Interplay between enhancer hierarchies
and histone demethylase JMJD3

A Thesis submitted to

The University of Transdisciplinary Health Sciences and
Technology

TU

THE UNIVERSITY OF TRANS-DISCIPLINARY
HEALTH SCIENCES & TECHNOLOGY

For the award of the degree of
Doctor of Philosophy
By

UMER FAROOQ

Under the guidance of

Dr. DIMPLE NOTANI

o
Wi ncbs ™

National Centre for Biological Sciences (NCBS)
Bangalore, 560065

April 2023



THE UNIVERSITY OF TRANS-DISCIPLINARY HEALTH SCIENCES
AND
TECHNOLOGY
Private University Established in Karnataka by ACT 35 of 2013
BENGALURU - 560064

DECLARATION BY THE CANDIDATE

I declare that this thesis entitled “Interplay between enhancer hierarchies and
histone demethylase JMJD3” submitted for the award of Doctor of Philosophy to
THE UNIVERSITY OF TRANS-DISCIPLINARY HEALTH SCIENCES AND
TECHNOLOGY, Bengaluru, is my original work, conducted under the supervision of
my guide Dr. Dimple Notani at National Centre for Biological Sciences (NCBS). |
also wish to inform that no part of the research has been submitted for a degree or
examination at any university. References, help and material obtained from other

sources have been duly acknowledged.

| hereby confirm the originality of the work and that there is no plagiarism in any part

of the dissertation.

N

Signature of the Candidate

Place: Bengaluru

Date: 30/03/2023

Umer Farooq

Reg. No.: 21117020496

10/11/2017 Provisional Registration

03/12/2018 Registration



THE UNIVERSITY OF TRANS-DISCIPLINARY HEALTH SCIENCES
AND
TECHNOLOGY
Private University Established in Karnataka by ACT 35 of 2013

BENGALURU - 560064

CERTIFICATE

This is to certify that the work incorporated in this thesis “Interplay between enhancer
hierarchies and histone demethylase JMJD3” submitted by Umer Farooq was
carried out under my supervision. No part of this thesis has been submitted for a degree
or examination at any university. References, help and material obtained from other
sources have been duly acknowledged. I hereby confirm the originality of the work and
that there is no plagiarism in any part of the dissertation.

Dr. Dimple Notani

Supervisor

NCBS, TIFR, Bangalore - 560065
Date: 31/03/2023



Acknowledgments

There are several people to whom | am grateful for their assistance and encouragement
throughout my Ph.D. First of all, | am immensely thankful to my supervisor, Dr. Dimple
Notani, for giving me the opportunity to work in her lab. This work would not have
been possible without her guidance and unwavering support. She gave me the freedom
to explore, think, and design experiments. She has always been highly tolerant of my
mistakes throughout these years. | genuinely thank her and will always be grateful to
her. I sincerely thank my thesis committee members, Dr. Dasaradhi Palakodeti and Dr.
Sabarinathan Radhakrishnan, for their time, insightful suggestions, and discussions. |
am also thankful to my teachers, who have guided me since the beginning. | want to
thank Dr. Khalid Majid Fazili, Dr. Shaida Andrabi, and Dr. Mahboob ul Hussain in

particular.

My heartfelt thanks to all the former and current lab members for their help,
suggestions, contributions to my projects, thought-provoking discussions, and
entertaining conversations that made my time in the lab pleasant. Bharath Saravanan
for the assistance with bioinformatic analysis, suggestions, and discussions. Zubairul
Islam for the assistance in various experiments and discussions. Sweety Meel for the
help in immunostaining and FACS experiments. Deepanshu Soota and Rajat Mann for
their timely assistance, suggestions, and scientific conversations. Arif Hussain for the
help with immunostaining and microscopy experiments. Kaivalya Walavalkar for the
help with the 4C experiments. Anurag Kumar Singh for the help with patient data
analysis. Sudha Swaminathan for reviewing my manuscripts and discussions. | would
like to thank Nidharshan, Vinay, Tripti, Rakesh, Ishfag, Sachin, Urooj, and Shreyas for
being wonderful lab mates. | had the pleasure of mentoring many JRFs, rotation
students, trainees, etc., in the lab. | am grateful to all of them because | learned more
from them than they did from me.

| want to thank NCBS for its services and technical assistance. | want to thank Dr.
Awadhesh Pandit and the NGS team for assisting with next-generation sequencing
experiments. | thank everyone who works at NCBS, particularly in the administrative,
instrumentation, purchase, laboratory support, and stores sections. I am immensely

grateful to the laboratory kitchen employees for being prompt and efficient in their jobs,



allowing our experiments to go smoothly. | would also like to thank TDU
administration, particularly Mr. Ravi Kumar, for assisting me with university
administrative procedures. | want to thank the Council of Scientific & Industrial
Research (CSIR), Government of India (Gol), for funding my Ph.D. for five years.

| have had the privilege of knowing many wonderful people, and I will remember them
fondly, notably Ashiq Hussain for being a wonderful friend, flatmate, and teacher. | am
grateful for the affection and support of my friends back home, especially Jehangir and
Suhail.

I am at a loss for words to express how fortunate | am to have my family's unconditional
support and affection, particularly my dear parents, Muhammad Faroog and Maryam.
| want to pay tribute to them for their everlasting affection, support, and love. Their
teachings have molded me into the person | am today. | will never forget the countless
sacrifices they made to raise me. | want to thank my grandparents, Late Abdul Qadir
Wani, and Noora, for their tremendous support in helping me reach where I am today.
| want to express my gratitude to my sisters, Sumiya and Mariya, for their love and
support. Sumiya for several reasons, mainly for her support, love, and the blessed gift
of Noorain. Mariya for her love and support, and for making our home a fun place. |
am grateful to my brother Ubaid, and | praise him for taking on all of my family
obligations during this phase and executing them better than | could. | want to thank
Erfan for being an invaluable addition to our family. | want to thank Noorain, my niece

who just joined us, bringing us so much happiness and joy.

Finally, 1 want to thank my wife, Salsabeel, for her unconditional love, support, and
confidence in me. Her arrival in my life has been a blessing in numerous ways. | cannot
describe how grateful | am to her for her patience over the past few years. | would also

like to thank her for reviewing my manuscripts.



Dedicated to my family.
Their unending love, endurance, and compassion deserve my

eternal appreciation.

Vi



Table of Contents

Chapter 1: INtrodUCiON ........cccoviii i 1-16
Gene regulation at the transcriptional level ..., 1
Enhancers as transcription regulatory elements.............cccoooveiiiiiiniinieicien, 1
Molecular properties of active eNhaNCers ...........ccocvieiereierene e 2
[dentification Of ENNANCETS........ociiiie e 2
Transcription at eNNANCETS .........ciiiieieiee e 3
Enhancer-promoter CoOmmuNICAtION...........ooviiriririeieee e 4
Enhancers and Genome Organization.............coovvveieieienieneneseseseseeeeeenes 5
SUPET BNNANCETS ... 6
Enhancer mutations and diSEASE ..........cceririririninieiee e 7
INKA/ARF TOCUS ....veivteiiiesiiee sttt sttt nne e 8
INK4/ARF locus and Cell CYCle ........ooviiiie e, 9
INK4/ARF locus in cellular SEBNESCENCE ........c.eveeiiveieiieieee e 10
INKA/ARF 1OCUS 1N CANCEIS......eeiiieieeiiesieesie et sie e ste e see e ens 11
INK4/ARF 10CUS IN reprogramiming .........ccoceoerererenieeieeneese e 11
Regulation of INK4/ARF locus via chromatin modifiers.............cccccveeveinenen, 12
Regulation of INK4/ARF locus via transcription factors ..............cccceevenean. 13
Regulation of INK4/ARF locus via INCRNAS ..........cccoeviieiiieiiccec e 14
Regulation of INK4/ARF locus via distal regulatory elements..............c......... 15

Chapter 2: Results (Part ) ... 17-50

CDKNZ2A/B transcription is regulated by an enhancer cluster in the adjacent

0 [= e (o] =T o PSSP 17

Only a subset of the enhancers in the upstream cluster interacts with
INKA/ARF gENE PrOMOLEIS. ....cvviiveeieeeieiieesieeieestee e eeesiee e esaesraesseenaesnee e eneeenes 21

vii



Promoter interacting enhancers regulate INK4/ARF gene transcription.......... 24

An interdependent enhancer network operates within the enhancer cluster......

