maintenance of some enhancer-promoter interactions. However, these studies were performed in
steady state conditions, and so the relatively minor changes in gene expression may be due to the
presence of preformed stable enhancer-promoter contacts. Other reports suggest cohesin is required
for long range enhancer-promoter interactions or inducible gene expression during differentiation
(Calderon et al., 2022; Cuartero et al., 2018; Kane et al., 2022; Rinzema et al., 2022). In line with this,
cohesin depletion during in vitro erythroid differentiation into the erythroid lineage caused a severe
effect on a-globin expression only when depleted early in differentiation (preprint Stolper et al.,
2023). Therefore, loop extrusion may be required during differentiation, to set up correct enhancer-
promoter contacts. Once formed these become largely independent of extrusion and molecular

affinities may hold the regions together, with extrusion providing robustness to the interaction.

An equally debated question is whether transcription can have a reciprocal influence on chromosomal
architecture. Whilst CTCF and cohesin are observed at TAD borders, active genes were also observed
at TAD boarders (Dixon et al., 2012; Rao et al., 2014). Later it was shown that this was not limited to
housekeeping genes as the formation of a border was concomitant with activation of neuron-specific
genes over different stages of differentiation into neuronal cells (Bonev et al., 2017). In addition,
RNAPII is required to re-establish genome architecture following of after mitosis (Zhang et al., 2021).

These observations suggested that transcription may indeed have a role in regulating genome
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architecture. Whilst there was little change in Hi-C architecture upon depletion of RNAPs (Jiang et al.,
2020; Valton et al., 2022) recently, degron depletion of RNAPII used in combination with Micro-C
observed rewiring of fine-structure contacts from promoters to CTCF sites, which could be interpreted
as RNAPII acting as a blockade to loop extrusion (S. Zhang et al., 2023). Chemical inhibition of RNAPII
results in reduction in the intensity of enhancer—promoter and promoter—promoter stripes in Micro-
C (Barshad et al., 2023; Hsieh et al., 2020). In addition, RNAPII and transcription can lead to relocation
of cohesin (Busslinger et al., 2017) and can disrupt existing spatial organisation (Heinz et al., 2018).
Therefore, it seems that actively transcribing RNAPII can also contribute to chromatin architecture,

but it is unclear how transcription interacts with loop extrusion mechanistically.

1.5 The mouse a-globin locus as a model for cis-regulatory element function

Although the study of nuclear organization and its role in gene regulation has been crucial for
uncovering general principles and potential mechanisms, a substantial number of discoveries
concerning the interplay between genome structure and gene expression have emerged from detailed
analyses of individual loci. The mouse alpha (o) globin locus has long been used as a model to study
mechanisms of gene regulation. Cis regulatory elements are largely conserved in position and
sequence throughout evolution (Hughes et al., 2005; Philipsen and Hardison, 2018). Due to its
extensive cis-regulatory element characterisation and the ease of obtaining erythroid cells from
patients and model organisms, the a-globin cluster remains an ideal model in which to investigate the
role of mammalian cis-regulatory elements in transcriptional regulation (Oudelaar et al., 2021) (Figure
1.2). Furthermore, as a-globin is a product of terminal erythroid differentiation, experimental
manipulations of the locus do not affect cell fate decisions, development, or differentiation, which

could confound the interpretations.

The genes are distributed across the locus in the order of their developmental expression pattern
starting with the zeta ({) globin gene (Hba-x) which encodes and expresses embryonic globin in
primitive erythroid cells but is silenced in definitive erythroid cells (Palis, 2014). These are followed by
the duplicated a-globin genes (Hba-al, Hba-a2) which encode the alpha subunit of haemoglobin
expressed in the embryo (primitive erythrocytes) and becomes the dominant a-globin in adult
(definitive) erythroid cells. The a-globin genes are linked to the theta (8) globin genes (Hbg-1, Hbg-2)
which are of unknown function (Albitar et al., 1989). All of the genes within the a-globin locus are
regulated exclusively by a cluster of 5 distinct enhancers R1, R2, R3, Rm and R4, which are not all

functionally equivalent (Hay et al., 2016). These enhancers bind many transcription factors known to
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regulate erythropoiesis including GATA1, NF-E2, KLF1 and TAL1) and also recruit high levels of
Mediator, H3K4me1l and H3K27ac, fulfilling the requirements to be classified as a super enhancer (Hay
et al., 2016). Of the elements, R2 was identified as the strongest element, binding the majority of
transcription factors and alone contributing 50 % activation of the mouse a-globin genes (Hay et al.,
2016) and 80 % of human activity (Badat et al., 2021). Further to this, R1 and R2 appear to act as
classical enhancers, whilst R3, Rm and R4 do not appear to have inherent enhancer activity but are
required for full activation potential; these elements have therefore been referred to as “facilitator”
elements (Blayney et al., 2022 in press). The locus contains largely convergent CTCF sites which flank
the super enhancer and promoters (Hanssen et al., 2017). Finally, the entire locus is contained within
a 165 kb TAD domain, and over the course of erythropoiesis a smaller 65kb erythroid specific subTAD
is formed, encapsulating the enhancer elements and a.-globin genes (Hughes et al., 2014; Oudelaar et
al., 2020) (Figure 1.2). The TAD has been visualised by high resolution microscopy (Brown et al., 2018).
Interactions across the locus in red blood cells were recently determined to a single base-pair
resolution using Micro-C with viewpoint enrichment (MCC) (Hua et al., 2021). Of note, in definitive
erythrocytes, the enhancer elements each make punctate contacts with Hba-a1/2 promoters, which
footprints recapitulate transcription factor binding sites. The silenced Hba-x gene is packaged within
its own 10kb compartment, that does not interact with the enhancers in definitive erythroid cells (King

etal., 2021).
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Figure 1.2: Structure of the murine a-globin locus TADs and underlying elements.

Tiled-C contact matrix displaying fine-structure of the a-globin locus at 2kb resolution, the black and red bars
under the matrix represent the pre-existing 165 kb TAD (chr11:32,080,000-32,245,000) and the erythroid-specific
65 kb sub-TAD (chr11:32,136,000-32,202,000), respectively. Replotted from (Oudelaar et al., 2020a). Tracks
below display DNA accessibility (DNase Hypersensitivty, ATAC-seq), ChlP-seq of transcription factors (Gatal,
Nfe2, KIf1), ChiP-seq of histone modifications (H3K4mel, H3K27ac, H3K4me3), transcription machinery (Med1
and Polll) and ChiIP-seq of architecture proteins (Rad21/Cohesin, CTCF). Enhancer elements (R1, R2, R3, Rm, R4)
are highlighted in grey and orientation of CTCF binding sites are indicated by blue or red arrows. All data
presented here has been reanalysed from published datasets from primary mature erythroid cells: DnaseHS
(Schwessinger et al., 2017), ATAC, Polll & Rad21 (Hanssen et al., 2017); Nfe2, Gatal & CTCF (Hughes et al., 2014);
KIf1 (Tallack et al., 2010); Med1 (Hay et al., 2016); H3K4mel, H3K27ac & H3K4me3 (Kowalczyk et al., 2012).
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Another powerful aspect of using the a-globin locus as a model system is that a-globin are terminal
differentiation products, such that they do not affect the expression profile of other genes. Their
regulation can also be observed over the course of differentiation during erythropoiesis. Furthermore,
we have recently developed an in vitro differentiation protocol, which allows for generation of
erythrocytes from mESCs (Francis et al., 2022), reducing the need to generate in vivo models and
hence increasing the throughput of characterisation of genetic manipulations. These erythrocytes
have very similar transcription factor binding, accessibility (Figure 1.3) and expression profiles to

primitive erythrocytes (Francis et al., 2022).
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Figure 1.3: In vitro derived erythrocytes molecularly resemble primitive erythrocytes.

Accessibility across the a-globin locus as determined by ATAC-seq in embryonic stem cells (mESCs), primitive
erythrocytes (E10.5), definitive erythrocytes from APH treated spleens and in vitro derived erythrocytes (EB
CD71+). Below shows recruitment of various transcription factors, histone modifications and CTCF in WT CD71+
population of cells derived from in vitro embryoid body differentiation. Note that hba-x is accessible and
associated with active chromatin signatures in EB derived cells. Data was previously published in (Francis et al.,

2022) and primitive ATAC published in (King et al., 2021).
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1.6 Aims and thesis outline

The interplay between cohesin mediated-loop extrusion and gene regulation remains poorly
understood, therefore in this thesis | aim to investigate how transcription and CTCF elements interact
with cohesin to coordinate formation of the erythroid specific subTAD and optimum gene expression.
Firstly, | characterise how transcribing units can act as insulator-like elements, when placed between
a cognate enhancer-gene pair. Secondly, | generate a gene inversion to determine how the direction
of transcription and relative orientation of elements may affect enhancer driven activation. Finally, |
present the generation and characterisation of a genome-integrated synthetic locus, lacking all CTCF
sites to determine their combined impact on gene regulation. My study highlights underappreciated
aspects which contribute to the optimisation of gene expression whilst also presenting a link between

cohesin localisation and transcription.
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Chapter 2: Materials and Methods

2.1 mESC genetic engineering

2.1.1 CRISPR/Cas9 editing

Boundary assay

Fragments of the a-globin gene were synthesised by TWIST Bioscience; these sequences were flanked
by Bsal sites to facilitate Golden Gate Assembly. The HDR (Homology Directed Repair) template
plasmid (pROSA-TV2, created by Prof. Ben Davies and colleagues) contained ~1.3 kb homology arms
to either side of the landing site and a [Enhcwy:Pg-actin: HygromysinR:ATK] selection cassette, flanked by
homotypic loxP sites to facilitate CRE-recombinase mediated excision following integration into the
genome (Figure 2.1). Synthesised fragments were cloned into the HDR plasmid by Golden Gate
Assembly (NEB) and transformed into competent Top10 E. coli. Plasmids were miniprepped following
colony screening and overnight growth in LB under antibiotic selection. The resulting HDR:insert
vectors were co-transfected, using Lipofectamine (Plus/LTX), with 2 sgRNA:Cas9 expressing plasmids
(pX355-pDN1 and pX355-pl) (Table 2.1) into parental reporter mESCs (clone G11). The parental
reporter cells were generated previously (Francis Thesis, 2019): they were edited to be hemizygous
for the a-globin locus, such that one allele had a 86kb deletion spanning the entire locus, and on the
remaining allele, 2A-peptide:mVenus:3xSV40-NLS was incorporated at the end of the 3™ exon of Hba-
al, whilst the distal Hba-a2 remained unedited (Figure 2.1). The emission and absorption spectrums
of YFP are compatible with the absorbance spectrum for the haemoglobin protein and a strong nuclear
localisation signal (3xSV40 NLS) was used to reduce the chance of signal quenching from cytoplasmic
haemoglobin (Papadopoulos et al., 2012; Zijlstra et al., 1991). Following 24-hour recovery following
transfection, cells were placed under Puromycin (1.5 pg/ml) selection for 48 hours, followed by
Hygromycin (250 pug/ml) selection for 7 days. Cells were then transiently transfected with a CRE-
recombinase expressing plasmid (Pcaggs-Cre-IRESpuro) to remove the selection cassette and after 24
hours recovery, single cell sorted into 96 well plates with filter sterilsed 1:1 conditioned:fresh media.
Single cell colonies were allowed to grow for up to 10 days, at which point they were split for -80

storage, expansion and gDNA extraction. 3 sets of PCRs were used for screening (Table 2.4).
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Figure 2.1: Strategy of inserting a-globin fragments into the boundary assay landing site.

The landing site is located between the enhancers and Hba-x gene (chr:32171587-32172056 mm39); ~2.6 kb from
the R4 enhancer element. Hba-al has been edited so that the C-Terminus of the resulting a-globin protein is
fused with 2A-peptide:mVenus:3xSV40-NLS. On the other allele (not shown) there is an 86kb deletion spanning
the entire a~globin locus, such that it can be considered hemizygous for the locus. The inserts are introduced to
the locus using CRISPR:Cas9 mediated HDR; the HDR template contains 2 arms homologous for either side of the
insert site and a HygromycinR:ATK selection cassette flanked by homotypic loxP sites, which is removed upon Cre

mediated recombination.

Table 2.1: Guide sequences used in landing pad insertions

5’ for landing site PDN1 GCTGTAGTGTAACTAACTGC

3’ for landing site P1 GCTTCAAGAACTGCCTTCCTG

a-globin inversion

The targeting strategies for the inversion were designed, prepared, and tested by Dr Philip Hublitz and
team in the Genome Engineering Core Facility at the Weatherall Institute of Molecular Medicine.
Guide sequences for Cas9 were designed using CRISPOR and BreakingCas algorithms; guides with the
fewest off-target effects were selected for further validation. The top 3 guides of each targeting region
were cloned into pX458 derived plasmids and transfected into tetraploid B16f10 cells for ON-target

Surveyor assays; the best performing guides were chosen to be used in targeting.

The parental line was derived previously (Francis, 2019) from RMGR-competent mESCs, derived from
E14-TG2a.lV (E14) mESCs, in which one allele had the 86kb deletion across the a-globin locus and the
other allele was exchanged for a WT BAC-derived a-globin locus, termed ‘“WT hemizygous. This cell

line was used due to the ease of targeting a hemizygous allele. Due to the high homology around the
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two copies of the a-globin genes (Hba-al/2), the first step in the strategy required deletion of the
theta pseudogenes and Hba-a2, to allow for direct targeting of only one copy of the gene A[Hbg-
la/Hba-a2/Hbg-1b] (Figure 2.2). Two sgRNA:Cas9 plasmids were generated to target the 5’ and 3’
ends of the target region (pX458-DH031-1 (Addgene 48138, eGFP), and pX458-R-DH031-4 (Addgene
110164, mRuby, respectively). The resulting deleted region was 16.1kb. A HDR vector with ~600 bp
homology either side of the expected cut sites were synthesized by GeneArt (Invitrogen) into a pMA-
RQ vector; the breakpoint was checked for to make sure no novel accessibility sites were generated
using the sasquatch tool (Schwessinger et al., 2017). The sgRNA:Cas9 and HDR template plasmids were
co-transfected by lipofectamine into WT hemizygous mESCs (clone C3), recovered for 24 hours then
single cell sorted with gating for double positive GFP/RFP into 96 well plates with filter sterilsed 1:1
conditioned:fresh media. Following PCR screening and expansion the targeting to invert the remaining

Hba-al was performed.

In the second stage of targeting, two sgRNA:Cas9 plasmids were generated to target the 5’ and 3’
around Hba-al (pX458-DH031-8 (Addgene 48138, eGFP), and pX458-R-DH031-10 (Addgene 110164,
mRuby) respectively (Table 2.2)) (Figure 2.2). The target sites were located ~1.3 kb upstream of the
TSS and ~900 bp downstream of the end of the 3’UTR, therefore the inverted region should include
all the requisite sequence for native expression. Due to a reportedly high incidence of inversion upon
induction of double stranded breaks, the inversion of the gene was allowed to happen by the default
repair pathway of Non-Homologous End Joining (NHEJ) (Blayney et al., 2020). A clone from the first
stage of targeting with one copy of Hba-al (clone 7C, al-only) was transfected with pX458-DH031-8
and pX458-R-DH031-10 targeting plasmids (Table 2.2), recovered for 24 hours then single cell sorted
as in stage one. A series of orientation dependent genotyping PCRs were performed to confirm the
inversion (a-INV) (Table 2.5). Sanger sequencing also confirmed the sequence underlying the inversion

breakpoints and once again checked using the sasquatch tool with no de novo accessibility sites

detected.
Table 2.2: Guide sequences used to create the Hba-al inversion
5’ for A[Hbg-1a/Hba-a2/Hbg-1b] DHO031-1 GTTGGATGGTTACGGGCAAGTGG
3’ for A[Hbg-1a/Hba-a2/Hbg-1b] DHO031-4 TGCCACTGTACGTTTATGACTGG
5’ for inversion DHO031-8 TGAGACAGTTCCAAAATACGTGG
3’ for inversion DH031-10 ATTAAAAACTCTACTGACCGAGG
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Figure 2.2: Strategy of inverting the a-globin gene.

The strategy began with a cell line hemizygous for the a-globin locus as on the other allele (not shown) there is
an 86kb deletion spanning the entire a-globin locus. The al-only model was generated by introducing a 16.1kb
deletion encompassing Hbg-1a, Hba-a2 and Hbqlb using CRISPR:Cas9 mediated HDR. The remaining copy of
Hba-al was then inverted using CRISPR:Cas9 mediated NHEJ.