Loss of a single enhancer results in EZH2 enrichment at the INK4/ARF
[S10] 11 0] (<] £ PPN 38

Perturbation of promoter interacting enhancers affects the cancerous properties
OF HELA CIIS. ..t e ee e ae e, 41

Genes dysregulated upon enhancer deletions corroborate with disease

association 0f 9P21 IOCUS. .....ccecvvevveve i e e A4

Chapter 3: ReSUILS (Part T1) ..o 51-80
JMJD3 regulates INK4/ARF locus in HeLa cells.........cccocovviniiniiiniice 51

JMJD3 binds to regulatory enhancers of INK4/ARF locus as well as other
active enhancers across the geNOME. .........ccoovviiiriiieiieiee s 53

INK4/ARF functional enhancers are transcribed into bidirectional eRNAs with

regulatory POtENtIal. .........ccoveiiiiiec e 57

JMJD3 is an RNA-interacting histone demethylase that binds INK4/ARF

enhancers in an eRNA-dependent Manner............cccccovveveeieieeve e s 59

eRNA loss triggers PRC2 enrichment on INK4/ARF genes but not on the
] o = TSRS SRSRSS 61

The C-terminus region of JIMJD3 interacts with RNA. ..........ccccovevviievvenee, 64

C-terminus perturbations result in the loss of RNA binding and subsequent
Chromatin DINAING. ....ooviii s 67

The uncharacterized N-terminal is mostly an intrinsically disordered region
(IDR) that dictates the chromatin binding specificity of IMJD3...............71

IDR and C-terminal perturbation affects the catalytic activity of

JMID3 FL and AHI-JMJD3 are capable of restoring gene expression in

eNhaNCEr KNOCKOUL TINES.......coo ittt 77

viii



Chapter 4: Materials and Methods ............cccooeviiiiicii e 81-95

CII CUIUIE ... 81
ANTIDOTIES. ... 81
Circular chromosome conformation capture (4C). .....ccoovvveenenieiienesie e, 81
Chromatin immunoprecipitation (ChIP). ..., 82
RNA Isolation and CDNA SYNENESIS. .......cccoiiiiiiiieieeiee e 83
Designing and cloning of gRNAS. ..ot 84
CRISPR-Cas9 mediated deletion. ..., 85
(O 0 15T TSP 85
Lentiviral tranSAUCTION... .......ooiiiiiiiic e 85
SIRNA TraNSTECTION. .....cviiiieiiieeeee e 86
ShRNA designing and CloNING. .........coeiiriiiniiinieeee e 86
B-galactosidase STAINING. .......ccoiiiiiiieieese e 86
Cell Proliferation ASSAY. .........eieiiriririeieie et 87
WoUNd NEAIING BSSAY ... «..eveeiiiiiiitieiieiee et 87
Colony fOrmation @SSAY. ........cceevueiieiieieiiece et 87
INVItro TranSCriPtioN ASSAY. .....ccvciveiieiieeiesee e erie s e sre et ste e sre e e ere s 88
RNA PUHAOWN ASSAY... ...civiiiiiiiieiieeie sttt ettt re e sra e ens 88
Subcellular fractionation............c.coiiiiiiiiii e 89
Ultraviolet-RNA Immunoprecipitation (UV-RIP)..........ccccoiviiiiiiiiieciic e, 90
Cloning 0f IMJID3 VAIANTS. ....ccviiiieiiieiie et 91
Site-directed MULIAGENESIS... c.vviiiiiiieiie et 91
IMMUNOSTAINING... ¢oivvieiiieiie e see e aree s 92
HI-C ANAIYSIS.....eiiiieiie ettt 93
Super enhanCer CalliNgG........voiiiiii e 93



AC-SEU ANAIYSIS... 1oveeiveeieeie ettt e e 93

RINA-SEQ @NATYSIS. .. .ottt 94
Gene expression IN TUMOTS......c..oiiiiiieieee e 94
ATAC-seq data in Cervical tUMOIS... ..o 94
Quantification and statistical analysis............ccooiiiiiiiiiiiei e 95
Chapter 5: Discussion and Conclusions .........cccocevveieinniene e 96-107
CDKN2A/INK4a promoter interacts with only a subset of enhancers................ 96
An interdependent network operates at this I0CUS. .........cccovevivevviieiiienieciennn, 97
H3K27ac loss reflects enhancer function but not the extent..............cccceeenenee. 98

Enhancer disruption causes EZH2 to load on promoters in an ANRIL-
INAEPENTENT MANNET ...ttt 98

Genes dysregulated upon enhancer deletions corroborate with disease
association of the INK4A/ARF 10CUS .........cccooiieiiiiiiiesieee e 99

JMJD3 regulates the INK4/ARF locus in a catalytically dependent manner....

JMJD3 binds to regulatory enhancers of the INK4/ARF locus as well as other
active enhancers found across the genome. ..o 103

JMJD3 binds INK4/ARF enhancers in an eRNA-dependent manner. ............. 103

JMID3’s N-terminus is a disordered region that determines its chromatin
BINAING SPECITICITY....cvviiiieiie e 104

Full IDR deletion affects the chromatin binding of JIMJD3 and hence its

CALAIYLIC ACHIVITY ... .oveeiie e e 105
] (=] =] (o0 PSS 108-128
APPENICES ... bbbt 129-133



List of Tables

Table 1: Histone marks and eRNA levels of the enhancers examined in the

Xi



List of Figures

Figure 1.1: Different levels of genome organization...................coceveivineniennnn. 06
Figure 1.2: Schematic depicting the INK4/ARF locus..........cocooeiiiiiiiiiinn.n. 08
Figure 1.3: INK4/ARF 10CuUS in @Ction..........oovitiniiiiiiii e, 10

Figure 1.4: Transcription factors and chromatin modifiers involved in INK4/ARF locus
TEGUIALION. ...t 14
Figure 1.5: IncRNAs regulate INK4/ARF locus by cis and trans
MECRANISINIS. ... et 15
Figure 2.1: The presence of an upstream enhancer cluster correlates with CDKN2A/B
EXPIession N CerVICAl tUMOTS. .....uiiti ettt et aaenns 18

Figure 2.2: The presence of the enhancer cluster is highly correlated with the

expression of INK4/ARF genes across Cell types.........oovvvveiiiiriiniiiiiiieneninnnn, 20
Figure 2.3: INK4/ARF TAD harbors a dense enhancer cluster........................... 21
Figure 2.4: Only a subset of enhancers from the dense cluster interacts with the
0 0) 1010 ) P 24
Figure 2.5: sgRNAs effectively repress the target enhancers................cocoeeeienn.n. 27
Figure 2.6: Blocking of promoter-interacting enhancers results in the downregulation
OF INKA/ARF @ENES. .. ...t 29
Figure 2.7: Knocking out promoter-interacting enhancers significantly downregulated
INKAJARF GENES. ... ettt e 32

Figure 2.8: Intact enhancers lose H3K27ac upon perturbation of a single regulatory
BN NANICET. ..\t 34
Figure 2.9: eRNA transcription of intact enhancers is affected upon perturbation of a
single promoter-interacting €NhanCer............c.ovvriitiitie it eieeeereieeaenaennn 35

Figure 2.10: A multi-enhancer-promoter network operates at INK4/ARF

Figure 2.11: INK4/ARF genes are silenced by the PRC2 complex in absence of the
promoter-interacting enhanCers. ..........o.eviiititit it 39
Figure 2.12: EZH2 is recruited on the promoters in an ANRIL-independent
1T304 1<) 41

Figure 2.13: Perturbation in the enhancer network affects the cancerous properties of

Figure 2.14: Alterations in genome-wide transcription are similar upon any enhancer

Xii



(4 51 (<0 ) s PSSP 46
Figure 2.15: Expression of INK4/ARF genes is perturbed upon enhancer
4[5 S8 o) 4 S S 47
Figure 2.16: Dysregulated genes upon enhancer deletions corroborate with the disease
association 0f the Op21 LOCUS. ......ieeiii e 50
Figure 3.1: IMJD3 regulates INK4/ARF locus in a catalytic-dependent manner in the
HeLa cell lINe. .. ..o e 52
Figure 3.2: IMJD3 binds to active enhancers and promoters genome-wide............ 56

Figure 3.3: Promoter interacting enhancers are transcribed into bidirectional eRNAs

with regulatory potential. ..., 58
Figure 3.4: IMJD3 is an RNA binding histone modifier........................oooe. 61
Figure 3.5: eRNAs from functional enhancers prevent PRC2 to target INK4/ARF
010110 5] £ 64
Figure 3.6: C-terminus of IMJD3 interacts With RNA. ..., 66

Figure 3.7: C-terminus cysteine mutations result in loss of RNA binding and
subsequent chromatin BINdiNg............ooiiiiii i 70

Figure 3.8: Perturbation of IDR affects the chromatin binding of

D 3. 74
Figure 3.9: IDR and C-terminal perturbation affects the catalytic activity of
IV, e 77

Figure 3.10: JIMJD3 FL and AHI-JMJD3 are capable of restoring gene expression in
enhancer KNOCKOUL TINES. ... ..o e 80

Figure 4.1: Proposed model of enhancer-mediated transcriptional regulation of

INKA/ARF TOCUS. ... .t e 100
Figure 4.2: The IDR and C-terminus of JMJD3 are necessary for chromatin binding,
but the IDR also dictates SPeCifiCity. ..........ccooveiiiiiiiiii e, 106

Xiii



List of Acronyms

TSS
SV40
E-P
eRNAs
Pol 11
MPRA
SgRNAs
TADs
GRO-seq
PRO-seq
LLPS
PRC1
PRC2
InNcRNAs
IFNy
Chip
SEs

PCR
hESCs
SiRNA
ShRNAs
ATAC-seq

GWAS
SNPs

IDRs

INK4a
INK4b

ARF
CDKN2A
CDKN2B
CDKN2BAS

Transcription start site

Simian Virus 40

Enhancer-Promoter

Enhancer RNAs

RNA Polymerase 11

Massively parallel reporter assay
Single guide RNAs

Topologically associating domains
Global run-on sequencing

Precision nuclear run-on sequencing
Liquid-liquid phase-separation
Polycomb repressive complex 1
Polycomb repressive complex 2

Long noncoding RNAs

Interferon gamma

Chromatin immunoprecipitation
Super Enhancers

Polymerase chain reaction

Human Embryonic Stem Cells

small interfering RNA

short hairpin RNAs

Assay for Transposase-Accessible Chromatin with high-
throughput sequencing

Genome-wide association studies
Single nucleotide polymorphisms
Intrinsically disordered regions
Inhibitor of CDK4

Inhibitor of CDK4

Alternate open reading frame
Cyclin-Dependent Kinase Inhibitor 2A
Cyclin-Dependent Kinase Inhibitor 2B
Cyclin-Dependent Kinase Inhibitor 2B Anti-Sense

Xiv



PcGs
ANRIL
JMJID3
JmjC
EZH2
Suzl?
CRISPRI
TCGA

Polycomb group genes

Antisense non-coding RNA in the INK4 locus
Jumonji domain-containing protein D3
Jumonji C

Enhancer of zeste homolog 2

Suppressor of zeste

CRISPR-mediated repression

The Cancer Genome Atlas

XV



Synopsis

Introduction

Enhancers in transcription regulation

Cell differentiation, development, responses to external stimuli, and other processes
rely on precise and accurate gene expression, which is regulated at various stages by
several protein factors, RNAs, and DNA regulatory elements (Buccitelli and Selbach
2020; Pope and Medzhitov 2018). The key DNA regulators of transcription are cis-
regulatory DNA elements called enhancers. They are short DNA elements ranging from
100 to 1500 bp and induce target gene transcription regardless of their proximity,
orientation, or placement with respect to the gene promoter (Panigrahi and O'Malley
2021; Banerji, Rusconi, and Schaffner 1981). Enhancers are cell type-specific, meaning
a specific set of enhancers that are active in one cell type may be inactive in another.
Certain modifications, such as H3K4mel and H3K27ac, are found on the histones of
active enhancers (Li, Notani, and Rosenfeld 2016). Active enhancers exhibit
transcription factor and cofactor binding and are hypersensitive to DNase | treatment
due to their core accessibility. Furthermore, because of their ability to recruit Polll,
active enhancers are transcribed into non-coding RNAs known as enhancer RNAS
(eRNAS) (Li, Notani, and Rosenfeld 2016). These non-coding RNAs have been shown
to increase target promoter transcription by enhancing enhancer activity (Arnold,
Wells, and Li 2019; Li et al. 2013). Enhancer-mediated gene transcription regulation is
thought to occur via looping between the enhancer and the target gene promoter
(Panigrahi and O’Malley 2021). Although enhancer-promoter (E-P) looping is a widely
accepted model of gene regulation, the underlying mechanism is unclear.

Enhancers can appear in clusters composed of multiple individual enhancers that
coexist in close linear proximity. These clustered enhancers are called super-enhancers
if the enhancers within the cluster occur in close linear proximity to one another and
exhibit exceptionally high enrichment of enhancer-associated marks (Hnisz et al. 2013).
These enhancers can phase separate by liquid-liquid phase-separated (LLPS) due to the
abundance of transcription factors and cofactors such as Mediator (Sabari et al. 2018;
Whyte et al. 2013). Super-enhancers are primarily responsible for driving the
expression of genes important for cell identity (Hnisz et al. 2013). These enhancers, for
example, have been discovered near pluripotency genes such as Sox2, Nanog, and
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others in mESCs (Li et al. 2014; Blinka et al. 2016). Furthermore, super-enhancers are
abundant around oncogenes in cancer cells and have been shown to increase the
expression of these genes dramatically. For instance, they have been found in the MYC
locus in several cancers (Schuijers et al. 2018). Thus, understanding how super-

enhancers work holds enormous therapeutic potential.

The thesis aimed to understand how dense enhancer clusters function. Do all the
individual enhancers that form the cluster regulate target gene transcription or only a
subset is important? What is the relationship between functional enhancers? Thus, to
dissect the individual regulatory enhancer elements from the dense enhancer cluster and
to understand the intrinsic properties of these regulatory elements, we chose INK4/ARF
locus. This locus harbors a very dense enhancer cluster. Moreover, the enhancer cluster
is already associated with several aging-associated diseases like coronary artery disease

(CAD), type 2 diabetes, and several cancers.

INK4/ARF locus:

The INK4/ARF locus contains two crucial cell cycle regulatory genes: CDKN2A, which
codes for p14”RF and p16'™K42 and CDKN2B, which codes for p15™K4. Another gene
at this locus, CDKN2BAS, codes for the IncRNA ANRIL. Although the mRNA
sequences of p14”RF and p16'™NK4 are very similar, the resulting proteins differ due to
different reading frames. However, the amino acid sequences of p16'NK4 and p15'NKab
encoded by different genes are very similar. Thus, gene duplication events are thought
to have resulted in the CDKN2A and CDKN2B genes (Lopez et al. 2017). Despite their
differences, all three proteins play cell cycle regulatory roles and cause cell cycle arrest,
primarily in the G1 phase. In normal cells, these genes are suppressed, but they become
active as the cell ages and enters senescence. Furthermore, this locus is either deleted
or silenced by repressive machinery in most cancers. These proteins, however, are
overexpressed in a few cancers, including head and neck carcinoma and HPV-
expressing cancers like cervical cancer. This is made possible by two viral proteins, E6

and E7. Because E6 induces degradation of p53 and E7 inhibits Rb, these proteins

XVil



cannot activate their downstream targets which results in cell cycle inhibition
(Tommasino and Crawford 1995).

INK4/ARF Locus

e I © s
/’5213

CDKN2B (-6.5 Kb) CDKN2A (-27 Kb)

Bon 1 Bxon 2

e
x

- G
\ | /
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Schematic representing the INK4/ARF locus. This locus contains two critical cell cycle
regulatory coding genes: CDKN2A and CKDN2B. CDKN2A encodes two proteins, pl4ARF
and pl6INK4a, whereas CDKN2B encodes p15INK4b. Though distinct, all three proteins
perform cell cycle regulatory functions and arrest the cell cycle at the G1 phase.

™M

Regulation of INK4/ARF locus via distal regulatory elements

A long gene desert region exists upstream of the INK4/ARF locus, and SNPs in this
region have been linked to various diseases, such as coronary artery disease, type 2
diabetes, and multiple cancers. In mice, deletion of this syntenic CAD interval reduced
the expression of these genes significantly (Visel et al. 2010). A seminal study
discovered several enhancers present in the gene desert to understand the functional
relevance of gene desert in regulating this locus. Furthermore, SNP in one of the
enhancers disrupts the STAT1 motif, causing the genes to be downregulated in response
to IFNy signaling (Harismendy et al. 2011). TGFp is required to activate upstream
enhancers and binds to one of the CAD interval enhancers, promoting ARF expression
during development. TGFf also induces three H3K27ac peaks in the gene desert, and
deletion of the entire interval reduces INK4b and ARF expression (Zheng et al. 2013;
Liuetal. 2019). Furthermore, people with the SNP rs10757278 have significantly lower
expression of all three genes in T cells in their peripheral blood. A cis-regulatory
element near the ARF promoter, in addition to upstream regulatory elements, inhibits
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INK4a gene expression by forming a loop with its promoter (Zhang, Hyle, et al. 2019).
All studies link gene desert enhancers to INK4/ARF locus transcription regulation.
However, how multiple enhancers in this gene desert activate the locus was unknown.
My work towards the doctoral thesis has revealed an intricate relationship among

functional enhancers in this gene desert.