2.1.2 Synthetic Recombinase Mediated Genetic Replacement (RMGR)

A synthetic Bacterial Artificial Chromosome (BAC) comprised of a variant a-globin locus with all the
internal CTCF sites deleted (ACTCF), was generated using a version of the eSwAP-In method (Mitchell
et al., 2021) by our collaborator Brendan Camellato (New York). Briefly, the synthetic locus was
generated by iterative homologous recombination steps in Saccharomyces cerevisiae of PCR
amplicons that tiled the entire locus. The integrity of the BAC was sequence-verified using short-read
sequencing. BACs containing the synthetic ACTCF mouse a-globin locus were received as transformed
bacteria samples and grown up overnight in LB under kanamycin (20 pg/ml) selection. Cells from 400
ml of culture were lysed using Qiagen P1/2/3 solutions and was filtered through a 70 um cell strainer.
BAC DNA was extracted by caesium chloride (CsCl) density gradient with ethidium bromide staining
(EtBr) (Figure 2.3). Following separation, BAC DNA was collected and washed with TE-enriched butanol
then precipitated in ethanol overnight at -80°C. After dissolving the DNA pellet into sterile water
overnight at 4 °C, the BAC was quantified by dsDNA Qubit and its integrity was checked using

restriction digests before transfection.
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Figure 2.3: Series of steps in generating cells with synthetic Recombinase Mediated Genetic Replacement
(RMGR)

Previously, an RMGR-receptive cell line was generated with the machinery in place to allow for BAC
integration (Wallace et al., 2007). In addition, this cell line was edited further to delete the a-globin
locus of non-receptive allele, creating an RMGR-ready hemizygous parental (Francis, 2019). The 86kb
region encapsulating the RMGR-ready a-globin locus is flanked by heterotypic lox sites; at the 5’ end
of the locus a partial HPRT-2* selection cassette was introduced, and at the 3’ end is a Puromycin
resistance/Thymidine Kinase (PuroR/TK) cassette (Figure 2.4). Integration into the RMGR-ready locus
is facilitated by the inserted sequence having complementary loxP/lox511 sites and partial HPRT->' to
complement the HPRT-** in the locus. Upon correct integration the PuroR:TK cassette is removed. 2.5
pg of ACTCF BAC was co-transfected with 0.25 ug of CRE-recombinase expressing plasmid (Pcaggs-
Cre-IRESpuro) (Smith et al., 2002) using lipofectamine LTX/Plus reagents. After 24 hours of recovery,
cells were placed under HAT selection for 6 days, followed by 5 days recovery in HT supplemented
media. The few cells survived selection were genotyped by PCR over the RMGR breakpoints and then
expanded in culture. The complemented Hprt gene selection cassette is flanked by homotypic frt sites,
therefore was removed with transient transfection with a flippase (Flp) expressing plasmid. After 24
hours of recovery the cells were plated at clonal density and left to recover for another 24 hours. Cells
were then placed under 6-ThioGuianine (6-TG) selection (10 uM) for 4 days. Cells were grown for a
further 5 days before colony picking. Cells were allowed to grow and expand for 10 days after which

they were genotyped by PCR (Table 2.6).

Table 2.3: CTCF binding sites deleted in the ACTCF model

CBS deletions in ACTCF | Sequence

HS-59 AATAAATGACCACGAGGTGGCGCCAA
Rhbdf_CTCF ATGCCAGAGGGGGCATCAGA

HS-39 TGGCCACTGGGGGCGCCATT

HS-38 TCTGCTACCCTCTGGTGGCC

HS-29 GTCCACTGGGTGGCACTTGG

01/62 minor AACCAGAAGAGGGCATCAGA

01/62 major TGCAGCGCCCCCTGGCGGCCT

29



Chapter 2: Materials and Methods

86 kb

]

Rhbdf1 62
Snrnp25 Mpg Npri3 14 al 61 a2
vemgous arceney 771 DB w1 | 1 =T H "]
mESCs '.“ //// i
Rhbdf1 Mpg Npri3 4 al 61 a2 02
Synthetic dCTCF BAC —} 1'1? \ ‘ XX X
+Cre
Rhbdf1
Snrnp25 Mpg Npri3 14 al 61 a2 02
. l+FIp
,"'éhbdfi
snmp25 Mpg Npri3 7 al o1 @ 02
Hemizygous dCTCF mESCs ‘ ‘ XX X

//
yws
77

} frt site D loxP site

Figure 2.4: Schematic of the genome engineering approach followed to create the CTCF null model.

} lox511 site X Deleted CTCF binding site

Parental hemizygous RMGR-ready cells, with Hprt-A3’|neomycinR cassette and PuromycinR [tk cassette
integrated into the 5’ and 3’ regions of the a-globin locus (grey). A synthetic locus (white) with all CTCF sites
deleted was created in a BAC, with complementary HygromycinR|[Hprt-A5’ cassette. The synthetic locus
integrates into the RMGR-ready genome with the use of loxP/lox511:CRE-recombinase activity. The Hprt is

removed by Frt:Flippase recombination.

2.1.3 Screening methods

Genomic DNA (gDNA) was extracted by firstly lysing cells in lysis buffer (50 mM Tris, pH 8.0, 1 mM
EDTA, pH 8.0, 0.5% Tween 20) supplemented with 60 pg/ml proteinase K and incubating for 24 hours
at 37°Cin 96-well plates. Proteinase K was inactivated with 10-minute incubation at 95°C. gDNA was
then precipitated with cold isopropanol, washed with 70% ethanol, and resuspended in water and

used for genotyping PCRs using the primers listed below.

Table 2.4: Genotyping primers and conditions for landing pad inserts

Primer 1 Primer 2 Polymerase | Tn, Description

u2= D2 = DreamTaq 65°C Outer right to left homology

CCTGCAATCTCAACCCTCAGGAATT GGCAGAAAATTTAACCAGCAGTATTGTACC arm

Ul= 2.2R = CAAACATCCTGGGAGAAGGA DreamTaq 59°C | OQuter left to forward gene

TTTTTCGGGGCTTATACTCTCTCTT body

2.2F = TCCAATATGGACCTGGCACT D2 = DreamTaq 59°C Outer right to forward gene
GGCAGAAAATTTAACCAGCAGTATTGTACC body
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2.2R = CAAACATCCTGGGAGAAGGA | D2 = DreamTaq 59°C Outer right to reverse gene
GGCAGAAAATTTAACCAGCAGTATTGTACC body

LC1 = Ul =TTTTTCGGGGCTTATACTCTCTCTT DreamTaq 62°C Outer left to reverse

GATGGGCGCTGCTCAGTTTGGT promoter

LC2 = Ul =TTTTTCGGGGCTTATACTCTCTCTT DreamTaq 62°C Outer left to forward

ACCAAACTGAGCAGCGCCCATC promoter

Table 2.5: Genotyping primers and conditions for a-globin inversion

Primer 1 Primer 2 Polymerase | Tm Description

DH_031_07 = DH_031_32 = Platinum 60°C Product upon 16.1kb deletion

GGCCTCGAACTCAGAAATCTGCC CTTGAATTCAACCCATGGTTCCC supermix

Hba-al-2_R= DH_031_32 = Platinum 62.5°C Outer right to reverse gene

GCCGTGGCTTACATCAAAGT CTTGAATTCAACCCATGGTTCCC supermix body

DH_031_16= DH_031_23= Platinum 65°C Long PCR across the deleted

AAGAGCCAGATAAAGGATGAGCC TGATGATGTCACCCTCCAGTCAG supermix and inverted region

Table 2.6: Genotyping primers and conditions for BAC integration (ACTCF)

Primer 1 Primer 2 Polymerase | Tn, Description

Tile56_Fw_1= Tile57_Rv_1= Platinum 60°C 5’ breakpoint — checks for the
GTGGGACTCTGTAGGGACCA GGGAGGGTTGAGGAGAGAAA supermix completed HPRT gene

HFR2_3 = HFR2_4 = Platinum 60°C 5’ breakpoint — checks for the
ACTGGGGCTGAATCACATGA ACTCTTTCCCCTTGACCCAG supermix completed HPRT gene

Tile31_Fw_2= Tile35_Rv_1= Platinum 63°C 3’ breakpoint — checks for removal of
GCCCAACCCTGTTTTCCTAT ATACACCGAGGCATGACACA supermix the PuroR:TK casette

3422 = 3424 = Platinum 64°C 3’ breakpoint — checks for removal of
CTGTATTGAGCTCTGTCGACATAA AGCAGCATCACACATCAGG supermix the PuroR:TK casette
CTTCGTATAATGTATACT CACACATGTAC

Tile51_Fw_1= Tile57_Rv_1= Platinum 60 oC Checks for removal of HPRT following
GGAGCTGGAGAAAGAGCAGA GGGAGGGTTGAGGAGAGAAA supermix FLP transfection

HS-38F = HS-38R = Platinum 54°C PCR across the HS38 CTCF binding
TGAGAAGGCTGGCCTTTGAG CCCAGGGAATGAATGCCAGT supermix site

Theta_CTCF_F2 = Theta_CTCF_R1 = Platinum 50°C PCR across the theta CTCF binding
AAAATGAAAGGCTTGGAGAGG GGCTGAGCTCAAAGATGTCC supermix sites

HS-39F = HS-39R = Platinum 65°C PCR across the HS39 CTCF binding
ACAGCAACCATCTGGGTGAG TGCTGGTGTCTGTGGACAAG supermix site

HS29R = HS-29.5R = Platinum 65°C PCR across the HS29 CTCF binding
GCTGGCCTGGAACTAACTCA CAAAACTGCCACATCCTGCC supermix site

PCR products were purified either by extraction from agarose gels or directly from PCR reactions.

Purified products of potentially positive clones were Sanger sequenced by the Sequencing Facility in

the Weatherall Institute of Molecular Medicine and aligned against expected sequences using

Snapgene.
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2.2 Cell culture and isolation

2.2.1 mES cell culture
Mouse embryonic stem cells derived from E14-TG2a.lV (E14) were maintained on gelatinised plates in
GMEM media supplemented with 10% FCS, Amino Acids, Sodium Pyruvate, L-Glutamine, B-
Mercaptoethanol and LIF as previously described in (Nichols et al., 1990; Smith, 1991). Cells were
incubated at 37 °C with 5% CO, and trypsinised and passaged very 2 days. Cell suspensions were

centrifuged at 1000 rpm at room temperature unless otherwise specified.

2.2.2 Isolation of in vitro-derived erythroid cells

Procedure as performed as previously described in (Francis et al., 2022). CD71+ cells derived from this
protocol closely resemble primitive erythroblasts. Base media for differentiation was composed of
IMDM + 1x Glutamax, 1x Pen/Strep and 140 uM MTG. Gibco FCS was heat inactivated (AFCS) at 56°C
for 1 hour. mESCs were grown for 48 hours in Adaptation media (15% AFCS, 1000 U/ml LIF in Base
media). Cells were then de-adhered using 0.05% Trypsin and resuspended to single cell suspension in
Resuspension media (10% AFCS in Base media, no LIF). Cells were seeded into Differentiation media
(Base media supplemented with 15% AFCS, 5% PFHM II, 1x L-Glutamine, 1% Transferrin (Merck
10652202001), 1% Ascorbic Acid and additional MTG). Seeding density was between 10,000 to 20,000
cells per 10 cm plate, in 10-15 ml Differentiation media. Plates were incubated at 37°C (5% CO,) for 7
days with daily shaking to agitate the cells to discourage cell adherence. During this time, cells would
grow into spherical embryoid bodies (EBs) with red/pink erythroid cells at the centre (Figure 2.5a).
Before harvesting, EBs were imaged to check for consistent shape and colour. EBs were collected,
washed once in PBS then trypsinised in 0.25% Trypsin at 37 °C for 5 mins with shaking until fully
disaggregated. Cells were quenched with FCS and FACS buffer (10% FCS in PBS).

Table 2.7: Antibodies used for erythrocyte characterisation
Marker Flour | Clone Manufacturer

CDh71 FITC R17217 eBioscience, 11-0711-85
CDh71 APC R17217 eBioscience, 17-0711-80
Ter-119 PE Ter-119 BD Biosciences, 553673
c-kit APC 2B8 eBioscience, 17-1171-83
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Figure 2.5: Embryoid bodies at day 7 of in vitro differentiation.

A) Arrow indicates the pocket of erythroid cells within the EB (embryoid bodies). Scale bar displays 400 um. B)
FACS plots of disaggregated embryoid bodies (EBs) stained, or unstained, for erythrocyte differentiation stage
markers: ckit, CD71 and Ter119.

For erythrocyte enrichment by CD71 selection, disaggregated EB cells were strained through a 70 um
cell strainer, then resuspended in 3-5 ml FACS buffer with 2 pl FITC-conjugated a-CD71 antibody
(eBioscience, R17217, cat. 11-0711-85, 0.5 mg/ml) per 1x107 cells. Cells were left to roll at 4 °C for 20
mins, quenched with FACS buffer then resuspended in 200 pl PBE (2 mM EDTA ph8, 0.5 % BSA in PBS)
with 20 pl a-FITC beads (Miltenyi 130-048-701) per 1x107 cells and left to roll at 4 °C for 15 mins.
Stained cells were washed then resuspended in cold PBE then loaded, via a 30 um strainer, into an
equilibrated LS column (Miltenyi 130-042-401) on a MACS magnet. Magnetised columns were washed
through 3 times with cold PBE (negative fraction). The CD71 positive fraction was collected by
releasing the column from the magnet, adding PBE and applying pressure with a plunger. The cells
were resuspended in FACS buffer for counting, flow cytometry and preparation for other assays. For
cells with no internal YFP (Yellow Fluorescent Protein), immunophenotype was checked by staining
200,000 cell aliquots with Ter-119-PE (1:100), CD71-FITC (1:200), c-kit-APC (1:100) and Hoechst
(1:10,000) (Table 2.7). Cells were stained at 4 °C for 30 mins, washed in FACS buffer then analysed,
with compensation, on an Attune NxT machine (Figure 2.5b). FACS data was analysed using FlowJo

software and gating was kept consistent across replicate experiments.
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2.3 Measurement of gene expression

2.3.1 RNA extraction and RT-qPCR

On the day of harvesting, between 250-500,000 cells were aliquoted in FACS buffer, centrifuged at
3500 rpm for 5 mins and pellets were resuspended in TRI-reagent, then stored at -80 °C. Prior to
extraction, surfaces and utensils were cleaned with RNaseZap. RNA was extracted using the Zymo RNA
MicroPrep kit, as per manufacturers’ instructions with an extension of on column DNasel treatment
to 45 mins. RNA was quantified by HS RNA qubit and analysed using RNA Tapestation to check for
overall quality and if there was degradation (Figure 2.6) (Samples were allowed through if RINe >=8
(Figure 2.7)). For samples within the same experiment, the same mass of RNA from each sample was
used as input into cDNA synthesis allowing accurate comparison across samples. cDNA synthesis was
done using the Superscript Il Super mix as per manufacturer’s instruction. For all experiments, “No
Reverse Transcriptase” controls were included to check if there were signals from undigested genomic
DNA. RT-gPCR was performed using TagMan Universal Master Mix and TagMan probes (Table 2.8);
all plates were run on the same QuantStudio machine on the same day to reduce technical variation.
The AACt method was used quantify the expression firstly relative to RPS18, then relative to the mean
of B-like globins (Hbb-bs, Hbb-bt, Hbb-bh1, Hbb-bh2, Hbb-y) unless otherwise specified. Normalising
against the B-like globin genes helps to correct for differences arising from heterogeneity across cell
lines in in vitro differentiation.
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Figure 2.6: Representative tapestation trace of RNA used as inputs into rt-qPCR.
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Figure 2.7: Tapestation traces and RINe scores of RNA used as inputs into rt-qPCR

Table 2.8: Tagman Probes used for rt-qPCR

Gene Assay ID Gene Assay ID

Hba-al/2 | Mm02580841 g1  |lI9r MmO00434313 _m1l
Hba-x Mm00439255 m1 |Mpg Mm00447872_m1l
Hbb-y MmO00433936 g1  Nprl3 Mm01193449 m1
Hbb-bh1l | Mm00433932_g1  |Rhbdfl MmO00711711_m1

Hbb-bs/t | Mm01611268 g1  Snrnp25 MmO00547218 m1

RPS18 | MmO02601777 gl

2.3.2 YFP tag design and clonal readout
As mentioned previously, the parental reporter line used for the landing pad was engineered so that
the enhancer proximal Hba-al was edited to have 2A-peptide:mVenus:3xSV40-NLS incorporated
before the stop codon. The 2A-peptide facilitates self-cleaving from the a-globin peptide, and nuclear
localisation signal repeats (3xSV40-NLS) determine localisation of the Venus (YFP) protein. The native
Hba-al 3’ untranslated region (3’UTR) is maintained. Embryoid bodies were disaggregated by
trypsinisation into single cell suspension as in 1.2.2. Cells were suspended in FACs buffer (10% FCS in
PBS) and stained with a-CD71-APC (1:8000, eBioscience, 17-0711-80) (Table 2.7) at 4°C for 30 mins,
washed in FACS buffer and live/dead stained with Hoechst (1:10,000). Cells were analysed, with
compensation, on an Attune NxT machine. The gating strategy comprised of gating for live single cells

then stringent gating was used for CD71+/YFP+ cells (Figure 2.8). Median YFP florescence was
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measured in FlowJo, plotted and statistics calculated in Prism (version 10.0.3 for MacOS). Density plots

were generated in R using ggplot and ggridges packages.
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Figure 2.8: Representative FACS gating for measurement of YFP fluorescence as a proxy for a-globin

expression.

2.4 Next Generation Sequencing assays

All Next Generation Sequencing was performed in-house by the WIMM sequencing facility on an

Illumina NextSeq machine.

24.1 ATAC-seq
Assay for Transposase Accessible Chromatin (ATAC-seq) was performed as described previously
(Buenrostro et al., 2015; Hay et al., 2016). 1.5x10° cells were pelleted at 500 g for 10 min at 4°C then
quickly resuspended in 50 pl cold ATAC lysis buffer (Tris HCl pH 7.5 10mM, NaCl 10mM, MgCl; 2 mM,
Igepal CA-630 0.1%) and centrifuged 500 g for 10 min at 4°C. After removing the supernatant, the
nuclear pellet was resuspended in 50 pl transposition mix (1x Tagment DNA buffer, TDE1 Tagment
DNA Enzyme) from the lllumina Tagment DNA kit (20034197) and then incubated at 37 °C for 30 mins.
The TDE1 Enzyme from this kit is pre-loaded with lllumina adaptor and integrates the adaptor upon
transposition and fragmentation. Tagmented DNA was purified using the Qiagen MinElute Kit (28004).
For sequencing, custom indices were added to fragments using NEBNext High-Fidelity 2X PCR Master
Mix (M0541) and purified using a Qiagen PCR clean-up kit (28104). Libraries were checked using HS
D1000 screen tape on a Tapestation machine; nucleosomal patterning is expected from tagmentation
generated libraries (Figure 2.9). Libraries were quantified using the KAPA quantification kit and pooled
to final concentrations of 4nM. Libraries were sequenced paired end using NextSeq 500/550 High
Output Kit v2.5 (75 Cycles) kits (20024906) and sequenced on an lllumina NextSeq machine. Each

library was allocated approximately 30-40 million reads.
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Figure 2.9: Representative tapestation trace of an ATAC library.

Nucleosome patterning can be seen as peaks at 189, 344 and 534 bp.

2.4.2 RNA-seq
Differentiations were performed in triplicate and for each sample 2x10° cells were collected in
TriReagent and stored at -80°C prior to extraction. Prior to extraction, surfaces and utensils were
cleaned with RNaseZap. RNA/DNA was extracted by phase separation by addition of 1-Bromo-3-
Chloropropane and centrifuging in PhaselLock tubes at 12,000 g for 5 mins at 4°C. RNA/DNA was
precipitated using GlycoBlue and propan-2-ol and washed in cold 75% ethanol. Pellets were air dried
then RNA/DNA was resuspended in DEPC-treated water and checked for quality on HS RNA
Tapestation and quantified using HS RNA Qubit reagents. To remove genomic DNA contamination,
samples were incubated with Turbo DNase 25 °C for 60 min and then precipitated at -80°C overnight
with ethanol, GlycoBlue and 90mM sodium acetate. RNA was again tested on Tapestation and
quantified by HS RNA Qubit. rRNA depletion was performed using the NEBNext rRNA Depletion Kit
(E6310). PolyA Plus/Minus selection was then performed using the NEBNext Poly(A) mRNA Magnetic
Isolation Module (E7490). RNA libraries were then generated using the NEBNext Ultra Il Directional
RNA Library Prep Kit (E7760) and indexed with NEBNext Multiplex Oligos for Illumina (E6609S).
Libraries were checked by Tapestation using HS D1000 screen tape and quantified using a combination
of KAPA quantification and ds DNA Qubit quantification. With the aim to capture important SNPs,
approximately 100 bp apart, within one read libraries were sequenced paired end using NextSeq

500/550 Mid Output Kit v2.5 (300 Cycles) (20024905), allocating ~5 million reads per sample.
2.4.3 ChlP-seq
For CTCF ChIP-seq, 1x10% CD71+ cells were fixed with 1% formaldehyde for 10 minutes at room

temperature then quenched in cold glycine (125mM), washed once in PBS and snap frozen. Chromatin
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immunopreciptiation (ChIP) was performed using the Millipore ChIP Assay Kit as described by
(Hanssen et al., 2017). Fixed cells were lysed in lysis buffer and sonicated to ~200-500 bp on a
Bioruptor Pico sonicator (5 cycles, 30 sec on/off, 4°C). Fragmented chromatin was incubated with 3 pl
of polyclonal o-CTCF (Millipore, 07-729) and rotating overnight at 4°C. Chromatin was
immunoprecipitated following incubation with Protein-A conjugated agarose beads, following the kit
instructions for washes. DNA was purified by phenol-chloroform-isoamylalcohol extraction and
enrichment:input was tested by qPCR using Fast SYBR green reagents and gPCR primers listed in Table
2.9.

For Rad21 ChlIP-seq, 1-5x10° CD71+ cells were fixed with DGS (2 uM) for 30 minutes at room
temperature, spun down and resuspended in 1% formaldehyde for 30 minutes at room temperature,
rinsed in PBS and snap frozen prior to precipitation. Cells were lysed in SDS lysis buffer (1% SDS, 10
mM EDTA, 50 mM Tris-HCl ph8, 1x PIC) and sonicated to ~200-500 bp on a Covaris sonicator with the
following settings: 600secs; 75 power; 25% Duty Factor; 1000 cycles per burst. Chromatin was diluted
in dilution buffer (0.01% SDS, 1.10% Triton X-100, 1.2 mM EDTA, 16.7 mM TrisHCI ph8, 167 mM NaCl,
1x PIC). A 1:1 mix of proteinA:proteinG conjugated Dynabeads were added to chromatin prior to
immunoprecipitation to reduce non-specific binding. Cleared chromatin was incubated with 4.4 ug
polyclonal a-Rad21 (ab154769) with rotating overnight at 4°C. Chromatin was then incubated with
rinsed A:G dynabeads for 5 hours, to bind to the antibody. Beads were then washed 3x with RIPA
buffer (50 mM Hepes-KOH, 500 mM LiCl, 1 mM EDTA, 1% IGEPAL CA-630, 0.7% Na-Deoxycholate) and
chromatin was eluted from beads using elution buffer (1% SDS, 10 mM EDTA, 50 mM TrisHCI ph8) and
de-crosslinked at 65°C overnight. Chromatin was treated with 0.5 ug RNase (60 minutes at 37°C)
followed by 20 pg Proteinase K (60 minutes at 37°C). Finally, DNA was purified using the ChIP DNA
clean and concentration kit (Zymo), quantified by Qubit and profiled with Tapestation (Figure 2.10).
Enrichment of immunoprecipitated DNA over input was determined by gPCR using Fast SYBR green
reagents and gPCR primers listed in Table 2.9.

Libraries for ChIP-seq were generated using the NEBNext Ultra Il DNA library prep kit as per
manufacturer’s instructions; 10 cycles were used during indexing. Libraries were sequenced paired
end on an Illumina NextSeq platform using 500/550 High Output Kit Kit v2.5 (75 Cycles) allocating ~40

million reads per sample.
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Table 2.9: Primers for ChIP qPCR

Primer ID

Sequence

Description

Beta_5'HS2(CTCF)_F1

GCCCTCAGGTTGTCAACTAAAGC

Positive control for ChIP

Beta_5'HS2(CTCF)_R1

CGGAAATCAGCGGAACACTTC

Positive control for ChIP

Chr15_1F

GTAAGATGCCATTGTCCTGACC

Negative control for ChIP

Chr15_1R

TGTGTTCTCCTCCCTTCCTT

Negative control for ChIP

Table 2.10: Antibodies used for ChIP
Antigen Product number | Antibody type
Anti-Rad21 | ab154769 Rabbit polyclonal
Anti-CTCF | 07-729 Rabbit polyclonal
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Figure 2.10: Tapestation trace of a ChiIP library. Following indexing and amplification.

2.4.4 Tiled-C

~

M

n ~

TiledC was performed as first described in (Oudelaar et al., 2020). The protocol is a variation on the

chromatin confirmation capture (3C) (Dekker et al., 2002); wherein oligonucleotides for region(s) of

interest are used to enrich for interactions from 3C libraries (Davies et al., 2016; Downes et al., 2022;

Hughes et al., 2014). Between 2-5x10° in vitro derived CD71+ erythrocytes were fixed with 2%

formaldehyde for 10 minutes at room temperature, quenched with cold glycine (125 mM), washed

once in PBS and resuspended in cold lysis buffer (10 mM Tris pH8, 10 mM NacCl, 0.2% Igepal CA-630,

cOmplete Protease Inhibitor Cocktail) incubated on ice for 40 minutes with regular pipetting to

disaggregate the cell pellets. This lysis buffer is formulated to be mild and aid in permeabilization of

the cell and nuclear membranes, whilst minimally disrupting the nuclear structure. Cells were snap

frozen in lysis buffer and stored at -80°C. Cells were thawed and Triton X 100 added to a final
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concentration of 1.7% to quench SDS in the buffer. An aliquot was taken here to act as an undigested
control (C1). Dpnll enzyme was added three times to cells over the course of 28 hours and incubated
at 37°C with intermittent shaking (500rpm 30 sec on/30 sec off) to digest crosslinked chromatin. A
second aliquot was taken here as a digested control (C2). Dpnll digested chromatin was then treated
with T4 ligase and incubated at 16°C with intermittent shaking (500rpm 30 sec on/30 sec off) for 22
hours. Throughout digestion and ligation, intact cells/nuclei were visible when observed under a
microscope. Supernatant was removed from the cell pellets (and controls) and resuspended in TE with
proteinase K and incubated overnight at 65°C. DNA was then incubated for 1 hour at 37°C with RNase
(7.5 mU), purified by phenol-chloroform isoamylalcohol extraction and precipitated overnight at -
80°C. Digested/ligated DNA was dissolved in TE buffer overnight at 4°C. Controls and ligated DNA were
checked by electrophoresis in 1% agarose gel (Figure 2.11). A clear shift was observed in the ligated

DNA samples (D+L), however undigested controls (C1) suggested there may have been degradation.

Sample ~
1 2 3 4 5 6

DLC1C2 DLC1C2 DLC1C2 DLC1C2 DLC1C2 DLC1C2

g ‘8w e d-”
Figure 2.11: Quality control gels of DNA used as inputs in TiledC. -
DL = digested and ligated DNA, C1 = undigested control, C2 = Dpnll digested control (unligated).

40



Chapter 2: Materials and Methods

Due to evidence of successful ligation, DNA was then taken through for library preparation and
capture. 3 ug (3 x 1 pg) of Digested/ligated DNA was sonicated to ~200 bp fragments using a Covaris
ME220 (settings: Duration: 130s, Peak Power: 70, Duty % Factor: 20, Cycle/Burst: 1000, Average

power: 14), purified with Ampure XP beads and size distribution checked by Tapestation (Figure 2.12).
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Figure 2.12: Representative Tapestation profile of sonicated DNA used in TiledC library preparation.
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Libraries with unique indexes for each sample were made using an input of 1 ug of sonicate and the
NEBNext Ultra Il Directional RNA Library Prep Kit (E7760). 10 cycles of PCR amplifications were used.
Capture was performed using biotinylated ds-oligonucleotides (TWIST Bioscience), designed to tile 3
Mb and bind to every Dpnll fragment across the a-globin locus and used previously in (Oudelaar et al.,
2020b). Probe hybridisation was carried out on a total of 2 pug of 8 multiplexed libraries (250 ng each)
using the TWIST bioscience blocking and hybridization reagents and incubated overnight at 70 °C.
Hybridised material was bound and pulled from solution using Streptavidin dynabeads. A final round
of PCR amplification was performed using the KAPA HiFi HotStart ReadyMix (9 cycles) resulting in a
final library (24 ng) was sequenced paired end on an lllumina NextSeq platform using 500/550 High
Output Kit Kit v2.5 (75 Cycles) allocating ~40 million reads per sample.

2.5 Bioinformatic analysis

2.5.1 Custom genome sequences
To better analyse NGS data from the models produced in this thesis, several custom genome
sequences were generated using an in-house pipeline. Firstly, the mm10 whole genome fasta
sequences was edited to delete or insert desired sequences utilising the getfasta function in the

BedTools suite (Quinlan and Hall, 2010). Secondly, the gene annotation file (.GTF) was also edited to
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match the shifts in coordinates generated by the fasta edits. Thirdly, custom index files were
generated using bowtie2-build (Langmead and Salzberg, 2012) or STAR --runMode genomeGenerate
(Dobin et al., 2013) for use with their respective aligners. For initial visualisation, the custom genome
references were uploaded to the UCSC genome browser (Kent et al., 2002) via a trackhub (Raney et
al., 2014) using the faToTwoBit function of ucsctools. Custom genome references and annotations
were also imported for use in the plotgardener suite (Kramer et al., 2022) using Bioconductor packages
BSgenomeForge (Pages, 2017) and makeTxDbFromGFF function of GenomicFeatures (Lawrence et al.,

2013).

2.5.2 ATAC-seq and ChIP-seq
ATAC-seq and ChlIP-seq FASTQ files were analysed using a sequential pipeline. Reads were aligned
using Bowtie2 (Langmead and Salzberg, 2012) to the relevant mouse reference genome with
multimapping set (-k 2). The resulting sam files were then processed and converted to bam format
using SAMtools (Li et al., 2009); reads were filtered for mapped reads (view -F4), sorted, PCR
duplicates removed (rmdup) and the resulting bam file was indexed. RPKM normalised BigWigs were
generated using the bamCoverage function of deeptools with --smoothLength 100 and —binsize 20
(Ramirez et al., 2016). Bigwigs from multiple replicates were averaged using wiggletools (Zerbino et
al., 2014) and converted back into Bigwig format using wigToBigWig function of ucsctools (Kent et al.,

2002).

2.5.3 RNA-seq
PolyA selected RNA-seq FASTQ files were analysed using a sequential pipeline. Reads were aligned
using STAR (Dobin et al., 2013) to a custom genome with a single copy of Hba-a1 in its native position
and Venus gene sequence appended as an independent chromosome. The resulting sam files were
filtered for properpairs (-f3 -F4), sorted, PCR duplicates removed and indexed, resulting in indexed
bam files. RPKM normalised and strand specific BigWigs were generated using the bamCoverage
function of deeptools with --smoothLength 100 and --filterRNAstrand (Ramirez et al., 2016). The
bigwig files from each replicate were merged by averaging in Wiggletools (Zerbino et al., 2014) and
converted back into Bigwig format using wigToBigWig (Kent et al., 2002). Read coverage over each
gene and over regions flanking the landing site were calculated using Rsubread featurecounts (Liao et
al., 2014) and RPKM normalised using edgeR (Chen et al., 2016). For variant specific quantification,
reads mapping over the positions of each of the SNPs were isolated from bam files using the mpileup
function of BCFtools with the --annotate flag active to report high quality allele depth (Li, 2011a,

2011b). The results were filtered to only count bases with a minimum base quality of 30 (--min-BQ
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30). Base identity and allele depth (AD) at the SNP position was extracted from the resulting vcf file,

allowing quantification of insert and endogenous gene expression.

2.54 Tiled-C
FASTQ files from NGS sequencing of TiledC libraries were analysed by 2 methods. Data was first
analysed using the HiCPro pipeline (Servant et al., 2015) using the coordinates of the regions covered
by the tiled probes (mm9 chr11:29902951-33226736) and merging replicates using the -s
merge_persample function. Briefly, reads are aligned by Bowtie; alignments were then assigned to
Dpnll restriction fragments. Paired interactions and contact maps are generated from valid pairs
covering two different restriction fragments, whilst PCR duplicates and invalid ligation products are
discarded. An Iterative Correction and Eigenvector decomposition (ICE) method is used to normalise
data and correct for biases arising from GC content. Libraries generated here comprised of
approximately 60-110 million valid interaction pairs of which approximately 30% were cis contacts,
and 2-10% trans contacts. This unfortunately was not sufficient for 2 kb resolution as reported
previously in (Oudelaar et al., 2020b). Data was analysed by a second pipeline which is in development,
CapCruncher (v0.3.6) (https://github.com/sims-lab/CapCruncher), to generate virtual capture profiles
from the TiledC data. In this case the R2 enhancer was used as a viewpoint (mm9, chr11:32151063-
32151879). The pipeline consists of similar stages of analysis and generates averaged normalised

interaction profiles from combined replicates as bigwigs.

255 Visualisation
ChlP-seq heatmaps were generated using the computeMatrix and plotHeatmap functions of
deepTools (Ramirez et al., 2016). All bigwig tracks and interaction heatmaps in this thesis were
generated using the plotgardener suite (Kramer et al., 2022). Other plots were generated using

GraphPad Prism (version 10.0.3 for MacQS), utilising in-built statistical analysis.

43



Chapter 3: Transcription of an ectopic a-globin gene within a landing pad reveals insulator activity

Chapter 3: Transcription of an ectopic a-globin gene within a landing pad reveals

insulator activity

3.1 Introduction
Metazoan chromosomes are folded and organised into TADs with domain borders highly enriched for
the insulator protein CTCF (Dixon et al., 2012). Such CTCF bound flanking domains are predominantly
found in convergent orientation (Rao et al., 2014); this is indeed the case for the a-globin locus
(Hanssen et al., 2017). CTCF sites at the 5’ end of the a-globin locus were shown to form the 5’
boundary of a self-interacting erythroid compartment containing the enhancer elements and a-globin
genes (sub-TAD). Upon combined deletion of the HS-38/39 CTCF sites, the sub-TAD spread to
encompass the non-erythroid 5’ genes and led to their inappropriately enhancer-induced activation
(Hanssen et al., 2017). In sharp contrast, when 3’ CTCF sites were deleted in pairs, HS+44/48 and
01/61, there was little change in domain structure and equally no change in expression of either the
3’gene or the a-globin genes (Harrold et al., 2020). We have since characterised a further model,
wherein all 4 3’ CTCF sites were deleted in combination (HS44/HS48/61/61) (Susannah Holliman,
unpublished). Again, there was no significant change in domain structure or gene expression
suggesting that the 3’ CTCF sites are not essential for limiting the 3’ interactions of the sub-TAD.
Capture-C profiles generated from the 3’'CTCF site deletion models all displayed a common

characteristic; enhancer interactions cut off sharply at the a-globin genes.

In addition to this, the enhancer proximal Hba-al gene is expressed preferentially to the more distal
Hba-a2 with total a-globin transcripts comprised of 70% Hba-a1 : 30% Hba-a2; this is reflected in SNP-
specific interaction profiling, with more frequent enhancer interactions observed with Hba-a1 relative
to Hba-a2 interactions (Davies et al., 2016). This of course could be due to the presence of the
intervening CTCF sites between the two genes 061/62, however upon deletion of these sites (both
individually and in combination) preferential expression and enhancer interaction with the proximal
Hba-al was still observed (Harrold et al., 2020). This raised the hypothesis that the a-globin genes
may themselves be forming the sub-TAD boundary, with Hba-a1 also potentially acting as a partial

boundary to Hba-a2. However, this remained to be functionally tested.