Regulation of INK4/ARF locus via chromatin modifiers

1. By Polycomb Complexes:
Polycomb group proteins (PcGs) are methyltransferase enzyme complexes necessary
for development, tissue repair, differentiation, aging, and other processes. PcGs form
two different multi-subunit complexes: PRC1 and PRC2 (Chittock et al. 2017). PRC1
is comprised of several core subunits, including RING1A/B, PCGF2/4, CBX2/4/6/718,
and PHC1/2/3. In contrast, the PRC2 complex is comprised of core subunits such as
SUZ12, EZH2, RbAp46/48, and EED (Chittock et al. 2017; Kerppola 2009). In addition
to core subunits, other auxiliary subunits have been discovered that aid the function of
both these complexes (Kerppola 2009). Both PRC1 and PRC2 complexes are required
for INK4/ARF locus suppression in proliferating cells. PRC2 accomplishes this by
binding to and trimethylating the lysine 27 of histone 3 (H3K27me3) at promoters of
INK4/ARF genes (Bracken et al. 2007). Ectopic expression of PRC1 and PRC2 subunits
suppresses this locus and delays aging (Dietrich et al. 2007). On the other hand,
downregulation of the PcG subunits results in the activation of this locus and premature

senescence.

2. By JMJID3:
JMJD3 is a histone demethylase essential for development, infectious disease
progression, cancer progression, senescence, etc. (Xiang et al. 2007; Zhang, Liu, et al.
2019). It acts as an antagonist to the PRC2 complex by removing methyl marks from
Histone 3 trimethylated at lysine 27 (H3K27me3). JMJD3 is a well-known positive
regulator of the INK4/ARF locus and during senescence, it activates this locus by
removing the repressive methylation (Barradas et al. 2009). JMJD3 is activated by
cellular signals such as oncogene overexpression which activates the INK4/ARF locus
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(Agger et al. 2009). As a result, INK4/ARF-mediated cell cycle arrest occurs in MEFs
and IMR90 cells. Furthermore, JMJD3 acts as a negative regulator for reprogramming
by activating the INK4/ARF locus (Zhao et al. 2013). Silencing JMJD3 alone increases
reprogramming efficiency by orders of magnitude. Surprisingly, inhibiting JMJD3 with

INK4a or ARF improves reprogramming efficiency even further (Zhao et al. 2013).

The study found that only a few enhancers that looped with the promoter were
important and they had an intricate mutual relationship. Later, the JIMJD3 (a histone
demethylase) was functionally tied with the enhancer functions and hierarchy. A brief
outline of thesis chapters that include, the description of the INK4/ARF locus, its
regulation, results of the study, material and methods used, interpretations, references,

and publications are mentioned below.

Thesis Organization

Chapter 1 (Introduction) of the thesis discusses the existing literature on DNA
regulatory elements called enhancers and their role in transcription regulation. It also
introduces other aspects of enhancers, including active enhancer signatures, methods
and approaches for identifying regulatory enhancers, and the role of enhancers in
higher-order chromatin organization. Furthermore, it also summarizes the effects of
SNPs in regulatory enhancers and their impact on target gene transcription and
subsequent association with several diseases. This chapter also introduces the
INK4/ARF locus and its role in cell cycle regulation. Furthermore, it also explains the
role of this locus in cancers, reprogramming, and senescence. Moreover, this chapter
also focuses on the known cis and trans mechanisms of transcription regulation of this

locus.

Chapter 2 (Findings-Part 1) explains how individual functional enhancers that
regulate the INK4/ARF locus were dissected from a dense enhancer cluster. The first
section of this chapter discusses the identification of an enhancer cluster upstream of
the INK4/ARF locus and its relationship to CDKN2A and CDKN2B gene expression.
This enhancer cluster was found to contain 24 individual enhancers in HelLa, only 15
of which are active. The active enhancers also correlate with the expression of
INK4/ARF genes in this cell line. The second section discusses the dissection of
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regulatory enhancers from this dense enhancer cluster. Only 5 of the 15 active
enhancers were found to be interacting with the promoters. CRISPR-Cas9 perturbations
were used to test the regulatory potential of promoter-interacting enhancers. It was
found that promoter-interacting enhancers are required for INK4/ARF transcription, and
they were found to be interdependent on one another. The third section discusses the
impact of perturbation of these enhancers on the cancer phenotype of the cells. The
deletion of the promoter-interacting enhancers affects the cancerous properties of the
cells, such as the colony-forming potential, cell migration, etc. The final section
discusses the mechanism of gene expression downregulation in the absence of
enhancers. When promoter-interacting enhancers are disrupted, EZH2, a component of
the repressive complex, is loaded onto the promoters of these genes, explaining why
transcription is downregulated in the absence of promoters. Furthermore, the genes that
are downregulated when the enhancers are deleted corroborate with the disease

association of this locus.

Chapter 3 (Findings-Part I1) shows that JIMJD3 binding to INK4/ARF enhancers and
other genome-wide regions depends on its N-terminal region containing an intrinsically
disordered region (IDR) and the RNA binding domain. The first part discusses the
genome-wide binding of JIMJD3 on chromatin. It was observed that IMJD3 binds more
to enhancer elements than promoters across the genome. Its binding pattern on
regulatory elements differs from that of UTX, which binds more to promoters than
enhancers. The second section explains how JMJD3's chromatin binding depends on its
IDR. When the IDR of JMJD3 is removed, it no longer binds to chromatin. However,
removing half of its IDR alters its binding pattern across the genome. The third section
discusses JMJD3's chromatin binding dependence on RNA. We found that IMJD3 is
an RNA-binding protein and using domain mapping, it was found that its C-terminus,
a Zinc finger-like domain, binds to RNA. Furthermore, JMJD3 chromatin targeting is
RNA-dependent, and it binds to the INK4/ARF locus enhancers in an eRNA-dependent
manner. The final section discusses the effects of removing its IDR region and mutating
its RNA binding on its catalytic activity. Removing half of IMJD3's IDR does not affect
its catalytic activity, but removing the entire IDR reduces its catalytic activity.
Moreover, RNA-binding mutants also show reduced catalytic activity.

Chapter 4 (Materials and Methods) describes the materials and methods used in this
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study. To address the questions of Chapter 2 (Finding Part-I), we took advantage of
techniques and approaches like Chromatin Immunoprecipitation (ChIP), CRISPR-
Cas9 assays, Chromosome conformation capture techniques (4C), Gene expression,
etc. To address the questions of Chapter 3 (Finding Part II), we utilized approaches
like ChIP-seq, RNA Immunoprecipitations (UV-RIP), RNA Pulldown Assays, Site-

directed mutagenesis, and Subcellular fractionation.

Chapter 5 (Conclusions and Discussion) summarizes the key findings from chapter
2 and chapter 3. Our results in chapter 2 highlight that only a subset of enhancers from
a dense enhancer cluster can regulate the target genes. The enhancers interacting with
the promoters are critical for the transcriptional regulation of the INK4/ARF locus.
The promoter-interacting enhancers are mutually dependent on each other for
function. The perturbation of one enhancer in the cluster affects the other
enhancers in the same cluster. The deletion of promoter-interacting enhancers affects
the cancerous phenotype of the cells by reducing their colony-forming potential
and delaying migration confirming, the role of this locus in the cell cycle and
cancer. When regulatory enhancers are deleted, EZH2 is loaded onto INK4/ARF,
causing the genes to be down-regulated. Furthermore, the dysregulated genes after
enhancer deletion correlate with the diseases this locus is associated with. Our
findings in Chapter 3 show that JMJD3 binds to enhancers more than promoters.
The binding of JMJD3 on chromatin is dependent on its N-terminal IDR, the
complete removal of which affects its chromatin binding whereas, the removal of half
IDR does not affect the chromatin binding but its target specificity is altered. These
results suggest that the IDR of JMJD3 is essential for chromatin binding and
determining target specificity. Furthermore, JMJD3 chromatin binding is RNA-

dependent, and mutations in its RNA binding domain affect chromatin binding.
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Chapter 1: Introduction

Gene regulation at the transcriptional level

Complex multicellular organisms are composed of various cell types derived from the
same cell. Despite sharing the same DNA code, these cell types exhibit striking
differences in physiology, morphology, function, etc. These differences primarily result
from differential gene regulation at various stages, such as transcriptional, post-
transcriptional, translational, etc. (Casamassimi and Ciccodicola 2019). Precise and
accurate gene expression is critical for cell differentiation, development, homeostasis,
reactions to external stimuli, disease, and other processes. Transcription initiation is
one of the fundamental stages at which gene expression is regulated. Transcription is a
process in which the information stored in DNA is decoded by RNA Polymerases, a
multi-subunit enzyme, to synthesize RNA. A diverse set of transcription factors,
cofactors, and chromatin-modifying enzymes perform the intricate task of controlling
gene transcription. These proteins bind to DNA elements like proximal and distal
regulatory elements. Proximal DNA elements, including core promoters and promoter-
proximal elements, are mainly present near the transcription start site (TSS) of the
genes. These elements can direct transcription independently for some genes, but only
to basal levels. On the other hand, the distal regulatory elements are usually present
several kilobases to even megabases away from the target genes; these include
enhancers, insulators, silencers, etc. Among the distal regulatory elements, enhancers
mainly activate gene transcription and significantly affect gene expression (Lee and
Young 2013).

Enhancers as transcription regulatory elements

Enhancers are cis-regulatory DNA elements essential for gene regulation at the
transcriptional level. Enhancers are short DNA sequences ranging from 100 to 1500 bp
in length that induce target gene transcription regardless of their distance, orientation,
or placement from the gene promoter (Banerji, Rusconi, and Schaffner 1981). These
DNA elements were initially discovered 40 years ago in Simian Virus 40 (SV40) as a
72 bp DNA repeat sequence capable of triggering transcription of the human B-globin
gene regardless of its distance and orientation from the promoter (Banerji, Rusconi, and
Schaffner 1981). Shortly after this finding, enhancers were discovered in bacteria and
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metazoans including humans (Xu and Hoover 2001). Interestingly, enhancers exhibit
cell type specificity; thus, a specific set of enhancers active in one cell type may be
inactive in another. In addition, though enhancers have many characteristics in common
with other regulatory elements, such as promoters, their ability to stimulate gene

transcription over long distances distinguishes them from the promoters.

Molecular properties of active enhancers

Active enhancers share some characteristics with other DNA regulatory elements, such
as promoters, but some features are unigque to enhancers. The histones on the active
enhancers are enriched with certain modifications, such as H3K4mel and H3K27ac
(Calo and Wysocka 2013; Creyghton et al. 2010). The presence of H3K4mel and lack
of H3K4me3 distinguishes enhancers from promoters. Thus, the H3K4mel to
H3K4me3 ratio has been used to distinguish enhancers from promoters. Furthermore,
the active enhancers have a nucleosome-free core that contains motifs for sequence-
specific transcription factors. Due to the core accessibility, active enhancers exhibit
transcription factor and cofactor binding and show hypersensitivity to DNase |
treatment (Spitz and Furlong 2012; Thurman et al. 2012). Moreover, active enhancers
are also transcribed into non-coding RNAs known as enhancer RNAs (eRNAS), due to
their ability to recruit Pol Il (Lam et al. 2014; Li, Notani, and Rosenfeld 2016a). These
non-coding RNAs have been shown to aid enhancer activity, thereby increasing target

promoter transcription (Arnold, Wells, and Li 2020).

Identification of enhancers

Several techniques have been developed to identify regulatory enhancers, although
these assays currently have drawbacks. Thus, a single method cannot accurately detect
enhancers; combining more than one technique is utilized to discover these elements.

Some of the strategies used in the field for identifying enhancers are as follows:

1. Enhancer reporter assay: This is the most extensively used method to identify
enhancers in the field. The DNA region of interest is cloned in a construct containing a

reporter gene (typically luciferase gene) driven by a minimal promoter (Shlyueva,



Stampfel, and Stark 2014). The region of interest is cloned away from the promoter,

and the effect on reporter gene expression is determined.

2. STARR-Seq: A massively parallel reporter assay (MPRA) is employed to detect
regulatory enhancers (Melnikov et al. 2012). This method involves fragmenting
genomic DNA and inserting individual fragments into a vector downstream to a gene
driven by a minimal promoter. If the fragment is an enhancer, it will increase the
reporter gene expression, including the enhancer including a distinct barcode. The RNA
is then subjected to high throughput sequencing, which allows functional enhancers to
be identified (Arnold et al. 2013). When compared to standard reporter-based assays,
this technique has greater scalability.

3. CRISPR Interference: CRISPR-based assays have recently enabled us to uncover
functional enhancers in the genomic context (Pickar-Oliver and Gersbach 2019a).
Specific guide RNAs (gRNAs) are designed against the region of interest in CRISPRI.
These gRNAs direct catalytically dead mutant of Cas9 protein called dCas9 fused to a
regulatory protein such as VP64 and KRAB to the region of interest. If the region
functions as an enhancer for a particular gene, its activation or repression would affect

the transcription of that gene accordingly.

4. CRISPR Knockout: CRISPR is a highly effective method for deleting any genomic
region from cells/tissues. In this technique, two gRNAs flanking the region of interest
are designed that recruit Cas9 protein to the target site. Cas9 is an endonuclease that
causes a double-strand break at the target site, so two gRNAs flanking a site would
result in its deletion (Pickar-Oliver and Gersbach 2019b). However, there are certain
limitations to CRISPR. For example, nonspecific targeting of gRNAs might result in
genomic lesions, which can cause cell cycle halt or other cellular abnormalities caused

by the activation of DNA damage response.

Transcription at enhancers

Pol 11 recruitment on enhancers induces transcription at these regulatory elements.
These non-coding transcripts, mainly <200 nt long, are known as enhancer RNAs
(eRNAs) (Li, Notani, and Rosenfeld 2016b). Since enhancers lack a defined
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transcription start site, eERNA transcription begins in the nucleosome-free region bound
by transcription factors. Most of the enhancers are transcribed into bidirectional
eRNAs; thus, the transcription at these enhancers is divergent (Li, Notani, and
Rosenfeld 2016b). The majority of the known eRNAs are neither spliced nor
polyadenylated (Kim et al. 2010). Moreover, eRNAs have a fast turnover rate than other
RNAs and are rapidly degraded by exosomes (Andersson et al. 2014). Consequently,
they are difficult to detect using conventional steady-state RNA sequencing. Thus,
unique approaches such as GRO-seq or PRO-seq are extensively utilized to detect the
eRNAs (Core, Waterfall, and Lis 2008; Kwak et al. 2013).

Enhancer-promoter communication

Enhancer-mediated control of gene transcription is thought to occur by looping between
the enhancer and the target gene promoter. Although enhancer-promoter (E-P) looping
is a commonly accepted model of gene regulation, the underlying mechanism remains
unclear (Novo et al. 2018). Several studies have shown that chromosome structural
proteins like cohesin play a vital role in E-P communication (Pherson et al. 2019).
Cohesin degradation results in the loss of most E-P interactions, but a few interactions
are retained, and new interactions are gained. This highlights that both cohesin-
dependent and independent mechanisms might exist that help establish E-P loops
(Thiecke et al. 2020). Furthermore, the stability of E-P interaction is also debated.
Recently, multiple studies indicated that E-P communication is highly dynamic
compared to inactive regions in the genome (Hatzis and Talianidis 2002; Y okoshi and
Fukaya 2019). These studies primarily took advantage of live cell imaging, where
enhancers and promoters were tagged with distinct fluorophores (Gu et al. 2018). The
dynamicity of E-P interactions is consistent with the idea of transcription bursting,
which posits that transcription of any single gene happens in occasional surges rather
than continuously. The bursting could thus be the result of the dynamic nature of E-P

interactions.



Enhancers and Genome Organization

Genomic DNA stores genetic information, which is then expressed as RNA and, finally,
as proteins. Human diploid DNA is over 2 meters long when laid end to end; however,
the typical human nucleus is only 5uM to 10uM in diameter. Consequently, DNA must
be extensively compacted to fit inside the nucleus. However, critical processes such as
transcription, DNA replication, and DNA repair that require loose chromatin should
also be possible with compacted DNA. This emphasizes the importance of organizing
the genome to balance compaction and accessibility for other processes. Thus, DNA is
organized in complex higher-order structures in the nucleus that emerge due to
multilevel organization (Figure 1.1). The first level of organization is formed when
DNA is wrapped around histone proteins forming chromatin fibers. This process
efficiently reduces the length of DNA by 7-folds. Next, different DNA regulatory
elements, such as enhancers, promoters, insulators, etc., interact with one another to
further compact the chromatin. These interactions, which can occur between enhancers
and promoters, insulators and insulators, etc., primarily result in the formation of
chromatin loops. The formation of loops not only compacts chromatin but also performs
gene regulatory functions. Topologically associating domains (TADs) are formed when
multiple such loops are contained within a large loop. TAD formation requires
structural proteins such as CTCF and cohesin, which do so via a process known as loop
extrusion. Furthermore, TADs segregate into gene active (compartment A) and gene
inactive (compartment B) compartments, formed due to multiple TADs interacting with
each other based on their transcription status. Finally, at the highest level, the genome
is organized into chromosomes that occupy specific regions of the nucleus, resulting in

the formation of chromosome territories.
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Figure 1.1: Different levels of genome organization. This schematic shows the
different levels of genome organization and the size of the domains. Furthermore, it
highlights the sequencing and microscopy-based methods currently utilized to study the
levels of genome organization. (Adapted from Jerkovic I, Cavalli G. Nature reviews.
Molecular Cell Biology. (2021)).