44



Chapter 3: Transcription of an ectopic a-globin gene within a landing pad reveals insulator activity

3.2 Results

3.2.1 Boundary Activity Assay design
The CTCF sites bounding the a-globin sub-TAD are inequivalent in their insulation strength, reflecting
the general state of CTCF sites genome-wide. Our group set out to investigate what underlies this
functional heterogeneity. We harnessed the a-globin sub-TAD structure to design a boundary activity
assay whereby sequences to be tested for their boundary activity are inserted between the a-globin

enhancer cluster and the a-globin genes (Tsang et al., 2023 BioRxiv and in review).

Boundary assay

A boundary activity reporter cell line has been designed and generated in mESCs to evaluate CTCF
binding sequences in an otherwise controlled context at the a-globin locus (Tsang et al., 2023 BioRxiv
and in review). The key features of the design are: 1) A single insertion site of query sequences is
located between the globin genes and the enhancer elements (chr:32171587-32172056 mm39); 2)
Hba-al is tagged with YFP to allow readout of a-globin expression by FACS; 3) the cell line is
hemizygous for the a-globin locus to allow for increased targeting efficiency and single allele
genomics; finally, 4) engineered mESCs are differentiated into erythroid cells via in vitro differentiation
protocol (Francis et al., 2022) allowing read out in the appropriate cell context. By testing a range of
sequences with known boundary activity, we demonstrated that the expression of Hba-al:Venus can
be used as a proxy read-out for boundary strength; for example, insertion of a strong boundary results

in significant reduction in YFP fluorescence .

Insert design — Promoter

As | wanted to test whether the a-globin genes can act as insulator-like elements, | synthesized six
DNA fragments covering regions of the a-globin gene for insertion into the landing site (Figure 3.1): 1)
the a-globin promoter, 2) the a-globin gene body, 3) the a-globin promoter and gene body, and all

three in the reverse orientation.

The promoter sequence inserted was selected by using a combination of DNasel footprinting,
chromatin accessibility profiles, and mammalian sequence conservation analyses. The transcription
initiation site at the a-globin gene was also confirmed using scaRNA-seq performed on primary
erythrocytes, which allows for precise designation of transcription initiation sites and promoter-
proximal pausing downstream of initiation (Larke et al., 2021). The resulting sequence included 373

bp from the transcription start site, encompassing the 5’"UTR and much of the region accessible in
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ATAC-seq in primary erythroid cells (chr11:32183340-32183712 mm?9) (Figure 3.1). This region also
contains a multiple conserved sequence (MCS) at the promoter (Hughes et al., 2005), general
transcription factor binding sites (CAAT and TATA boxes) and erythroid-specific transcription factor
binding sites, Gatal and KIf1. With this design, | predict that | have captured all elements in the native
a-globin promoter to allow transcription initiation from the inserts. To discriminate sequence reads
between the native and inserted promoter sequences, a single TSS proximal SNP (-9T>A) was included

in the promoter sequence (Figure 3.1).
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Figure 3.1: Defining the a-globin promoter and gene inserts.

ATAC-seq, DNasel footprinting and scaRNA-seq tracks from primary mouse erythroid cells. Mammalian
conservation available from the UCSC browser is also displayed. The region selected for insert designs is shown
in blue (Inserted Promoter) and is aligned to scale against UCSC genome browser tracks with the highlighted
locations of transcription factor binding sites as annotated (GATA/TAL1, CAAT, KLF1, TATA, NF-Y, TFIIB, TFIID). B)
Schematic shows the positions of the highlighted transcription factor binding sites and the dashed lines specify
the sequences corresponding to the 5°UTR bounded by the transcription start site (Txstart) and the coding start

site (cdsStart), the multi-conserved sequence (MCS-P9) and the Inserted Promoter sequence.
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Insert design — Gene body

The a-globin gene body inserts lack the native promoter sequence to abolish transcription initiation.
These were included to control for any unexpected insulator activity present in the underlying
sequence. The gene body was defined such that it starts at +37 bp from the TSS to exclude the
promoter MCS, the 5’UTR and the 2 first codons of the coding sequence and ending at the annotated
3’UTR which includes a polyA addition signal (AATAAA) (Figure 3.2b).

The sequences were then combined for fragments containing both promoter and gene body (Figure
3.2a, b). Upon insertion of an ectopic copy of the a-globin gene into the landing site, we would need
a strategy to discriminate amongst the resulting 3 nearly identical copies of the a-globin gene in the
edited cells; the inserted a-globin sequence, the native Hba-al:Venus and Hba-a2 (Figure 3.2a). |
designed an insert-specific-SNP within exon 3 (c.C312>T) to allow insert-specific reads to be identified
(Figure 3.2b). Hba-al and Hba-a2 can also be distinguished from one another bioinformatically as
there is a naturally occurring SNP in exon 3: ¢.C381 in Hba-al and c.T381 in Hba-al (Figure 3.2b). The

SNPs are silent mutations and do not lead to any change in protein sequence.

We have previously reported that the orientation of a putative transcribing promoter impacted on it’s
on the expression of native target genes (Bozhilov et al., 2021). We, therefore, tested the designed

Promoter-Gene inserts in both their native and reverse orientation (Figure 3.2a).

Custom genome reference

Due to the similarities in sequence between inserted a-globin fragments and endogenous genes, it
was difficult to visualise NGS data (ATAC, ChIP and RNA-seq) against a standard genome reference.
With a standard reference, reads would map to all copies of the gene, leading to many mapping
artefacts. To help interpret NGS data, | therefore created a custom genome with only one copy of Hba-
al in its native position; allowing all a-globin reads to map to the same gene reference (Hba-al)
independently of their source. To help in aligning partly mapping reads, unmapped reads from the
first round of alignments were trimmed and realigned. When interpreting the data presented later in
this chapter, as there is no insert sequence in the reference genome at the landing site, there will be
no signal at the site itself, but flanking regions will be informative in visualising the activity of the

inserted sequence.
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Figure 3.2: Landing pad design and experimental strategy.

A) Schematic of the design of the boundary landing pad with the inserted promoter (Pa)-gene (al) fragments
used in this chapter; the insertion site is located between the endogenous globin genes (zeta, al-YFP, a2) and
the enhancer elements (R1, R2, R3, Rm, R4), ~2.6 kb from the R4 element. B) Detailed view of the inserted
sequences (Promoter 373bp corresponding to Pa, Gene body 774bp corresponding to al used in the assay with
SNP positions and a-globin variant specific bases displayed. C) Strategy used to engineer the mESC starting with
the assembly of the homology driven repair (HDR) donor vector using the Golden Gate strategy followed by the
mESC co-transfection of the CRISPR:Cas9 guide RNA plasmids (p1 and pDN1) and the HDR vector, then the
screening and in vitro differentiation of the correctly targeted mESCs into erythroid cells marked by the erythroid-

specific marker CD71.

3.2.2 Testing the a-globin gene in the Boundary Assay
The landing site is located between the enhancer elements and the native globin genes, therefore an
insulating sequence introduced at this site would intercept any enhancer: promoter interactions
driven by cohesin-mediated loop extrusion and reduce the expression of the globin genes, as
measured in this assay by the YFP reporter. To test the insulator activity of the a-globin genes, |

inserted a copy of the a-globin gene with its promoter (as defined in section 3.2.1) in its native
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orientation (PGF) into the boundary reporter landing site (Figure 3.2). To test for the boundary
function, the correctly targeted mESCs were in vitro differentiated into embryoid bodies (EBs)
containing erythroid cells identified using the erythroid-specific surface marker CD71 (transferrin
receptor-1) (Figure 3.2c) (Dong et al., 2011). The a-YFP fluorescence measured in the CD71+/YFP+ cell
population revealed a significant decrease in a-YFP compared to that in the parental reporter
erythroid cells, indicating the ectopic gene is interfering with the expression of the downstream
endogenous a-globin genes (Figure 3.3). The effect the PGF had on the a-YFP fluorescence was
comparable to that observed when strong CTCF site (HS38) was tested in this assay (Figure 3.3).
Therefore, the ectopic copy of the a-globin gene is exerting a strong insulator-like activity. To address
the effect of gene orientation on boundary activity, | inserted the same sequence in the reverse
orientation (PGR). The boundary effect of the reversed sequence (PGR) was comparable to PGF

indicating gene orientation has no effect on its insulation activity (Figure 3.3).

The insulation observed following insertion of the a-globin gene (PGF, PGR) may be due to several
factors including the transcription itself (transcription initiation, progressive transcription) or intrinsic
properties of the gene-body sequence. To disentangle these factors, | tested the boundary effect of
the a-globin promoter sequence only, in both orientations (Promoter Forward, PF, and Promoter
Reverse, PR) and the a-globin gene sequence without its promoter in both orientations (Gene
Forward, GF, and Gene Reverse, GR). Erythroid cells derived from clones with the insertion of the gene
body alone (GF, GR) expressed high a-YFP fluorescence, comparable to that of the parental reporter
cells, indicating the gene sequence alone does not have any insulator-like properties (Figure 3.3).
Erythroid cells derived from clones with the insertion of the promoter sequence alone, in either
orientation (PF, PR), expressed lower a-YFP compared to those derived from the inserted gene body
sequence alone, indicative of insulator activity, albeit weaker than the promoter and gene inserted
together (PGF, PGR) (Figure 3.3). As observed in the PGF and PGR models, the orientation of the
promoter didn’t lead to a significant difference in a-YFP. This trend was also apparent when plotting

histograms of erythroid-specific YFP fluorescence (Figure 3.4c).

To summarise, the insulation effect was proportionate to the transcriptional potential of the inserted
sequences; the greatest effect on aYFP reporter expression was observed with the insertion of the
promoter and gene body (PGF, PGR), followed by the promoter only inserts (PF, PR), with the gene

body alone (GF, GR) having negligible effect.
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Figure 3.3: Insulation strength of a-globin gene fragments in a boundary reporter assay.

Left: Schematics of the models: WT = E14 unmodified mESCs; aYFP reporter = parental reporter with no insert
(n=3); AR1R2 = mESC with deleted R1 and R2 enhancers and with aYFP; HS38 = positive control / mESC with a
strong CTCF site HS-38 inserted at the landing pad; PGF = Promoter and Gene body in the native Forward
orientation (n=3); PGR= Promoter and Gene body in the Reverse orientation (n=1); PF = Promoter in native
Forward orientation (n=3); PR = Promoter in Reverse orientation (n=3); GF = Gene body only, in the Forward
orientation (n=1); GR = Gene body only, in the Reverse orientation (n=3). Right: Median YFP fluorescence in the
CD71+ fraction of cells measured by FACS and normalised to the parental aYFP reporter. Data acquired from
clones (numbers indicated above) across 3 independent in vitro differentiations. Error bars display standard
deviation. Statistical significance was calculated by performing an ANOVA with Tukey's multiple comparisons

testns =P >0.05, **** = P <0.0001.
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Figure 3.4: Insulation strength of a-globin gene fragments in a boundary reporter assay.

A) Virtual gPCR of mVenus expression, extracted from PolyA+ RNA-seq, normalised to RPKM then normalised to
average expression of Beta-like globins. B) Virtual gPCR of Hba-x, analysed as in A. For A and B, n=3 independent
differentiations of a representative clone per model, error bars display standard deviation. C) Density plots of YFP
fluorescence in the CD71+ fraction of cells measured by FACS in representative clones of each model; median is

marked by a central black line. Key as in Figure 3.3.

To check the integrity of the a-globin locus | performed ATAC-seq on in vitro derived CD71+ erythroid
cells derived from the engineered mESC models (Figure 3.5). This confirmed that all a-globin cis-
regulatory elements were accessible, and that chromatin opened at the landing site with the insertion
of the fragments which displayed insulator activity (PGF, PGR, PF and PR). The ATAC-seq signal was
highest at the PGF insert and absent at the landing site when only the gene body was inserted (GF and
GR). This is consistent with the expected transcriptional output of each of the inserts and their

insulator strengths.
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Figure 3.5: Accessibility across the a-globin locus in CD71+ derived from edited reporter cells.

RPKM normalised ATAC-seq performed on CD71+ erythroid cells derived from each of the indicated engineered
models and aligned to a custom genome with only one copy of Hba-al in its native position, based on the mm10
reference. Note that the reference does not have insert sequences in the reference (see page 48 Custom genome
reference). The landing site is highlighted in grey and the Hba-a1l reference in red. Bigwigs are visualised as mean

of data from n=2 independent differentiations. Key as in Figure 3.3.
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3.2.3 Transcription of fragments is correlated with insulation strength
Insulator strength appears to reflect the transcriptional potential of the inserts, with the PGF and PGR
inserts displaying the strongest effect over promoter only inserts. To verify the transcriptional output
from the inserted fragments, | performed PolyA selected RNA-seq from in vitro derived CD71+ cells
from each of the models. RT-qPCR and digital droplet PCR (ddPCR) were initially considered as
methods for assaying expression however due to the sequence similarity of the inserts and
endogenous a-globin genes, designing probes with high enough specificity for each variant/SNP were
not feasible, even with the incorporation of locked nucleic acids (LNAs) which massively increase the
specificity of probes by increasing melting temperatures of probe:DNA hybrids (Ugozzoli et al., 2004).
RNA-seq allows quantification of expression from each a-globin gene by bioinformatic discrimination
of reads using SNPs (Figure 3.2). In addition, the ability to prepare PolyA selected libraries gives further
information about the transcription happening at the inserts. The RNA-seq libraries were generated
with a strand specific kit, therefore reads can be segregated according to the DNA strand they

originate from.

Aligning stranded reads from PolyA+ RNA-seq displayed the expected mature RNA signals across the
locus, such as high-level transcription of hba-x and hba-a genes from the forward strand (>8x10°
RPKM) and Rhbdf1 from the reverse strand (Figure 3.6, 3.7). At the insertion site, PolyA+ RNA-seq
confirmed there was polyadenylated transcription originating from both the PGF, PGR inserts, and the
PF insert, whilst the reverse promoter and gene body only inserts (PR, GF, and GR) had background
level of transcription, similar to the equivalent position with no insert in the parental reporter. To
determine if the a-YFP change in fluorescence was associated by a reduction in transcription, |
performed a virtual gPCR, using Featurecounts and EdgeR to extract RPKM normalised reads mapping
to mVenus and the B-like globins (Hbb-bs, Hbb-bt, Hbb-bh1, Hbb-bh2, Hbb-y) from PolyA+ RNA-seq
(Figure 3.4a). Whilst the CD71+ population of cells derived from EB’s is largely homogenous (Francis
et al., 2022), some cell lines can drift in differentiation potential following targeting, therefore
normalising against the B-like globin genes helps to correct for differences arising from heterogeneity
in the in vitro differentiation across cell lines. Virtual gPCR confirmed mVenus transcription correlated
well with a-YFP fluorescence in all models (Figure 3.4a). In addition, as the inserts are located between
the enhancers and C-globin gene, | expected that C-globin could also be affected by enhancer-
insulation by the inserts; virtual gPCR confirmed that Z-globin transcription was reduced in both PGF

and PGR models, confirming that the effect was not limited to only the a-globin genes (Figure 3.4b).
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To better quantify the transcription from the promoter-only inserts, | also performed PolyA- RNA-seq
to capture any non-polyadenylated transcripts that could be initiated from the promoter-only inserts.
As a check, PolyA- RNA-seq confirmed the presence of non-polyadenylated RNAs across the Npri3
gene body, consistent with the presence of eRNA as previously reported (Blayney et al., 2022, in press;
Kowalczyk et al., 2012) (Figure 3.8, 3.9). When examining the landing site, | observed transcription
from all inserts containing a promoter (PGF, PGR, PF, and PR) and only background level from the gene
body only inserts (GF, GR) (Figure 3.8, 3.9). Transcription into the flanking regions is congruent with
the expected direction of transcription from the inserts; such that natively orientated inserts
(Forward, PGF, PF) have transcription from the forward DNA strand travelling downstream (Figure 3.6,

3.7) and the reverse inserts (PGR, PR) transcribing from the reverse strand (Figure 3.8, 3.9).
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Figure 3.6: PolyA+ RNA-seq across the a-globin locus in CD71+ erythroid cells derived from edited reporter
cells.

RPKM normalised PolyA+ RNA-seq derived from CD71+ erythroid cells from each of the indicated models, aligned
to a custom genome with only one copy of Hba-al in its native position, based on the mm10 reference (see page
48 Custom genome reference). The landing site is highlighted in grey and the Hba-al reference in red. The top
panel displays reads mapping to the forward strand whilst the bottom panel shows reads mapping to the reverse
strand. Bigwigs are visualised as mean of data from n=3 independent differentiations of one representative clone

per genotype. Key as in Figure 3.3.
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Figure 3.7: PolyA+ RNA-seq across a zoomed in region at the landing site at a-globin locus in CD71+ erythroid
cells derived from edited reporter cells.

As in Figure 3.6, focusing on region around the landing site (custom chr11: 32266000-32275000) (see page 48
Custom genome reference). The landing site is highlighted in grey, and the direction of the insert indicated by a
red arrow. Note, PGF is scaled differently to the rest of the models, due to its high levels of transcription. Key as

in Figure 3.3.
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Figure 3.8: PolyA- RNA-seq across the a-globin locus in CD71+ erythroid cells derived from edited reporter cells.
RPKM normalised PolyA- RNA-seq derived from CD71+ erythroid cells from each of the indicated models, aligned
to a custom genome with only one copy of Hba-al in its native position, based on the mm10 reference (see page
48 Custom genome reference). The landing site is highlighted in grey and the Hba-al reference in red. The top
panel displays reads mapping to the forward strand whilst the bottom panel shows reads mapping to the reverse
strand. Bigwigs are visualised as mean of data from n=3 independent differentiations of a representative clone

per genotype. Key as in Figure 3.3.
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Figure 3.9: Zoomed region PolyA- RNA-seq across the a-globin locus in CD71+ derived from edited reporter
cells.