Super enhancers

The term 'super enhancer' refers to the cluster of multiple enhancers that occur in close
linear proximity to one another and exhibit very high enrichment of enhancer-
associated marks (Hnisz et al. 2013; Whyte et al. 2013). Super-enhancers are identified
based on the linear distance between individual units of super-enhancers, which should
not exceed 12.5 kb (Peng and Zhang 2018; Pott and Lieb 2015). Individual units within
the distance limit are stitched together and regarded as being part of the same cluster,

which can range in size from 10 kb to 60 kb. These enhancers are not restricted to a



single cell type but can be found in nearly all types of cells. Super-enhancers exhibit
cell type specificity; hence, a particular combination of super-enhancers active in one
cell type might not be active in a different cell type. Because of the high abundance of
transcription factors, these enhancers can generate liquid-liquid phase-separated
(LLPS) entities (Sabari et al. 2018; Jia, Chng, and Zhou 2019). Super-enhancers
primarily drive the expression of genes critical for cell identity. In mESCs, for example,
super-enhancers have been discovered near pluripotency genes such as sox2, oct4, and
others (Whyte et al. 2013). Furthermore, super-enhancers are abundant around
oncogenes in cancer cells and have been demonstrated to stimulate the expression of
these genes to extremely high levels. For example, super-enhancers have been
discovered in the MY C locus in several malignancies (Dave et al. 2017). Understanding

how super-enhancers work would thus hold enormous therapeutic promise.

Enhancer mutations and disease

Given the role of enhancers in transcriptional control, changes in enhancer activity can
lead to changes in gene expression. Single nucleotide polymorphisms (SNPs) have been
found in enhancer elements in several genome-wide association studies (GWAS). Some
SNPs have been linked to disorders such as Crohn's disease, systemic lupus, multiple
sclerosis, and several cancers (Claringbould and Zaugg 2021). SNPs within enhancers
influence the activity of the enhancer by modifying the transcription factor binding
motifs, which in turn affects the transcription of the target gene. The SNPs could either
lead to the gain or loss of the transcription factor binding motif. The effect of SNP
would thus be determined by the type of transcription factor (activator or repressor) that
acquires or loses the motif. For instance, it has been discovered that the 9p21 locus
contains a dense enhancer cluster, and SNP in one of the enhancers mutates the STAT1
binding motif. Upon interferon-gamma signaling, this SNP alters the expression of the
CDKN2A, CDKN2B, and CDKN2BAS genes (Harismendy et al. 2011). Moreover,
different intervals in the 8924 locus have been linked to prostate, colorectal, and other
malignancies (Haiman et al. 2007). Several enhancer elements have been shown to
interact with one another to regulate MYC gene transcription (Sotelo et al. 2010;
Tuupanen et al. 2009). Multiple independent studies discovered an SNP in one of the
enhancers linked to colorectal and prostate cancer. The presence of the SNP in the
enhancer results in the alteration of the TCF7L2 motif (Tuupanen et al. 2009;
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Pomerantz et al. 2009). Another SNP in a separate enhancer impairs FOXAL binding,

resulting in changes in the MY C gene expression (Jia et al. 2009).

INK4/ARF locus

INK4/ARF is a well-known locus that harbors two crucial cell cycle regulatory genes:
CDKN2A, which codes for p14”RF and p16™K* and CDKN2B, which codes for
p15'™NK4b This locus also contains another gene, CDKN2BAS, which codes for a
INcRNA ANRIL (Farooq and Notani 2022). The mRNA sequences of p14”RF and
p16'™K42 are very similar, but the resulting proteins differ due to alternative reading
frames. However, p16'NK4 and p15'N%40 encoded by different genes, have very similar
amino acid sequences (Lopez et al. 2017). Thus, the CDKN2A and CDKN2B genes are
thought to have arisen due to gene duplication events. Despite their differences, all three
proteins are involved in cell cycle regulatory functions and cause cell cycle arrest,
primarily at the G1 phase (Figure 1.2). These genes are repressed in normal cells and
expressed when the cell ages and enters senescence (Farooq and Notani 2022).
Furthermore, this locus is either deleted or silenced by repressive machinery in most
cancers. However, these proteins are highly expressed in a few cancers, including head
and neck carcinoma and HPV-expressing cancers, such as cervical cancer. This is made
possible by two important viral proteins known as E7 and E6. E6 inhibits Rb, and E7
inhibits p53, and as a result, these proteins are unable to activate their downstream
targets that lead to cell cycle inhibition (Kanao et al. 2004; Munger et al. 1992).

INK4/ARF Locus
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Figure 1.2: Schematic depicting the INK4/ARF locus. INK4/ARF locus harbors two
coding genes: CDKN2A and CKDN2B. CDKN2A encodes two proteins, p14*RF and
p16'™NK4 whereas CDKN2B encodes p15™K#. All three proteins are cell cycle
regulatory proteins and arrest the cell cycle at the G1 phase once expressed. (Adapted

from Farooq U and Notani D. Frontiers in Cell and Developmental Biology (2022)).

INK4/ARF locus and cell cycle

Various stress signals, including DNA damage and oncogene overexpression, activate
the INK4/ARF locus (Romagosa et al. 2011). When these proteins are expressed, they
activate their downstream targets that cause cell cycle arrest (Ivanchuk et al. 2001).
p14°RF a well-studied tumor suppressor protein, prevents p53 degradation. p14ARF
accomplishes this by interacting with MDM2, a ubiquitin ligase, resulting in MDM?2
sequestration in the nucleolus (Maggi et al. 2014; Weber et al. 1999). As a result,
MDM2 is prevented from interacting and subsequent degradation of p53.
Consequently, p53 enters the nucleus and activates genes required for G1 arrest (Figure
1.3A) (Maggi et al. 2014). p16'K4 and p15™K%® control a distinct pathway leading to
cell cycle arrest at the G1 phase (Kim and Sharpless 2006). These proteins mediate cell
cycle arrest by activating Rb (retinoblastoma) pathway. CDK4/6 interacts with cyclin
D to form an active complex (Cobrinik 2005). This complex binds to the Rb protein
and phosphorylates it at multiple sites. The phosphorylation prevents Rb from
interacting with and inhibiting E2F, a transcription factor required for the G1-S
transition (Dimova and Dyson 2005). Once expressed, p16'™N%4¢ and p15'NK4 pind to
CDK4/6 and prevent it from forming a complex with cyclin D. This keeps Rb
hypophosphorylated and allows it to interact with E2F, preventing E2F from activating
the genes required for the G1 to S phase transition and effectively arresting the cell
cycle at the G1 stage (Figure 1.3B) (Hannon and Beach 1994; Russo et al. 1998;
Giacinti and Giordano 2006).
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Figure 1.3: INK4/ARF locus in action. A) p14*F regulates the p53-MDM2 pathway.
Its interaction with MDM2 results in p53 stabilization. P53 moves to the nucleus to
activate its target genes, resulting in cell cycle arrest at the G1
phase. B) p16'N4a/p15"NK4 narticipate in activating a completely distinct pathway.
These proteins prevent the complex formation of Cyclin D-CDK4/6, resulting in the
hypophosphorylation of Rb. Hypophosphorylated Rb binds to E2F, which doesn’t allow
E2F to activate its target genes required for G1 to S phase transition. (Adapted from

Faroog U and Notani D. Frontiers in Cell and Developmental Biology (2022)).

INK4/ARF locus in cellular senescence

Cellular senescence is the permanent arrest of cell division in response to certain
intrinsic or extrinsic stimuli. This phenomenon serves as the first line of defense against

cancer progression (Prieto and Baker 2019). However, senescence leads to aging-
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related disorders by impairing repair and regeneration (McHugh and Gil 2018).
p16'NK4 js a well-known senescence driver (Krishnamurthy et al. 2004; Rayess, Wang,
and Srivatsan 2012). In response to oncogene insult, p16'™K4 has been shown to cause
senescence (Lin et al. 1998; Zhu et al. 1998). The expression of p16™K4 increases,
when fibroblasts and other cell types approach replicative senescence (Mirzayans et al.
2012).