As in Figure 3.8, focusing on region around the landing site (custom chr11: 32266000-32275000) (see page 48
Custom genome reference). The landing site is highlighted in grey, and the direction of the insert indicated by a
red arrow. Note, PGF is scaled differently to the rest of the models, due to its high levels of transcription. Key as

in Figure 3.3.
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To better quantify the expression from the inserts | developed an analysis pipeline to count the
number of reads from three sequences: the inserted copy, Hba-al::Venus and Hba-a2, using the SNPs
unique to each variant. In this case, analysis was performed on PolyA+ RNA-seq. Quantification of Hba-
al/2 reads were consistent with the pattern of observed a-YFP fluorescence measured by FACS
(Figure 3.10a and Figure 3.3). Using the exonic SNP to quantify expression from the inserted a-globin
genes (PGF and PGR) revealed the inserted sequences were more highly expressed than the
endogenous genes (Figure 3.10a). This could be due to the inserted sequences being closer to the
enhancers than in their native position (~2.6 kb compared to ~14 kb); it is well-documented that
enhancer activity is distance dependant and stronger when the enhancer is brought closer to its target
promoter (Rinzema et al., 2022; Zuin et al., 2022). Interestingly, transcription of the natively
orientated gene (PGF) was significantly higher than that of the sequence in reverse orientation (PGR)
(Figure 3.10a). This observation will be the topic of a later chapter and will be briefly covered in the

rest of this chapter.

Where no reads containing the promoter proximal SNP (-8) were captured, | quantified the
transcription of the regions flanking the insertion sites using Featurecounts on the PolyA- RNA-seq
data, normalised using RPKM. When applied to the inserts lacking the exonic SNP, i.e. PF, PR, GF and
GR, the analysis followed by bigwig visualisation show transcription in all inserts with a promoter
consistent with the direction of the insert; such that the forward inserts transcribed into the right
flank, and the reverse inserts into the left flank (Figure 3.10b). This quantification also highlights the
correlation between transcription level and the insulator strength of the inserts (Figure 3.10b and

Figure 3.3).

A reduction in endogenous Hba-al/2 gene expression in this boundary assay is considered as a
measure of insulator strength. However, the boundary effect observed following insertion of the a-
globin gene can be interpreted by two mechanistic models. The first, is promoter competition
whereby the ectopic promoter (that of the insert) may compete with the native a-globin promoters
for the enhancers. Alternatively, the reduction on native gene expression could be caused by a
blockade to the linear progression of loop extrusion machinery by the transcriptional machinery of
the insert and hence form a partial physical boundary which hinders contact between the enhancers
and their cognate promoters. These models were addressed previously when analysing de novo
transcription from a pathogenic SNV that created a new promoter which intercepted the normal alpha
globin enhancer-promoter interactions causing alpha thalassemia; transposition of this novel SNV

promoter outside of the sub-TAD partly restored expression of the native a-globin genes, disfavouring
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a competition model between the SNV and the native promoters for enhancer activity (Bozhilov et al.,
2021). Therefore, to get a better understanding of the mechanisms underlying my new observations |

performed further molecular characterization.
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Figure 3.10: Quantification of transcription of inserted fragments.

A) Quantification of variant specific expression from PolyA + RNA-seq; reads were mapped to a custom genome
with one copy of Hba-al, reads from the inserted fragments (insert) or endogenous (al/a2) genes were
distinguished by base identity at an exonic SNP. B) Quantification of transcription from insert flanking regions
from PolyA- RNA-seq; reads mapping to either the left side (Left HDR, hashed) or the right side (Right HDR, solid)
were quantified by Featurecounts and normalised with RPKM. Unidirectional transcription is observed, such that
forward fragments transcribe into the right side, whilst reverse fragments transcribe to the left. The data

represent n=3 independent differentiations with one clone per model.
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3.24 Insertion of transcribed fragments show insulator-like accumulation of

cohesin

To determine if there were changes in the distribution of cohesin that would be consistent with the
inserts acting as a block to the linear progression of the loop extrusion machinery, | performed cohesin
ChlP-seq (Rad21). | chose to assay the inserts with the greatest insulator-like effect; PGF, PGR and PF.
Cohesin distribution was largely similar across the locus in all the tested clones, with cohesin peaks
detected at the enhancer elements, CTCF sites and active promoters (Figure 3.11); however, when
looking at the changes surrounding the insertion site, there was an increase in cohesin accumulation
in all inserts when compared to the parental reporter cell line (Figure 3.11). The greatest increase in
cohesin is seen at the PGF insert, with a peak observed upstream of the insert corresponding to the
direction of transcription (Figure 3.11). Similarly, cohesin accumulation is higher downstream of the
PGR insert, also coinciding with the direction of transcription of the insert. Upon insertion of the PF
insert, there is a slight increase in cohesin accumulation, less than that of the PGF insert, and again in
the direction of transcription. To summarise; cohesin accumulates in the direction of transcription of
the inserts and the level of cohesin accumulation correlates with the transcriptional output and

insulator strength of each insert.
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Figure 3.11: Cohesin accumulation across the a-globin locus in CD71+ erythroid cells derived from edited
reporter cells.

RPKM normalised Rad21 ChiP-seq derived from CD71+ material from each of the indicated models aligned to a
custom genome with only one copy of Hba-al in its native position, based on the mm10 reference (see page 42
Custom genome reference). Top panel shows the locus (mm10: 32162000-32330000) whilst the bottom panel
zooms in on the insertion site at the locus (custom mm10: 32255300-32282000). The landing site is highlighted
in grey and the direction of the insert indicated by a red arrow. Bigwigs are visualised as mean of data from n=2

independent differentiations of a representative clone per genotype. Key as in Figure 3.3.
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3.2.5 Cohesin accumulates at active enhancer elements and transcription

start sites genome-wide

Whilst cohesin accumulation at transcription start sites has been previously reported (Busslinger et
al., 2017a; Hua et al., 2021), | wanted to check if this could be observed in the genome wide Rad21-
ChlIP from in vitro derived CD71+ erythroid cells and to determine if this accumulation was limited to
the a-globin locus. Using Rad21 ChIP-seq | generated from non-reporter WT cells, | performed
genome-wide analysis on the localisation of cohesin relative to regulatory elements. There was a
significant accumulation of cohesin at TSS of genes (Figure 3.12a). Using total RNA-seq from WT in
vitro derived CD71+ erythroid cells (Rosa Stopler, unpublished), | categorised TSSs according to
whether they were inactive or active (RPKM > 1 in 2 replicates). Active TSSs (n=9,219) accumulated
more cohesin than inactive TSSs (n=17,009) (Figure 3.12b). In addition, over 70% of the top 10,000
Rad21-accumulating TSS were active (Figure 3.12c). This together supports that active transcription is
associated with cohesin accumulation. As displayed in the a-globin locus, cohesin accumulates at the
composite elements of the super enhancer (Figure 3.12d); this may be a result of loading of cohesin
at enhancer elements (Hanssen et al., 2017; Hua et al., 2021; Rinzema et al., 2022; Stolper et al., 2023).
To confirm this across other loci, | collected the 1963 erythroid-specific enhancer elements previously
classified by Hay et al., (2016), and plotted their cohesin levels. Cohesin is indeed enriched at these
active enhancer elements. This data displays how cohesin does not exclusively accumulate at CTCF

sites but is also found at active cis-regulatory elements.
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Figure 3.12: Cohesin accumulation at cis-regulatory elements genome-wide.

Heatmaps and summary profiles displaying Rad21 ChlIP-seq signal strengths at transcription start sites (TSS) in
CD71+ erythroid cells derived from in vitro differentiation of WT mESC, for A) all annotated genes (n=26228), B)
inactive (n= 17009) and active genes (n=9219) and D) enhancer elements (n=1963). C) Euler plot displaying the

overlap of the top 10,000 Rad21 accumulating genes and active genes.

3.2.6 Preliminary Tiled-C Capture data indicate there may be an increase in

interactions between the engineered landing site and enhancers

If the inserted elements were indeed acting as insulator elements, intercepting the enhancers, and
preventing correct interaction with the endogenous target genes, | would expect a gain of interactions
between the enhancers and insertion site, possibly resulting in reduced interactions with the native
promoters. To determine if there was such a change in interactions, | performed Tiled-C across the a-
globin locus in CD71+ erythroid cells derived from PGF, PGR and PF cell lines, where insulator function
was found. Tiled-C is similar in principle to NG-CaptureC but utilises a larger pool of biotinylated
oligonucleotides which cover a 3Mb region of the a-globin locus to enrich for contacts within the

region (Oudelaar et al., 2020). | faced technical challenges when attempting the assay on the in vitro
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derived CD71+ erythroid cells; electrophoresis of input DNA suggested there was non-specific
degradation of input DNA which compromises the downstream steps (digestion and religation) and
the quality of the 3C library (Figure 2.11). Also, because of a low yield of DNA after the first capture, |
opted to perform single capture rather than the conventional double capture to avoid reducing the
complexity of the final multiplexed library pool. With these limitations in mind, | consider the data |
am presenting here to be preliminary and optimisation to improve the resolution of the interaction
maps is required to confirm the observations. When analysing the Tiled-C data as a virtual capture
from the R2 enhancer viewpoint, an increase in interactions can be observed between the enhancer

and the landing site in the PGF and PF models relative to the parental reporter (Figure 3.13).

32,083,500 bp chr11 32,259,500 bp
lea—aZI

R1R2R3 Lancliing site

In vitro derived Cd71+

R2 Viewpoint (virtual capture)

L 1 i m

Figure 3.13: Preliminary chromatin conformation capture from CD71+ erythroid cells derived from edited
reporter cells.

Virtual capture from Tiled-C data, using R2 as the viewpoint. The exclusion zone around the viewpoint is shaded
in red. Profiles represent the mean number of normalised unique interactions per restriction fragment from n=2
independent differentiations. ‘aYFP’ = parental reporter with no insert; PGF = Promoter and gene body in the
native orientation; PGR= Promoter and gene body in the reverse orientation; PF = Promoter in native orientation.

Landing site is highlighted in grey.
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3.3 Discussion

When placed between enhancer elements and endogenous genes, transcribing fragments of the a-
globin gene display insulator behaviour, leading to a reduction in native gene expression. The strength
of the insulation is well correlated with the transcriptional output and accumulation of cohesin at the
newly inserted site. Preliminary data also suggests an increase in enhancer interactions with the
inserted fragments. Together this data supports the hypothesis that transcribed sequences, such as

the newly inserted a-globin genes, can act as insulators.

There are two potential models. The first involves mutually exclusive promoter competition, such that
the inserts outcompete the endogenous genes for enhancer contact. The second is that actively
transcribing units may act as partial barriers to directional tracking of cohesin-mediated loop
extrusion. These two models are difficult to untangle and arguably both are supported by different

aspects of the data presented.

Due to the increased proximity to the enhancer elements, the inserted a-globin gene (PGF & PGR) is
far more activated than the native genes. This agrees with a recent study which confirmed that
enhancer action declines with increased genomic distance to the target gene (Rinzema et al., 2022;
Zuin et al., 2022). Notably, enhancer proximity does not always determine transcriptional output, as
exemplified by the enhancer proximal embryonic Hba-x gene, which is silent in definitive
erythropoiesis despite its proximity to the active superenhancer (King et al., 2021; Peschle et al.,
1985). The huge discrepancy in transcription between ectopic and native genes could be interpreted
as the insert ‘outcompeting’ the native genes for enhancer contact. Other instances of promoter
competition in cis have been described where an active promoter located between an enhancer and
another, more distal promoter causes reduced activity of the distal promoter (Cho et al., 2018; De
Gobbi, 2006). The latter was observed in the a-globin locus; an SNV gave rise to a de novo promoter
located between the enhancers and a-globin genes, leading to significant disruption of a-globin
expression and development of a-thalassemia, similar to the insultation effect described in this
chapter (Bozhilov et al., 2021; De Gobbi, 2006). This was associated with reduced contact between
the enhancers and a-globin genes and a respective gain of interactions between the enhancers and
SNV. Interestingly, a-globin expression was rescued when the SNV was placed just upstream of the
enhancer elements, and yet still within the sub-TAD. Given that the de novo promoter had equal

accessibility to the enhancers, in both upstream and downstream positions, the observation that only
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the downstream position caused an insulation effect indicates that there is directionality to the

underlying mechanism.

This directionality could be described by the second model in which actively transcribing units may act
as obstacles to cohesin-mediated loop extrusion. When considering this model in relation to the data
presented here, the key to disentangling the models is the observed redistribution of cohesin. As
described previously, cohesin is the driver of domain formation (Rao et al., 2017). In the a-globin locus,
cohesin is likely loaded at the enhancer elements and extrudes DNA; the cohesin translocating to the
5’ end of the locus is halted by HS-38/39 CTCF sites (Barrington et al., 2019; Stolper et al., 2023; Vian
et al., 2018), whilst 3’ translocation encounters the inserted fragments. As displayed in cohesin ChlP-
seq, the inserted transcribing fragments accumulate cohesin. This is not limited to the inserts at the
modified a-globin locus but can also be observed genome-wide at active TSSs and enhancer elements,
in line with previous literature (Busslinger et al., 2017; Hua et al., 2021). Admittedly, the genome wide
cohesin profiles at TSS presented in this chapter would be reinforced by sub-categorising TSS, to those
with and without CTCF binding and further determining transcriptional activity by incorporating active
chromatin signatures, such as H3K4me3 and ATAC. Whilst an interesting observation that cohesin is
present at cis-regulatory elements, it is important to consider that accumulation of cohesin on active

enhancers and promoters may also be due to active loading of cohesin.

Transcriptional machinery is not limited to the RNA polymerase Il initiation complex. Other apparatus
such as capping, splicing and termination machinery is also loaded during processing and maturation
of mRNA. Additionally, in the presence of the enhancers, multiprotein Mediator complexes are also
loaded at the promoter. These bulky, macromolecular transcription complexes assembled at the
promoter may form an obstacle to cohesin machinery and cause stalling or disruption of extrusion,
such that a loop more frequently terminates at the site of transcription. This is potentially how the
‘promoter with gene’ (PGF, PFR) showed such strong insultation strength in the reporter assay, whilst
‘promoter-only’ inserts (PF, PR) were marginally weaker in strength, as transcripts from these inserts

do not have the downstream motifs necessary for mRNA processing but can initiate transcription.

This model is corroborated by other observations, for example, whilst CTCF sites form the majority of
TAD boundaries in mammalian cells, actively transcribing genes are also enriched at TAD boundaries
(Bonev et al.,, 2017; Dixon et al., 2012). Many TAD boundaries in D. melanogaster are likewise
associated with active genes (Ramirez et al., 2018). Evidence that the minichromosome maintenance

(MCM) complex can affect cohesin processivity in vitro supports that cohesin is not solely halted by
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CTCF (Dequeker et al., 2022). Cohesin processivity was likewise disrupted by R-loop structures which
are associated with, but not exclusive to, transcription (H. Zhang et al., 2023). RNAPII was also
reported to act as a moving barrier to loop extrusion in bacterial cells (Branddo et al., 2019) and
induced transcription was associated with the formation of domain boundaries at activated genes in
S. cerevisiae (Jeppsson et al., 2022). A similar conclusion was drawn from analysis of CTCF/Wapl double
knock-out experiments in mammalian cells, which led to the emergence of cohesin-dependent
contacts at active genes (Banigan et al., 2023). Finally, Micro-C analysis following degron-mediated
depletion of RNAPII revealed a loss of enhancer-promoter loops, further supporting a connection

between transcription and the 3D genome (S. Zhang et al., 2023).

Whilst these correlations indicate a relationship between insulator activity and transcription, this data
falls short of verifying whether an actively transcribing gene can functionally insulate. However, there
are some data that more closely address this question. During mouse neural differentiation, TAD
boundaries were formed concomitant with activation of NPC-specific genes, even in the absence of
CTCF; however, domain formation was not observed when the genes were activated upon CRISPRa
(dCas9:VP64-p65-Hsf1) in mESCs (Konermann et al., 2015). In a different model, CRISPRa-mediated
activation of gene expression did lead to chromatin remodelling at the induced gene (Chahar et al.,
2022); however, this observation is caveated by the presence of dCas9:VP64-p65-Rta on the DNA

which itself may also contribute to disruption of cohesin translocation (H. Zhang et al., 2023).

The two mechanisms discussed here to describe the insultation effect of the transcribing fragments
may also not be mutually exclusive. Due to their proximity to the enhancers, the inserts may indeed
‘outcompete’ the endogenous genes for enhancer contact, Mediator binding and transcription
factors. Simultaneously, transcription and all the proteins involved may itself act as a physical barrier
for the extruding cohesin, and thus further preventing the interaction between enhancers and the
endogenous promoters. Further molecular characterisation, such as Polll or Mediator ChIPs may be

helpful in interpreting the observation.

The data presented in this chapter provides evidence that transcribing genes can act as insulators, and

in the context of the a-globin locus, likely normally form the domain boundary, in the absence of the

3’ CTCF sites.
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Chapter 4: Inversion of a single copy of the a-globin gene relative to the super enhancer

4.1 Introduction
When considering enhancer-promoter interactions, one overlooked factor is the relative orientation
of elements. This aspect is likely under-represented because individual enhancer elements are widely
reported to act in an orientation-independent manner (Banerji et al., 1983; Mercola et al., 1983). This
is certainly the case in reporter assays and in some genomic contexts; however, this appears not to
hold for all super-enhancers. We have recently reported on the analysis of an inversion of the entire
a-globin super-enhancer, in which the whole region was inverted with proximal and proximal CTCF
sites removed (Preprint Kassouf et al., 2022). Genes normally lying upstream of the super-enhancer in
the direction of the re-oriented enhancer cluster increased in expression concomitantly with gained
interactions between their promoters and a-globin super-enhancer elements whilst the a-globin gene
expression decreased along with reduced interaction with their super-enhancer (Figure 4.1). In
contrast to orientation-independent paradigm of individual enhancer elements, this data shows that
this well characterised super-enhancer acts in an orientation-dependant fashion. This may be due to
how each element within the super-enhancer contributes the function of the cluster differently; R1
and R2 are ‘activating elements’, which contribute the majority of enhancing potential, whilst R3, Rm
and R4 are considered to be ‘facilitators’ and while having no intrinsic enhancer activity are required
for full activity of the super enhancer (Blayney et al., 2022, in publication). The facilitator elements are
most proximal to the target globin genes, and it has been shown that their position within the cluster
has an impact on overall transcriptional output. This, therefore, suggests that facilitators may have a
role in directing and orientating the activating potential of the super-enhancer, perhaps by creating
an optimum assembly and structure of the Mediator complex, PIC and RNAPII. Upon inversion, these
facilitators now lie proximal to the 5’ genes, thereby directing activity towards the genes that normally
lie upstream of the a-globin and contributing to the specificity of enhancer/promoter interaction.
Together this shows that, in the case of the a-globin locus, there is inherent sequence directionality
to the super-enhancer function; raising the question of whether the orientation of genes relative to

the super-enhancer may also affect gene expression.
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Figure 4.1: Inversion of the a-globin super-enhancer reveals interactions and target gene expression is
orientation dependent.

Summary of findings from Kassouf et al., (Preprint 2022). The a-globin genes are controlled by a super-enhancer
consisting of classical enhancer elements (R1 and R2, dark blue) and facilitator elements (R3, Rm and R4, light
blue). In the WT a~globin locus, the enhancers show preferential interactions with their target genes at the 3’

end of the locus. Upon inversion of the entire super-enhancer cluster, the direction of interaction flips, to instead

interact and activate the genes at the 5’ end of the locus, and concurrently a-globin expression decreases.

Evidence from evolutionary conservation of globin gene loci and other loci organisation suggests that
the orientation of regulatory elements may be important. The a-globin and B-globin loci in mammals
have the same linear organisation of elements, such that the target genes are downstream of their
enhancers with their transcription directed away from the enhancers (Philipsen and Hardison, 2018).
This is not unexpected as they both originated from the same duplicated locus during evolution. When
considering this from a larger evolutionary perspective, i.e. in other animals including humans,
platypuses, chickens and frogs; the organisation of globin-like loci is further conserved (Hardison,
2012). This level of conservation across multiple examples suggests that the linear organisation and

relative orientation of elements have a role in optimising super-enhancer induced gene expression.

As discussed in Chapter 3, when a copy of the a-globin gene was inserted in either orientation
ectopically, expression of the natively orientated gene was massively higher than that of the reverse
(Figure 3.10a). This suggested that orientation does dictate the level of enhancer-induced expression,
however due to presence of other copies of the gene, it was difficult to investigate the phenomenon
further in that model. Therefore, in this chapter, | address the question of whether the native mouse
a-globin genes respond to the super-enhancer in an orientation-specific manner, by inverting the
orientation of the a-globin gene in its native position to assess changes in expression and cohesin

distribution to gain mechanistic understanding.
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4.2 Results

4.2.1 Generating an Hba-al inversion by non-homologous end joining (NHEJ)
Due to the homology of the 3’ region of the a-globin locus, including large regions of homology around
the genes themselves, it was important to simplify the locus such that a single copy of the a-globin
gene could be individually manipulated. Using CRISPR-Cas9 mediated HDR, | deleted a 16.1kb region
containing Hbg-1a, Hba-a2 and Hbg-1b in hemizygous mESCs, to generate a locus with one copy of
Hba-al (al-only) (Figure 4.2a). This 16.1kb deletion encompasses the CTCF sites within the Hbg-1a
and Hbg-1b, but as we have previously reported, deletion of these sites alone doesn’t lead to changes
in a-globin expression or changes in interaction profile (Harrold et al., 2020). | therefore concluded
that loss of CTCF sites in the deletion would have a negligible impact on the integrity of the locus. The
deletion was verified using PCRs across the expected breakpoint, such that a product was only

generated in the presence of the deletion (Figure 4.2c).

Following this, | targeted CRISPR-Cas9 with 2 sgRNAs targeting approximately 1kb upstream and
downstream of the remaining Hba-al gene. This generates double strand breaks which are then
repaired by endogenous Non-Homologous End Joining (NHEJ) machinery (Materials and Methods)
(Figure 4.2a); whilst the majority of products would be deletions, in a small proportion of cases the
fragment released by these cuts is inverted during re-insertion (Blayney et al., 2020). Two successfully
verified clones for Hba-al inversion (al-INV) were generated and verified using a combination of
orientation specific PCRs and Sanger sequencing (0.7 % targeting efficiency, 2 positive clones / 288
single clone colonies tested) (Figure 4.2b). The breakpoints were also checked using Sasquatch
(Schwessinger et al., 2017) to confirm no new TF binding sites were generated. As mentioned, the
inverted sequence was designed to include flanking regions around Hba-al following detailed
characterisation of the underlying sequences; 1.4 kb upstream of the TSS and 900bp downstream of
the stop codon. The aim of this design was to conserve native UTRs, distal promoter elements and the
termination signals relative to the gene; therefore, changes in expression and interactions are solely
due to the inversion and not to disruption of underlying elements. Additionally, due to the small size
of Hba-a1 (1kb) the relative change in distance between the enhancers and promoter is negligeable
upon inversion, removing another potential confounding factor, as distance between enhancer-

promoter pairs is known to affect expression (Rinzema et al., 2022; Zuin et al., 2022).
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Figure 4.2: Schematic and data of gene editing for the inverted a-globin gene.

A) Schematic of the parental line and the targeting strategy; the targeted meSC line is hemizygous for the a-
globin locus with one deleted and one WT allele. CRISPR:Cas9 was used to delete a 16.1 kb region at the 3’ end
of the locus spanning Hbg-1a (81), Hba-a2 (a 1), Hbg-1b (92, A[Hbg-1a, Hba-a2, Hbg-1b]) to create the al-only
model. The remaining copy of the Hba-al gene was then inverted using NHEJ following double stranded nicking.
B) SYBR-Safe stained agarose gel showing the amplicon from orientation-specific PCR used for screening positive
clones (aINV_1, aINV_2); as expected, an inversion and 16.1kb deletion resulted in a product of 2.3kb. C) A 4.1kb
PCR product is expected in models with the large deletion (aOnly, a-globin gene in native orientation and aINV_1,

alNV_2, the verified inverted clones) and was used for Sanger sequencing (not shown).

In addition, to confirm the integrity of the locus following genome editing and to check if the locus
was accessible during erythropoiesis, | performed ATAC-seq on in vitro derived CD71+ erythroid cells
(Figure 4.3). To note, Hba-al and Hba-a2 are identical in sequence (apart from one SNP) and so when
aligning reads to an unedited reference genome, reads from the single copy of Hba-a1 do align to Hba-
a2 as an artifact. Despite this, the loss of reads from the region does confirm the deletion as well as

confirming that the enhancer elements were similarly accessible in both all models (Figure 4.3).
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Figure 4.3: Chromatin accessibility of cis-regulatory elements in edited a-globin loci.

All material was collected from in vitro derived CD71+ erythroid cells. ATAC-seq tracks for hemizygous WT, al-
only (a-globin gene in native orientation) and al-INV (average from 2 verified clones) models aligned to mm10
reference genome. Enhancer elements are highlighted in green and the expected 16.1kb deletion highlighted in
grey. Reads mapping to the second copy of Hba-aZ2 in the deletion region are artifacts of alignment. Both copies

of the Hba-a1/2 gene annotations are highlighted in red.

4.2.2 Inversion of a single copy of the a-globin gene, relative to the

superenhancer, leads to reduction in expression

To determine if orientation may affect gene expression, RNA was isolated from CD71+ erythroid cells
derived following in vitro differentiation of the edited mESCs and assayed by RT-qPCR (Figure 4.4).
Material from WT hemizygous CD71+ cells was used a positive control and a benchmark of expression
for the single copy Hba-a locus. Expression of a-globin in al-only was reduced compared to that of
WT levels; this is consistent with the loss of a copy of Hba-a2 (Figure 4.4a). Surprisingly, upon inversion
of the gene (a1-INV), a-globin decreases by approximately 30 % compared to the natively orientated
al-only (Figure 4.4a). This shows that the a-globin gene does indeed have a preferential orientation

with respect to its enhancers for optimal expression. Whilst this decrease may appear relatively small,
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considering a-globin transcripts are produced in the magnitude of 10* transcripts per cell, a 30 %

reduction results in a considerable loss of thousands of transcripts.

| then checked whether the other genes in the locus were affected by the changes at Hba-al. Firstly,
the large deletion, A[Hbg-1a, Hba-a2, Hbg-1b], present in al-only did not change the expression of all
other genes with respect to WT, namely; Z-globin, Snrnp25, Rhbdf1, Npri3 and Mpg (Figure 4.4b-f). In
this case, the loss of one of the target genes does not lead to promiscuous enhancer activity at the
other genes of the locus. Upon inversion of the remaining copy of a-globin, no change in ¢-globin and

the other genes in the locus was observed either (Figure 4.4b-f).
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Figure 4.4: a-globin expression decreases upon inversion, whilst neighbouring genes are unaffected.

All material was collected from in vitro derived CD71+ erythroid cells. RT-gPCR quantification of mature A) Hba-
al/2 and B) Hba-x transcripts against the mean output of the B-globin locus (Hbb-b1/2, Hbb-bh1 and Hbb-y)
relative to RPS18 and normalised to al-only. Rt-qPCR quantification of mature C) Snrnp25, D) Rhbdf1, E) Mpg
and F) Npri3 relative to RPS18 and normalised to al-only. Results are from 3 replicate differentiations with the
parental clone of al-only and 2 clones of al-INV. Error bars display standard deviation and significance

calculated using Unpaired t-tests (ns = P > 0.05, * P<0.05, ** P<0.01, *** P<0.001).
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4.2.3 Gene inversion leads to changes in cohesin accumulation

Given the current understanding on how enhancer/promoter proximity results in transcriptional
output, the reduction in expression due to orientation was an unexpected result. This observation
suggests a mechanism in which the linear organisation of regulatory elements including the sequence
orientation plays a role in expression. Cohesin is known to translocate across chromatin in a linear
fashion; we have also observed that transcription interferes with its translocation (Chapter 3) as also
observed in other reports (Busslinger et al., 2017b; S. Zhang et al., 2023). Therefore, | considered that
cohesin-mediated loop extrusion may be a contributing factor in interfering with expression. |
performed Rad21 ChIP-seq on CD71+ erythroid cells derived from both al-only and al-INV clones
(Figure 4.5). Cohesin distribution across the locus is almost identical when looking at peaks over CTCF
sites, enhancer elements and other promoters in the locus. However, there is a distinct change in
cohesin at the inverted a-globin gene. In al-only, there is a peak of Rad21 at the TSS of Hba-a1, which
then decays gradually past the gene body into the downstream (3’) region (Figure 4.5 zoomed panel).
In comparison, at the inverted gene, there is still build up at the TSS, however the decay does not
occur to the downstream (3’) region but appears to mirror the distribution in al-only, instead
accumulating at the upstream (5’) region. This is admittedly complicated by the presence of Hba-x in
the upstream region, which is also expressed and accumulates Rad21, however the loss of Rad21 from
the downstream region is clear in a1-INV. This evokes a boundary effect imposed by the TTS as well
as TSS, as previously reported (Valton et al., 2022), stalling the cohesin that is preferentially loading
and translocating from the enhancer cluster towards the a-globin genes (Preprint Stolper et al., 2023).
In the process, this stalling may impact the enhancer-promoter interaction required for optimal
expression. An assessment of the three-dimensional conformation of the locus in both the native and
inverted gene states would shed light on any structural impact the inversion may have on the

interaction domain.
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Figure 4.5: Inversion of Hba-a1 causes redistribution of cohesin at the gene.

All data is generated from in vitro derived CD71+ erythroid cells and plotted against custom genome sequences
(either al-only or al-INV) created from the mm39 reference. All gene annotations are plotted with respect to
their strand (top is +, bottom is — strand) and Hba-a1l is highlighted in red. ATAC-seq tracks are shown in black
and Rad21 ChiP-seq shown in blue. Zoomed region shows Rad21 ChIP-seq as above, for coordinates
chr11:32210000-32254000 (custom genome generated from the mm39 reference): Rad21 ChiP-seq for al-only
is shown in the top panel, al-INV in the bottom panel. The TSS5+500bp upstream is highlighted in red in both

panels. Note the position changes in each model due to the orientation of Hba-al.
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4.3 Discussion

Inversion of the a-globin gene in its native position leads to a slight but significant reduction in gene
expression, providing direct evidence that gene orientation with respect to its cognate super enhancer
affects level of enhancer-induced expression. This reduction is also associated with a redistribution of

cohesin across the gene, suggesting a mechanistic role of cohesin-mediated loop extrusion.

Cohesin accumulation around the natively orientated and inverted gene, in both cases, is consistent
with their respective directions of transcription; with accumulation decreasing gradually from the TSS.
As presented in Chapter 3, this same disparity in expression of the ectopic a-globin fragments can be
observed, such that the natively orientated inserts are expressed more than the reverse (Figure 3.10).
Similarly, cohesin accumulation around the insert site (Figure 3.11) is consistent with the profiles seen
at the endogenous position (Figure 4.5), however is more apparent in this chapter due to more
accurate alignment of ChlIP-seq reads. With these observations, | re-assessed the genome-wide
profiles of cohesin around active TSS (Figure 3.12b); importantly, the profiles are plotted such that the
direction of transcription are aligned. Interestingly, the profiles are not perfectly symmetrical and
there is a very slight bias in accumulation direction of transcription, consistent with the profile
observed in Figure 4.5. Whilst ChIP-seq only provides a population snapshot, the profiles of Rad21
binding are suggestive of cohesin moving with or been pushed along by transcriptional machinery,
consistent with previous reports in yeast (Branddo et al., 2019; Glynn et al., 2004; Lengronne et al.,

2004) and in mammalian cells (Busslinger et al., 2017).

Therefore, transcription of the inverted gene may be affected by the linear tracking of cohesin (Figure
4.6a). Cohesin is present at enhancers, likely actively loaded by NIPBL, to then translocate bi-
directionally (Chapter 3 Discussion). Due to the presence of the strong enhancer proximal CTCF sites
at the a-globin locus, cohesin can be considered to track almost exclusively unidirectionally, toward
the a-globin genes (Stolper et al., 2023, preprint). In the native locus, transcription from the a-globin
genes is congruent with translocation of cohesin from the enhancers. As discussed in Chapter 3, the
transcription machineries in this scenario may act also as steric obstacle for the extruding cohesin, but
this may help to increase the frequency of the enhancer-promoter interaction and enhance
transcription of the most proximal gene. When the gene is inverted, transcription instead proceeds in
the opposite direction to cohesin progression from the enhancers. Considering the large number of
protein complexes associated with transcription, such as RNAPII, splicing apparatus, capping, and

termination machinery, this could feasibly create an obstacle to cohesin tracking which reduces the
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probability of cohesin completing a full trajectory, leading to fewer enhancer-promoter contacts and
the reduction in transcription. On the other hand, the extruding cohesin may equally act as a roadblock

for the transcription elongation machinery and reduce the overall transcription efficiency.

Alternatively, this could be caused by lock-key type interaction between the super-enhancer
associated Mediator complex and the PIC at the promoter; such that the gene must be in the native
orientation for correct positioning of the Mediator to facilitate RNAPII release (Mediator reviewed in
Richter et al., 2022) with the reverse orientation disfavouring RNAPII firing (Figure 4.6b). However,
this seems unlikely, as flexibility in the DNA strand should allow for adjustments in topology to correct
for the inversion. In silico polymer-dynamics modelling may be able to discern if DNA topology could

facilitate this correction, however modelling with the required complexity to simulate this is currently

unfeasible.
A) Loop extrusion machinery clashes with RNAPII  B)  Unfavorable Mediator:PIC assembly
- -
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Figure 4.6: Proposed mechanisms of orientation-dependant enhancer indut:;Jér;zhscription.

A) Linear tracking of loop extrusion: in the native orientation transcriptional machinery (light blue arrows) moves
together with cohesin (dark blue arrows) (top); whilst upon inversion, transcriptional machinery (light blue
arrows) converges with cohesion (dark blue arrows), creating obstacles to one another and decreasing the
probability for enhancer-promoter interaction (bottom). B) Unfavourable Mediator:PIC assemblies: in the native
orientation the Mediator complex bridges to the Pre-Initiation Complex (PIC) such that Mediator binds the
RNAPII-CTD leading to phosphorylation and release (top); in the reverse orientation, correct assembly may not

be achieved as frequently as the PIC is not in the optimal position for Mediator interaction, however this could

be overcome by additional DNA intra-looping for example.

Due to the difficulties in performing 3C in the in vitro derived erythroid cells, as previously mentioned
in Chapter 3, it remains to be determined if there are changes in contact frequency between the

enhancers and inverted gene. However, it’s unclear if this would help in determining the underlying
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mechanism. Of course, disruption of cohesin-extrusion could change interaction frequencies;
however, Mediator is also reported to act as an architectural bridge between enhancers and
promoters (Ramasamy et al., 2023), and this could feasibly lead to changes in interaction as the
Mediator:PIC complex is unfavourably assembled. Determining the distribution of Polll by ChIP may
shed light on the relationship between cohesin and Polll termination and off-loading, but this remains
to be done. Hence, it remains unclear how mechanistically the gene inversion leads to compromised

transcription.