INK4/ARF locus in cancers

Cancer cells divide indefinitely because their cell cycle is no longer regulated.
Mutations in cell cycle regulatory genes are one of the common events that allow cancer
cells to divide indefinitely (Collins, Jacks, and Pavletich 1997). Because the INK4/ARF
locus contains cell cycle regulatory genes, it is either deleted or silenced in the majority
of cancers (Sherr 2012; Forbes et al. 2006). In other cancers, these genes are highly
silenced by DNA methylation or histone modification at promoters. Furthermore, in
some cancers point mutations that render p16'™K“¢ inactive have also been reported
(Forbes et al. 2006).

INK4/ARF locus in reprogramming

Somatic cells can be transformed into pluripotent cells by ectopic expression of a few
key transcription factors such as Oct4, Sox2, Nanog, and others (Papp and Plath 2011).
The INK4/ARF locus has been shown to impede the transition of somatic cells to the
pluripotent state (Li et al. 2009). This locus is generally silenced in stem cells and iPSCs
but due to highly mitogenic culture conditions during reprogramming, this locus is
activated (Sharpless 2005). The activation of this locus drastically reduces
reprogramming efficiency. When this locus is silenced during reprogramming, the
efficiency increases significantly (Li et al. 2009). It has been demonstrated that
silencing INK4a or ARF alone improves reprogramming efficiency, but double
knockdown improves efficiency even more (Li et al. 2009). Furthermore, mouse
fibroblasts lacking the INK4/ARF locus reprogram better than wild-type cells (Li et al.
2009).
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Regulation of INK4/ARF locus via chromatin modifiers

By Polycomb Complexes

Polycomb group proteins are methyltransferase enzyme complexes essential for
development, tissue repair, differentiation, senescence, and other processes (Wang et
al. 2015). PcGs form two different multi-subunit complexes: PRC1 and PRC2. PRC1
comprises several core subunits, including RING1A/B, PCGF2/4, CBX2/4/6/7/8, and
PHC1/2/3. The PRC2 complex, on the other hand, is made up of core subunits that
include Suz12, Ezh2, RbAp46/48, and Eed (Chittock et al. 2017). In addition to core
subunits, other auxiliary subunits assist both these complexes (Kerppola 2009). Both
complexes are critical in suppressing the INK4/ARF locus in proliferating cells. PRC2
accomplishes this by binding to the promoters of these genes and trimethylating them
(Bracken et al. 2007). Ectopic expression of PRC1 and PRC2 subunits leads to
repression of this locus and delays senescence (Jacobs et al. 1999; Gil et al. 2004;
Dietrich et al. 2007). Conversely, downregulation of the PcG subunits results in the
activation of this locus and premature senescence (Bracken et al. 2007; Dietrich et al.
2007). PRC2 recruitment on INK4/ARF promoters is aided by protein factors
discovered in several studies (Shields et al. 2016; Martin et al. 2013). For example,
Zfp277, a zinc finger protein, interacts with the PRC1 complex's Bmil subunit and aids
PRC1 recruitment on INK4/ARF promoters (Negishi et al. 2010).

By JIMJD3

JMJD3 is a histone demethylase that plays a critical role during development, infectious
disease, cancer progression, senescence, etc. It removes methyl marks from Histone 3
trimethylated at lysine 27 (H3K27me3), thus acting as an antagonist to the PRC2
complex (Xiang et al. 2007; Zhang, Liu, et al. 2019). JIMJD3 is a well-known positive
regulator of the INK4/ARF locus and, during senescence, activates this locus by
removing repressive methylation from lysine 27 of Histone 3 laid down by the PRC
complex (Agger et al. 2009). Cellular signals like oncogene overexpression upregulate
JMJD3, activating the INK4/ARF locus (Agger et al. 2009). Consequently, MEFs and
IMR90 cells undergo INK4/ARF-mediated cell cycle arrest. By activating the
INK4/ARF locus, JMJD3 acts as a negative regulator for reprogramming. JMJD3

silencing alone increases reprogramming efficiency by many folds (Li et al. 2009).
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Interestingly, silencing JMJD3 with INK4a or ARF improves reprogramming

efficiency even more (Zhao et al. 2013).

By KDM2B

KDM2B is another demethylase that has been demonstrated to regulate the INK4/ARF
locus. KDM2B is an epigenetic modifier that preferentially demethylates trimethylated
lysine 4 (H3K4me3) and dimethylated lysine 36 of histone H3 (H3K36me2) (Frescas
et al. 2007). It binds to INK4/ARF genes and removes methylation from lysine 4 of
Histone 3, resulting in less Pol 11 binding (Tzatsos et al. 2009). The decrease in Pol Il
causes the downregulation of INK4/ARF genes, which prevents cells from undergoing
senescence. Furthermore, its downregulation leads to the upregulation of these genes,
resulting in premature senescence. Thus, KDM2B prevents proliferating cells like
MEFs from undergoing senescence by keeping INK4/ARF locus downregulated (He et
al. 2008).

Regulation of INK4/ARF locus via transcription factors

Several transcription factors have been shown to regulate INK4/ARF locus
transcription. Most of these factors have been shown to target these genes' promoters
directly (Farooq and Notani 2022; Bouchard et al. 2007; Sreeramaneni et al. 2005).
However, factors like TGFp have been demonstrated to regulate this locus via distal
regulatory elements upstream of these genes (Zheng et al. 2013). The transcriptional
activators activate this locus during the onset of senescence; on the other hand, the
repressive factors repress this locus in proliferating cells under normal conditions.
Some of the factors that regulate this locus are listed in the schematic below (Figure
1.4).
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Positive Regulators

Negative Regulators

Figure 1.4: Transcription factors and chromatin modifiers involved in INK4/ARF
locus regulation. Various transcription factors and chromatin modifiers have been
described that regulate this locus. Many factors have been shown to activate this locus,
and some have been described to repress it under different scenarios. (Adapted from
Faroog U and Notani D. Frontiers in Cell and Developmental Biology (2022)).

Regulation of INK4/ARF locus via INCRNAs

IncRNAs are non-coding RNAs that are <200 nucleotides in length. These RNAs play
an essential role in transcriptional regulation (Puvvula 2019). Several IncRNAs have
been identified that target this locus both in cis and trans. The majority of those
INcRNASs act as repressors of this locus, but some newly discovered IncRNAs have the
potential to activate it (Figure 1.5). Repressive INCRNAs primarily function by binding
to repressive proteins such as PcG complex subunits and recruiting them to the
promoters of these genes (Montes et al. 2015; Sang et al. 2016). ANRIL, a well-studied
INcRNA, for example, is transcribed from the same locus (Yap et al. 2010; Kotake et

al. 2011). It inhibits INK4/ARF gene expression by binding to PcGs and recruiting them
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to promoters (Yap et al. 2010; Kotake et al. 2011). Activating IncRNAs, on the other
hand, work by removing the repressive complex from the promoters or recruiting
transcriptional activators to these promoters (Ma et al. 2020; Lazorthes et al. 2015;
Zhou, Sun, and Zhou 2020). Some recently discovered circular forms of ANRIL, for
example, have been shown to remove the PRC complex from these promoters, thereby
enhancing the activation of this locus (Muniz et al. 2021). Recently, the IncRNA
ARHGAP27P1 was discovered to interact with IMJD3, assisting in its recruitment onto

the promoters of these genes (Zhang, Xu, et al. 2019).

Repressing IncRNAs —~ e
/\J ANRIL S IR31HG

Activating IncRNAs

Figure 1.5: IncRNAs regulate INK4/ARF locus by cis and trans mechanisms.
Several IncRNAs have been identified that regulate the expression of INK4/ARF genes.
Most of the IncRNAs repress this locus in proliferating cells. These repressive INCRNAs
mainly function by helping the recruitment of PcGs onto the promoters of these genes.
Activating IncRNAs either displace the PcG complexes from the promoter or aid in the
recruitment of activators. (Adapted from Farooq U and Notani D. Frontiers in Cell and

Developmental Biology (2022)).