Of relevance, the B-globin genes, controlled by a cluster of enhancer elements (LCR) which also classify
as a super-enhancer, were inverted by Cre-mediated recombination in large, randomly integrated
transgenic inserts in mice. Depending on the erythroid developmental stage, adult B-globin expression
was unaffected (definitive) or massively upregulated (primitive) with the inversion, whilst foetal y-
globin expression was reduced in primitive erythrocytes and abolished in foetal erythrocytes in the
inversion (Tanimoto et al., 1999). Various study design factors confounded the study interpretation;
the entire gene cluster was inverted, hence changing the genomic distance between the LCR and each
of the genes which could also affect expression levels. So direct effect of the inversion on individual
genes remains unclear. Similarly, inversion of Myh genes relative to their super-enhancer cluster
showed a decrease in expression, however once again, the inversion resulted in changes of super
enhancer proximity (Dos Santos et al., 2022). Recently, Kovina et al., generated a series of constructs
within the a-globin locus in a chicken erythroid cell line (HD3) in which they introduced an RFP reporter
under the control of zebrafish (Danio rerio) globin promoters. When the inserted reporter’s
transcription was opposite to the direction of endogenous chicken globin gene transcription, there
was a drastic absence of reporter expression. When reporter transcription coincided with endogenous
transcription, the reporter generated high levels of expression. This presents promising evidence of
preferential orientation of transcription, however there were also some limitations. Firstly, the
reporter was always under control of a pair (B-globin and a-globin) of divergently orientated
promoters, meaning all constructs could initiate in either direction. Secondly, the promoters and
reporter were transgenes and non-native to the chicken model they were introduced into, therefore
they maybe under different control with respect to their native environment. Lastly, the mechanism
of how preferential orientation was facilitated remained undetermined. Therefore, it remained

unclear as to how gene orientation may affect enhancer-driven expression.

Given the widely held view that enhancers function on their cognate promoters independently of

orientation, this is a surprising result. Admittedly, the effect on expression is subtle and in the context

80



Chapter 4: Inversion of a single copy of the a-globin gene relative to the super enhancer

of the a-globin locus, in which the super-enhancer shows strong inherent directionality (Kassouf et al.,
2022); however, it does suggest that there is a functional role in the organisation of elements, such
that native orientation optimises enhancer-promoter communication. Whilst this is the case in the a-
globin locus, it should be considered that other loci may not show similar preference; however, to the
best of my knowledge, no other single gene inversions, without confounding positional effects, have

been reported.

Whilst simple in set up, the findings presented here provide direct evidence that the orientation of a
target gene with respect to a super-enhancer, does contribute to its level of activation, contesting a

long-held assumption that promoter and enhancers interact independently of their orientation.
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Chapter 5: Deletion of CTCF sites within the a-globin sub-TAD

5.1 Introduction

CTCF bound sites are known to contribute to the insulation of enhancer interactions, limiting them to
within TADs and sub-TADs; this has been observed in the murine a-globin locus (Figure 5.1). A
significant role for such genome compartmentalisation has been strengthened by specific examples
of an apparent functional role in the regulation of gene expression (Dowen et al., 2014; Hanssen et
al., 2017; Lee et al., 2017; Lupidiez et al., 2015; Narendra et al., 2015; Symmons et al., 2016; Vos et
al., 2021). Acute depletion of CTCF causes changes in the formation of TADs and sub-TADs but
relatively few changes in gene expression, challenging the significance of the relationship between
CTCF-mediated genome structure and function (Hsieh et al., 2020; Hyle et al., 2019; Nora et al., 2017,
Xu et al., 2021). To address this in detail, we previously generated mouse models with informative
deletions of CTCF sites within and located either side of the a-globin locus. These deletions subtly
changed interactions within the domain and in some cases, (e.g., deletion of HS-38/39) they changed
expression of genes lying upstream (5’ of the locus). These changes in expression resulted from a loss
of insulator function. Importantly, a-globin expression itself was not affected upon deletion of any of
these CTCF sites individually or in informative combinations (Hanssen et al., 2017; Harrold et al., 2020)

(Table 5.1).

Together, these studies showed that the upstream (5’) boundary of the sub-TAD (HS-38/39) normally
insulates the genes lying 5’ of the locus from the effects of the a-globin enhancer. By contrast, the
downstream boundary as judged by Capture-C experiments, did not correspond to the downstream
CTCF elements. Rather, the downstream boundary corresponded more closely to the most 3’ a-globin
gene (Chapter 3). Although none of the CTCF site deletions on their own or in combination affected
a-globin expression, the question remained as to whether CTCF sites within and surrounding the a-
globin sub-TAD are needed at all to set up and correctly maintain a-globin expression. To answer this,

| generated a model in which all CTCF sites within the a-globin sub-TAD are deleted.
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Figure 5.1: Structure of the a-globin locus TADs and underlying elements.

Tiled-C contact matrix displaying fine-structure of the a-globin locus at 2kb resolution replotted from (Oudelaar
et al., 2020a) with DNase | hypersensitive sites sequencing (DNase-seq), ATAC-seq and CTCF ChlP-seq tracks
plotted below, published previously (Hanssen et al., 2017). All tracks were derived from primary mature erythroid
cells. Major CTCF sites and their orientation are highlighted with arrows and enhancer elements are highlighted

in green (coordinates mm9: 32020000-32270000).

Table 5.1: Previously reported CTCF binding site deletions in the a-globin locus

Deletions Side Change in a-globin expression Reported in

AHS-39 5 No Significant Change (Hanssen et al., 2017)
AHS-38 5’ No Significant Change

AHS-38, HS-39 5’ No Significant Change

AHS-29 5’ No Significant Change

AB1 3 No Significant Change (Harrold et al., 2020,
AB2 3 No Significant Change preprint)

AB1, 62 3 No Significant Change

AHS+44, HS+48 3 No Significant Change

AB1,62,HS+44,HS+48 3 No Significant Change Unpublished
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5.2 Results

5.2.1 Creating a CTCF-null (ACTCF) a-globin locus using RMGR
To determine the combinatorial role of CTCF binding sites (CBS) in the a-globin locus, | deleted all
individual CTCF binding sites in the a-globin locus. As multiple deletions would require multiple rounds
of genomic editing using CRISPR:Cas9 HDR, | was concerned at the possibility that repeat editing would
decrease the pluripotency of the mESCs. | therefore opted for an alternative method of genomic
engineering: Recombinase Mediated Genomic Replacement (RMGR). This allows the entire ~86kb
region of the a-globin locus to be exchanged with any DNA fragment with complementary loxP/lox511
sites. In collaboration with Prof Jef Boeke (New York), we used large-scale DNA assembly to synthesize
custom loci for exchange with the RMGR-ready locus contained within bacterial artificial

chromosomes (BACs) (Figure 5.2).

We have previously used this technique to great success to generate the homozygous R2-only mouse
model, in which a BAC was synthesized with R1, R3, Rm and R4 deleted, introduced into mESCs and
used to successfully raise a mouse line (Blayney et al., 2022, in publication). During generation of the
model, the low efficiency of the RMGR technique was improved by a series of optimizations; including
use of lipofection in the place of electroporation and engineering the RMGR-ready cell line, such that
the remaining ‘non receptive’ WT allele was deleted creating a hemizygous line with one allele of the
a-globin locus amenable to RMGR (Hemizygous RMGR-ready). This increased the efficiency of
targeting by greatly decreasing the possibility of recombination events at the exchanged locus. In
addition, this allows ease of downstream analysis, removing the need to discern between signals from
the WT allele and those of the introduced synthetic locus. The RMGR technique has great potential
for investigating a range of biological questions by facilitating the creation of complex variants of the
a-globin locus, such as exploring the effects of large inversions, large-scale rearrangements, and
multiple combinatorial deletions of elements. A previous permutation of this method was used to
‘humanise’ the murine a-globin locus (Wallace et al., 2007). Similar large-scale synthetic approaches
have been utilised recently to determine the contributions of regions to gene expression within the

HoxA locus (Pinglay et al., 2022) and Sox2 locus (Brosh et al., 2023).
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Figure 5.2: Schematic of the genome engineering approach followed to create the CTCF null model.

Parental hemizygous RMGR-ready cells, with Hprt-A3’|neomycinR cassette and PuromycinR [tk cassette
integrated into the 5’ and 3’ regions of the a-globin locus (grey). A synthetic locus (white) with all CTCF sites
deleted was created in a BAC, with complementary hygromycinR|[Hprt-A5’ cassette. The synthetic locus
integrates into the RMGR-ready genome with the use of loxP/lox511:CRE-recombinase activity. The Hprt is

removed by Frt:Flippase recombination.

The synthetic ACTCF a-globin locus was designed with deletions spanning each site’s short CTCF
binding consensus sequence as determined by their DNase hypersensitivity footprints previously
characterized by our group (Hanssen et al., 2017). We have previously observed that the CTCF sites
located in Hbgla and Hbqglb (61 and 62, respectively) could be separated into 2 distinct CTCF peaks
in CTCF ChlIP-seq approximately 1kb apart; therefore, these sites were treated independently of one
another, as major and minor sites. The deletions were limited to those within the RMGR-ready
exchange region and so external sites which remained untargeted in this model include HS-94 (5’), HS-
71 (5’), HS+44 (3’), HS+48 (3’), HS+65 (3’) and HS+66 (3’) (Figure 5.3). This a limitation of the ACTCF
model however, the external/flanking sites are predicted to have low contribution to the interactions

within the locus.
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Figure 5.3: Location of CTCF binding sites within the a-globin locus.

Names of CTCF sites (HS: Hyper-Sensitive sites with the number referring to the bp position counting from the -
globin TSS with negative values upstream and positive values downstream of the TSS) are noted above their CTCF
ChiP-seq peaks shown in dark blue. Orientation of CTCF sites shown as blue and red arrows and enhancer
elements are highlighted in green. Grey box highlights the region replaced by RMGR (chr11:32214754-32300533
mm10).

The synthetic ACTCF a-globin locus was produced as a BAC and checked by long read sequencing by
our collaborator Brendan Camellato in Jef Boeke’s group (New York). To reduce instances of structural
rearrangements in bacteria, the BACs are kept as single copy vectors, therefore large bacterial
preparations are needed to obtain the mass of DNA required for transfection. | propagated and
expanded the BAC containing the synthetic locus in large bacterial liquid cultures under antibiotic
selection. | extracted BAC DNA by a CsCl:EtBr density gradient, which allowed separation of the BAC
from bacterial genomic DNA (Figure 5.4a). Following DNA “clean up”, restriction digests were
performed to determine the integrity of the BAC and to ensure no large rearrangements had occurred
during culture. The BAC was co-transfected with a plasmid expressing CRE recombinase into
hemizygous RMGR-ready mESCs using lipofection (LTX). It was important that the transfection was
done within 2 days of BAC DNA purification as the very large DNA fragment produced is sensitive to
degradation, leading to lower transfection efficiency. Even so, only 2 colonies were recovered
following HAT selection and HT recovery; and only 1 clone had PCR products consistent with complete
exchange at both RMGR exchange 3’ and 5’ breakpoint sites (Figure 5.4b). The exchange of native
locus to the ACTCF a-globin locus was further probed using PCRs covering the CTCF site deletions and
Sanger sequencing of these products confirmed the presence of the expected CTCF site deletions (data

not shown).
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Figure 5.4: Preparation and transfection of the synthetic ACTCF a-globin BAC into RMGR-ready mESCs.

set2 set1 M sets NI

Set 3 I S
3PCR-Set 1 5'PCR - Set 2 5'PCR - Set 3 R @:Dbé&

S

N & S > S > NRSICH

S & Pt ¢ ACTCF Post-FLP
o RO Rl S ES 2
N B I ol S O ) OV w1 #2

A) Schematic of a BAC DNA preparation from bacterial cultures; following quality checks using restriction
digestion, the BAC was introduced into RMGR-ready mESCs using lipofection and transient CRE expression and
selection. After the first round of PCR genotyping and expansion, the HPRT cassette was removed using transient
Flippase (Flp) transfection. B) First round of PCR screening; Set 1 (3422 & 3424) amplifies across the 3’ breakpoint
(528 bp expected with BAC integration); Set 2 (Tile56_Fw_1 & Tile57_Rv_1) amplifies across the completed HPRT
cassette (expected 2.8 kb with BAC integration, 1.8 kb expected in the parental RMGR-ready control); Set 3
(HFR2_3 & HFR2_4) amplifies within the completed HPRT cassette (expected 598 bp with BAC integration). Clone
#2 had all the expected products indicating the BAC had integrated properly. C) Second round of PCR screening
performed after flippase transfection; Set 4 (Tile51_Fw_1 & Tile57_Rv_1) amplifies the regions flanking the HPRT
cassette (expected 419 bp with HPRT removal).

The next step in validation was to confirm the activity of the locus and the loss of CTCF loading at the
deleted sites. The PCR validated clone was expanded and differentiated in vitro following our
established protocol to generate erythroid cells (Francis et al., 2022). To confirm integration of the
synthetic ACTCF locus and deletion of the CTCF sites, | performed CTCF ChlP-seq. This confirmed the
expected loss of CTCF binding across the a-globin locus with the external CTCF sites unaffected by the
exchange (Figure 5.6). With this confirmation, | completed the last stage of genome engineering by
removing the Hprt selection cassette using Flp:frt recombination facilitated by the homotypic FRT sites
flanking the Hprt gene and transient transfection of a Flippase expressing plasmid. This step removed
the remaining machinery associated with RMGR, resulting in a near-seamless exchanged locus, with

only 1 lox site (34bp) and 1 frt site (31bp) left in the final version of the engineered locus (Figure 5.4c).

87



Chapter 5: Deletion of CTCF sites within the a-globin sub-TAD

| then performed ATAC-seq from the CD71+ erythroid cells derived from the ACTCF mESCs to
determine the open chromatin landscape of the locus (Figure 5.6); comparing the ACTCF ATAC-seq to
a hemizygous WT control, the enhancer elements and a-globin and {-globin genes have equivalent
regions of chromatin accessibility, confirming the integrity of the ACTCF a-globin locus and that the

major elements were active.

522 CTCF null a-globin locus presents with a reduction in a-globin

expression

Having confirmed the integrity of the ACTCF a-globin locus, | performed RT-gPCR from RNA extracted
from the CD71+ in vitro derived erythroid cells to determine how the CTCF deletions affected a-globin
expression. In the CTCF-null locus, there was a ~60% reduction in a-globin expression (Figure 5.5a).
This reduction was also observed for the embryonic {-globin expression (Figure 5.5a); this contrasts
with previous results, wherein single or pairwise deletion of 5’ or 3’ CTCF sites resulted in no significant
changes in a-globin expression. With the reduction in globin expression, there is a complementary
increase in expression of external flanking genes, Rhbdf1 and Mpg (Figure 5.5b) — this is in line with

increase in inappropriate activation of the flanking genes seen with AHS-38/39 (Hanssen et al., 2017).
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Figure 5.5: Gene expression changes in ACTCF in vitro derived erythrocytes.
All material was collected from in vitro derived CD71+ erythroid cells. A) RT-gPCR quantification of mature Hba-
al/2 and Hba-x transcripts against the mean output of the 8-globin locus (Hbb-b1/2, Hbb-bh1 and Hbb-y) relative
to RPS18 and normalised to WT. B) RT-qPCR quantification of mature transcripts from Rhbdfl, Mpg and Nprl3
genes relative to RPS18 and normalised against WT. Results are from 3 replicate differentiations with 2 of ACTCF
a-globin clones. Error bars display standard deviation and significance calculated using Unpaired t-tests (ns P >

0.05, *P<0.05, ** P<0.01, **** P<0.0001).
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523 Cohesin is redistributed to other CTCF sites whilst presence at enhancers

and genes is unaffected at the ACTCF a-globin locus

Cohesin mediated loop extrusion is considered one of the main mechanisms by which interaction
domains are formed. CTCF sites accumulate cohesin, supporting their role in chromatin structure. To
determine how cohesin distribution is changed across the locus with CTCF site deletions, | performed
Rad21 ChIP-seq on CD71+ erythroid cells derived from ACTCF o-globin mESCs (Figure 5.6). As
expected, cohesin accumulation is lost at the deleted CTCF sites; notably there was a slight increase
in Rad21 accumulation at HS-71 at the 5’ and HS+44/48 sites at the 3’ of the locus. Rad21 peaks at the
enhancers and genes appear to be unaffected. The pattern of cohesin across the ACTCF a-globin locus
is in line with cohesin loading at the enhancers and genes which then tracks outward to the flanks of
the locus; without the internal CTCF sites, cohesin continues further in a bi-directional manner to be
halted at the first sites encountered after the deleted CTCF sites. Rad21 accumulation is also observed
at other gene promoters, including Snrnp25, Mpg and Npri3, which have also increased in expression
in the ACTCF a-globin locus. The consistent Rad21 accumulation across the active elements in the
locus in the absence of CTCF sites is in line with the continued, albeit compromised, expression of the

globin genes, suggesting the enhancers can still interact with their target genes.
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Figure 5.6: Molecular characterisation of the ACTCF a-globin locus.

All data is generated from in vitro derived CD71+ erythroid cells and plotted against the reference mm10 genome.
UCSC tracks for data from WT and ACTCF a-globin clones (ACTCF), Top: ATAC-seq is shown in black. Middle: CTCF
ChiP-seq peaks shown in dark blue. Bottom: Rad21 ChlIP-seq shown in light blue. Zoomed region shows Rad21
ChiP-seq as above, for coordinates 32203000-32330500 (mm10). Expected CTCF site deletion regions in the
ACTCFa-globin model are highlighted in grey, enhancer elements in green and a-globin genes in red.
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5.3 Discussion

This is the first report of an a-globin model in which all CTCF sites were deleted simultaneously. As
predicted, 5 non-erythroid genes were up-regulated in the absence of what we have previously
characterised as the a-globin upstream boundary, the 5’CTCF sites (HS-38/39). However, surprisingly,
the ACTCF a-globin model revealed a reduction in globin gene expression that was not observed in all
previous combinatorial CTCF deletions (Hanssen et al., 2017; Harrold et al., 2020). Before we proceed
tointerpreting the unexpected phenotype, it is worth noting that more sequence validation is required
to secure the engineered model’s integrity. A possibility that there might be unexpected sequence
deviations arising following genomic introduction of the synthetic locus, such as rearrangements or
SNVs, that cannot be observed in the short-PCR validations or short-read NGS methods presented so
far. In the previous generation of a RMGR derived model, linked-read sequencing was used to
sequence across the entire locus (Blayney et al., 2022, in publication); unfortunately, this service was
discontinued during the generation of the ACTCF a-globin model. Alternative methods are being
actively considered, such as baited sequencing (Brosh et al., 2021) or Cas9-targeted Long-Read
Sequencing (Walsh et al., 2021; Wongsurawat et al., 2020), as well as outsourcing to Pacbio to confirm
the integrity of the locus. Despite this, as shown throughout this chapter, the most noticeable
differences in NGS chromatin characterization assays (ATAC-seq and ChlIP-seq) performed are at the
expected CTCF sites and so it is likely the effects observed are due to the CTCF deletions. Following
such targeted sequencing, a mouse model will be generated to allow analysis of primary erythroid
tissues and allowing direct comparison to other in vivo mouse models of CTCF deletions (Hanssen et

al., 2017; Harrold et al., 2020).

If the locus integrity is confirmed, we have considered various possible interpretations for the ACTCF
a-globin data. As discussed in the previous chapter (Chapter 3), the predominant insulation at the 3’
end of the locus appears to be at the transcribed a-globin genes, hence the 5’ CTCF sites in this model
will likely be more informative in interpreting data from the ACTCF a-globin model. For example, in
the 5’CTCF site deletion studies, the AHS-38/39 model retained the HS-29 site, and the AHS-29 model
retained HS-38/39 sites; in the absence of one, the other site may compensate. In other words, the
CTCF sites may be functionally redundant. The HS-38/39/29 sites are all proximal to the one of the
strongest enhancer elements (R1), and perhaps at least one enhancer-proximal CTCF site is sufficient
for correct tethering and maximal activation of a-globin expression. If this was the case, | would

predict a AHS-38/39/29 model would show decreased a-globin expression. Complementarily, a single
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CTCF site (such as HS-38) could be inserted back into the ACTCF a-globin locus to determine if

expression is restored.

The observation that cohesin appears to redistribute to the next available external CTCF sites (5’'HS71
and 3'HS44) further supports what has been previously reported, that CTCF sites act redundantly
(Despang et al., 2019). This is an aspect of this study that could be further explored; as the external
CTCF sites found outside of the RMGR exchanged region were unchanged, there may be insultation
and structural role provided by these sites that preserves a-globin expression, albeit insufficiently.
Hence, to determine if enhancer-promoter interactions are truly independent of CTCF-anchors, the
remaining CTCF sites would have to be deleted, or the a-globin sub-TAD transported away from its
genomic locus and tested for its independent ability to self-regulate with or without the CTCF sites

examined.

Whilst it was surprising that ACTCF would lead to changes in expression, CTCF deletion models in other
loci have revealed similar changes in expression. Double and triple deletions of CTCF sites at either the
5" or 3’ of the B-globin locus were shown to lead to a decrease in expression of B-globin genes;
however, these results were confounded by the sequences deleted across clones being variable (Kang
et al., 2021). Furthermore, a CTCF site deletion series in the Sox9—Kcnj2 locus similarly observed a
slight but significant reduction in Sox9 expression only upon deletion of all bordering and intra-TAD
CTCF sites, despite gradual fusion of neighbouring TADs at the loss of each CTCF site (Despang et al.,
2019). Together, this data and the data presented in this chapter, suggest that CTCF sites are not
essential for establishment of enhancer-promoter interactions, however function to provide

robustness and precision to enhancer-induced gene expression.

How then may this be achieved? TADs are not stable structures in cells, they are instead dynamic and
transient. Therefore, the loss of expression observed in the ACTCF a-globin model may be due to a
reduction in the frequency of or duration of enhancer-promoter interactions. This is supported by live
imaging studies which tracked chromatin dynamics upon loss of CTCF binding (Gabriele et al., 2022;
Mach et al., 2022; Platania et al., 2023). Both Gabriele et al. and Mach et al. concluded that CTCF-
anchored DNA loops are longer lived than non-anchored loops, whilst Platania et al. observed increase
in mobility of chromatin upon CTCF site deletion. Altogether, these studies support that CTCF-
anchored loops constrain DNA loops and lengthen the time in which associated enhancers and
promoters can interact in 3D space. It would be interesting to determine how transcription dynamics

are affected in the ACTCF a-globin model; this would require measurement of initiation frequency and
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burst intensity. To do so, the ACTCF a-globin model would need to be engineered further to integrate
the machinery required to perform live-imaging of nascent transcription. We have previously
implemented such a technique to measure transcriptional dynamics during differentiation (Jeziorska
etal., 2022). This would provide insight into how a presumably relaxed chromatin structure the ACTCF
a-globin model affects enhancer-induced transcription. In addition, 3C interaction profiles would
confirm changes in interaction frequencies in the ACTCF a-globin model; | would predict that the
strength of enhancer-promoter interactions would decrease, and the domain itself will likely be
enlarged to be anchored at the remaining flanking CTCF sites (HS-71 and HS+44). Whilst Tiled-C was
performed (data not shown), similar technical issues as reported in Chapter 3 were experienced, and

so these changes remain to be determined.

Overall, the deletion of all CTCF sites within the a-globin sub-TAD leads to overall lower, but not
eradicated, enhancer activity at their cognate promoters. This could be due to a decreased potential
contact frequency between the enhancers and their targets, due to an increased dynamics and

mobility of elements upon removal of all primary tethers.
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Chapter 6: General Discussion

6.1 Summary of Findings

In this thesis, | have explored how the order and orientation of regulatory elements can contribute to
enhancer-induced activation of a cognate promoter within the context of the a-globin locus. | found
that in addition to the well-known CTCF binding elements that may act as insulators, a newly inserted
actively transcribing a-globin gene located between the natural enhancers and promoters may also
acts as an insulator. Of interest, this newly inserted gene was expressed at higher levels than the more
distal native a-globin genes. Together these results showed that not only was there a functional
overlap between different classes of regulatory elements, but their linear order along the
chromosome also affected their activities. Based on these observations, | investigated how relative
orientation of an inserted a-globin gene with respect to its enhancer could influence its level of
expression and found transcription was affected. Finally, | confirmed that CTCF sites in the a-globin
locus are not essential for the establishment of enhancer-promoter communication, however, CTCF
elements do provide robustness to expression likely by limiting enhancer activity to target genes and

supporting contact.

6.2 Orientation and position of cis-regulatory elements contribute to multifactorial

enhancer-promoter communication

These results highlight the multifactorial nature of enhancer-promoter communication, wherein the
transcriptional output emerges as a composite outcome of many governing regulatory mechanisms.
These factors include, but are not limited to: element accessibility (King et al., 2021), genomic distance
(Rinzema et al., 2022; Zuin et al., 2022), biochemical ‘compatibility’ between elements (Bergman et
al., 2022; Martinez-Ara et al., 2022); tethering factors (Pachano et al., 2021); a shared regulatory
domain (Symmons et al., 2014); insultation by CTCF (Hanssen et al., 2017; Narendra et al., 2015); and
trans-acting transcription factors. Whilst these can be used as guidelines, it is rational to predict that
each genomic locus will be regulated by a unique contribution of these factors and in some cases,

there may be redundant mechanisms.

With data from the gene inversion presented in Chapter 4 and super-enhancer inversion (Preprint
Kassouf et al., 2022), the orientation of genomic regulatory elements with respect to each other can

now also be included as a contributing factor to the regulation of mammalian loci. However, it is worth
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noting that the orientation of a promoter may not always determine enhancer responsiveness — for
example, the de novo promoter generated by an a-thalassemia-linked SNV does not show differential
expression when inverted whilst its insulation strength is affected (Bozhilov et al., 2021). This suggests
that the effect of the inversion may be promoter-dependant and perhaps is itself a combination of
sequence motif grammar, conformation of recruited protein complexes and interaction of
transcription with cohesin translocation. To fine-tune these findings, it may therefore be interesting
to probe the promoter functional polarity further by inverting for example single motifs within the a-
globin promoter. Whilst my data suggests an interplay between cohesin accumulation and
transcription, mechanistic understanding of how these machineries interact may be more difficult to
disentangle, largely due to our inability to capture the highly processive nature of proteins in situ. One
such consideration should be that all data presented in this thesis is both static and at a population
level. As discussed previously, enhancer-promoter interactions should be considered as dynamic and
transient, as shown in super resolution microscopy wherein a 150 kb CTCF-CTCF loop is infrequently
fully formed and with a lifetime of ~15 minutes (Gabriele et al., 2022; Mach et al., 2022). Therefore,
all the governing rules mentioned above may be interpreted as contributing to increasing the

likelihood and probability of correct enhancer-promoter contact.

The position of elements has also emerged as a parameter that influences enhancer-promoter
interactions in my work (Chapter 3) as well as Blayney et a/ (BioRxiv, in press) and in other’s work
(Rinzema et al., 2022; Zuin et al., 2022). In Chapter 3, | have shown the ectopic insertion of the a-
globin gene between the a-globin enhancer cluster and the endogenous genes lead to enhanced
expression of the insert at the expense of expression of the endogenous gene. Similarly, Blayney et al
identified ‘facilitator’ elements within the a-globin enhancer cluster that likewise function in a
position-dependent manner. The facilitator elements (R3, Rm and R4) present a hierarchical function
that is tied to their position with respect to the other cis-regulatory elements, with the facilitator in a
promoter proximal position being optimal for gene expression. These findings pose a challenge when

trying to reconcile them with a ‘transcriptional hub’ model of transcriptional regulation.

6.3 Challenging the current ‘hub’ model of enhancer-promoter interaction
Upon establishment of an enhancer-promoter interaction, a ‘transcriptional hub’ may be formed
which may trap RNAPIl and other coactivators required for gene expression in a high local
concentration. This has been a useful model in combining different observations, such as multiple

‘simultaneous’ contacts of enhancers (Oudelaar et al., 2019) and sub-nuclear ‘transcription factories’.
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However, this model fails to address why orientation dependent expression is observed, as described
in Chapters 3 and 4. For example, if transcription factors are free to diffuse between elements, then
the orientation of elements would not be expected to affect transcription as TF binding should be
equal in either orientation. Further, with the observation that activation potential of genes decreases
5’ to 3’ across the locus and that there is an associated change in the profile of cohesin accumulation
across the genes, | therefore favour a model involving unidirectional tracking of cohesin (Figure 6.1).
Even though cohesin does not seem essential for maintaining a-globin expression once established
and is thought to act as an initial driving force of domain formation (Prepint Stolper et al., 2023) it
continues to associate with the chromatin (as evident in ChIP-seq) and presumably continues to
translocate throughout the locus. Given the growing evidence in the literature that transcription
affects cohesin and domain formation (Busslinger et al., 2017; S. Zhang et al., 2023) it is feasible that
transcription and cohesin translocation may physically interact. As previously described, due to the
strong CTCF sites proximal to the enhancer, we can assume that cohesin translocation across the a-
globin cluster largely travels uni-directionally, bringing the enhancers to each gene copy progressively.
It is possible that at actively transcribed genes, due to the presence of transcription machineries,
cohesin translocation is stalled and retained at each gene copy sequentially, reducing the probability
of enhancer interaction at more distal genes (Figure 6.1). In the case of a gene in the reverse
orientation, transcription still occurs and can still act equally as a barrier to extrusion but may itself be

disrupted by oncoming cohesin complexes travelling in the opposing direction.
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Figure 6.1: Model for how cohesin translocation interacts with transcription across the a-globin locus.

On the other hand, it is difficult to dismiss that there may be a topological restraint on the assembly
of Mediator/co-activator complexes when the gene is inverted. In support of this is the observation
that ‘microcompartments’ containing enhancer-promoter pairs in Micro-C mapping are often
unaffected by cohesin depletion (Aljahani et al., 2022; Goel et al., 2023; Hsieh et al., 2022), thus may
be more dependent on protein-protein interactions, such as between transcription factors or
unidentified tethering agents. Once again, due to the processive nature of these complexes, it remains

unclear what underlies orientation dependant expression.
6.4 Future work

The studies presented here are limited by the fact that | have only sampled from one timepoint in in
vitro differentiation. Whilst earlier time points in differentiation could be used to emulate earlier
stages in differentiation, it remains unclear whether these timepoints reliably model earlier
erythropoiesis in vivo. We have previously characterised the mouse a-globin locus at different stages

of erythropoiesis from primary erythrocytes (e.g. S0-S5), which uncovered the dynamics of enhancer-
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promoter regulation (Oudelaar et al., 2020a). Over the course of erythropoiesis, the enhancer
elements bind TFs and become progressively accessible whilst the genes remain silenced; in later
stages, the formation of the erythroid-specific sub-TAD can be visualised and is concomitant with an
increase in a-globin expression. Given our current hypothesis that cohesin-mediated extrusion may
be essential in earlier stages of expression and that it may be loaded at enhancers (Preprint Stolper et
al., 2023), it would be interesting to determine where and when cohesin accumulation occurs at these
different stages. Such temporal resolution of domain formation of the ACTCF model may help to
understand at what stage gene expression is aided by CTCF-cohesin contact. Following verification of
the locus, we plan to generate a mouse model from the ACTCF mESCs I've generated here. This will
no doubt open more avenues of study to determine mechanistically how gene expression is reduced
in the absence of CTCF sites. Of course, mapping contact frequencies is a priority to confirm if

enhancer-promoter interaction is reduced in the absence of the CTCF sites.

The unfortunate quality of the 3C data generated so far limits my conclusions, as | cannot yet fully
determine the changes in interaction frequencies in the models I've generated. Whilst Tiled-C is a
powerful technique, with the potential to see genomic architecture at high resolution from multiple
viewpoints, it remains limited in resolution to ~1kb, dictated by restriction enzyme digestion of the
genome. Of course, the highest resolution 3C methods at the time of writing this thesis is Micro-C and
its variants (Hsieh et al., 2020, 2015; Hua et al., 2021; Krietenstein et al., 2020). These methods are
yet to be performed successfully using material derived from the in vitro differentiation system due
to the large number of cells needed for input. Current refinement of these methods and lowering of
cell input may allow the examination of fine-scale changes in interaction profiles in our system and

will shed light on the dynamics of these interactions in various scenarios.

With regards to the boundary assay (Chapter 3), the decision to use the native a-globin gene sequence
as the insert was due to the aim of testing if the a-globin genes could act as insulators or boundary-
like elements. Due to the sequence similarities between the elements, it required costly NGS based
techniques to determine expression levels of the inserts. Potential development of this assay may
benefit from the incorporation of a secondary fluorophore (such as RFP) at the terminus of the
inserted gene sequence, similar to the Hba-al:mVenus used as the primary readout of the assay, to
allow more rapid quantification of expression from the insert. As discussed in Chapter 3, the insulation
effect could be described by two mechanisms: an enhancer blocking activity dependant on cohesin or
promoter competition. These two mechanisms may not be mutually exclusive, though it could be

considered that promoter competition should be alleviated by using a promoter with lesser
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‘specificity’ for the enhancer. Therefore, a potential direction for this project to further refine the
observation and untangle the boundary versus competition argument would be to introduce
promoters with lesser specificity for the a-globin enhancers; this could be used to tune the level of
expression from the inserts to further correlate transcriptional output to insulation strength whilst

simultaneously removing the element of enhancer-promoter competition.

Of course, determining which promoters to use would be an interesting topic in itself as there is
evidence from MPSAs to suggest there is specificity between promoter and enhancer sequences
(Arnold et al., 2017; Bergman et al., 2022; Haberle et al., 2019; Martinez-Ara et al., 2022). However, it
remains unclear what drives compatibility between mammalian enhancers and promoters, as variably
expressed gene promoters appear to be activated by enhancers agonistic of enhancer identity. Whist
informative and capable of testing multiple combinations of enhancer-promoter pairs, these assays
are limited in several ways, for example, the assays are often episomal; the sequences assayed are
sometimes generated by random genomic sonication and therefore may not be biologically
significant; and the ‘enhancer-promoter’ pairs are often assembled at short distances. These caveats
may therefore obscure some of the nuances of compatibility. Whilst not presented in the thesis, | did
begin setting up a promoter screen in the context of the a-globin locus, using genome integrated
promoters in a fixed position in the locus, in the presence and absence of the super-enhancer. Further
development of this assay may shed light on enhancer-promoter specificity in a developmentally

relevant context.

6.5 Conclusion

Whilst already characterised in great depth, the a-globin locus continues to be a valuable model in

which to dissect governing rules of gene regulation. In this thesis, | have genetically manipulated the

locus to rearrange and reposition cis-regulatory elements revealing further how genomic syntax

contributes to gene regulation.
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