Regulation of INK4/ARF locus via distal regulatory elements
INK4/ARF locus has a long gene desert region upstream of the genes. SNPs in the gene
desert have been linked to various diseases, most notably coronary artery disease, and

type 2 diabetes (Harismendy et al. 2011). In mice, deleting the CAD interval, a gene
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desert region containing SNPs linked to CAD, resulted in a significant decrease in the
expression of these genes (Visel et al. 2010). A landmark study discovered several
enhancers present in the gene desert to understand the functional relevance of the gene
desert in regulating this locus. Moreover, SNP in one of the enhancers disrupts the
STAT1 motif resulting in the downregulation of the genes upon IFNy signaling
(Harismendy et al. 2011). Subsequent studies have shown that TGF is required to
activate upstream enhancers. TGFp binds to one of the enhancers found in the CAD
interval, promoting the expression of ARF during development (Zheng et al. 2013).
Furthermore, TGFp induces three H3K27ac peaks in the gene desert, and deletion of
the entire interval results in lower INK4b and ARF expression (Liu et al. 2019).
Moreover, individuals with SNP rs10757278 have significantly lower expression of all
three genes in T cells in their peripheral blood (Liu et al. 2009). In addition to upstream
regulatory elements, a cis-regulatory element near the ARF promoter inhibits INK4a
gene expression by forming a loop with its promoter (Zhang, Hyle, et al. 2019). All the
studies mentioned above link gene desert enhancers to the regulation of INK4/ARF

locus transcription.
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Chapter 2: Results (Part I)

CDKNZ2A/B transcription is regulated by an enhancer cluster in the adjacent gene

desert

CDKN2A and CDKN2B genes encode three critical cell cycle regulators: p14ARF;
p15'NK4 and p16"™K42 The CDKN2A gene encodes two proteins: p144%F and p16'NK42
(transcribed from two distinct promoters), whereas the CDKN2B gene codes for
p15'NK4 - Another gene, CDKN2BAS, is transcribed into a IncRNA called ANRIL
(Farooq and Notani 2022; Aguilo, Zhou, and Walsh 2011). This gene is transcribed in
the opposite direction to protein-coding genes CDKN2A/2B, thus the name CDKN2BAS
(Figure 2.1A). A gene desert located upstream of these genes is one of the most
reproducible GWAS hotspots. SNPs in this gene desert are linked to various aging-
related diseases such as coronary artery disease, type 2 diabetes, and several cancers
(Harismendy et al. 2011). Previous research has shown that the gene desert contains a
dense enhancer cluster, but the regulatory potential of this enhancer cluster is not fully
understood. Furthermore, the specific enhancers from this cluster that regulate these
genes were yet to be uncovered. To explore the relevance of this enhancer cluster in the
regulation of these genes, we first looked at the relative expression of these genes in
tumors of various origins. Interestingly, tumors of cervical origin displayed the highest
expression of both CDKN2A and CDKN2B genes (Figure 2.1B and 2.1C). To
understand why gene expression is high in cervical cancer, we analyzed ATAC-seq
data from patients with cervical cancer, which revealed that the gene promoters and
some enhancers in the upstream gene desert region have highly open chromatin
features, implying a positive relationship between open enhancer chromatin

characteristics and gene expression (Figure 2.1D).
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Figure 2.1: The presence of an upstream enhancer cluster correlates with
CDKN2A/B expression in cervical tumors. A) Schematic depicting the INK4/ARF
p15'NK4b B) Expression profile of CDKN2A gene in tumors of various origins. C)
Expression profile of CDKN2B gene in tumors of different origins. The expression of
both CDKN2A and CDKNZ2B is highest in cervical tumors. D) A screenshot of the IGV

locus. CDKN2A and CDKN2B are the genes that code for p16'NK4a p14ARF and



browser showing ATAC-seq signal on INK4/ARF promoters and the neighboring gene-

desert region in cervical cancer tumors from two TCGA patients.

To investigate the potential of the enhancer cluster in the regulation of this locus, we
adopted the HeLa cell line as a model for our further study. The HeLa cell line is derived
from a cervical carcinoma and expresses very high levels of p16'N<%2, Several recent
studies have established that chromatin is organized into topological associating
domains (TADs) that contain the genes and their regulatory elements (Tena and Santos-
Pereira 2021). TADs help regulate the interaction of regulatory elements like enhancers
with their target promoters (Tena and Santos-Pereira 2021). Using Hi-C data that was
already available, we examined the TAD architecture at this locus in HeLa cells (Rao
et al. 2014). We found that both CDKN2A and CDKN2B genes are contained well
within one TAD. The MTAP gene was observed on the 5™ border of the TAD (Figure
2.2A\). Since it has already been shown that the gene desert located upstream of these
genes contains a very dense enhancer cluster that is also contained well within the same
TAD as CDKN2A/2B genes. Analysis of H3K27ac and H3K4mel ChlP-seq datasets
revealed the presence of 24 enhancers in the upstream cluster in HeLa cells. 15 of the
24 enhancers were active, displaying both H3K27ac and H3K4mel marks, while the
remaining 6 were only primed with the H3K4mel mark (Figure 2.2A). The locus is
heavily suppressed in stem cells, which is required for their reprogramming ability, and
is expressed in some differentiated cell types (Li et al. 2009). To access the relationship
of these enhancers with the expression of these genes, we examined RNA-seq datasets
in stem cells and certain differentiated cell types spanning multiple lineages.
Interestingly, the presence of active enhancers in the upstream cluster strongly
correlates with the expression of these genes. These genes are not expressed in stem
cells, and the enhancer cluster is devoid of any active enhancer (Figure 2.2B). However,
the enhancer cluster is active in other differentiated cells which express these genes.
These findings show a strong relationship between the expression of these genes and
active enhancers in the upstream cluster in cervical cancer patients and the cell line of

cervical tumor origin.
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Figure 2.2: The presence of the enhancer cluster is highly correlated with the
expression of INK4/ARF genes across cell types. A) Hi-C heatmap of the TAD
structure at the INK4/ARF locus in the HeLa cell line. The INK4/ARF promoters and
the enhancer cluster is represented by violet boxes in the zoomed-in region (E1-E24).
These are overlaid by H3K4mel and H3K27ac (hg19) tracks in HeLa and ATAC-seq
(hg38) from the cervical tumor. B) UCSC genome browser screenshot of the RNA-seq
signal on the locus across different cell lines. H3K27ac ChlP-seq is overlaid with the

RNA-seq.
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Only a subset of the enhancers in the upstream cluster interacts with INK4/ARF

gene promoters

Next, to functionally dissect this enhancer cluster, we compared the number of
H3K27ac-marked enhancers in INK4/ARF TAD to other TADs in the HeLa cell line.
In terms of the number of H3K27ac-marked enhancers per TAD in HelLa cells, the
INK4/ARF TAD was among the top 30 densest TADs out of 2,740 TADs (Figure 2.3A).
Clusters of individual enhancers present within a distance of 12.5 kb and having very
high enrichment of Med1 or H3K27ac are termed super-enhancers (Hnisz et al. 2013;
Whyte et al. 2013). Thus, to test if the enhancer cluster in the gene desert is a super-
enhancer, we used the ROSE algorithm to analyze H3K27ac chromatin
immunoprecipitation sequencing (ChlP-seq) (Hnisz et al. 2013). Although the enhancer
cluster in INK4/ARF TAD is one of 719 super-enhancers found in HeLa cells, it is not
one of the highest-ranking SEs (Figure 2.3B). After applying a distance cutoff of 12 kb,
we discovered that only 3 enhancers out of 24 enhancers were called as SE. However,
when the distance cutoff was increased to 20 kb, 17 (E5-E21) of the 24 enhancers were
classified as SE (Figure 2.3B). This suggests that the individual enhancers are well
spread out in the gene desert. To gain an unbiased understanding of the regulatory
potential of the enhancer cluster, we ignored the SE calling and instead focused on all
24 enhancers.
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Figure 2.3: INK4/ARF TAD harbors a dense enhancer cluster. A) TADs ranked
according to the number of H3K27ac-marked enhancers. B) ROSE algorithm plot
showing that the INK4/ARF enhancer cluster is a SE but is not among the top SEs.
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Typically, functional enhancers regulate target gene transcription by looping with the
promoter. Thus, for an enhancer to regulate its target gene, it should be physically close
to its promoter (Li et al. 2013). To identify enhancers that interact with promoters, we
took advantage of the chromosome conformation capture (4C) technique by taking the
CDKNZ2A promoter as a viewpoint. The 4C contact maps revealed that only a subset of
enhancers exhibits high-frequency interactions with the promoters (Figure 2.4A). The
interactions of the CDKN2A promoter were either directed to both ends of the TAD or
the enhancers present in the gene desert. Out of 15 active enhancers, only 5 enhancers
namely E5, E8, E12, E17, and E19 from the gene desert cluster showed high-frequency
interactions with the promoter (Figure 2.4A). Furthermore, the sixth region that showed
high-frequency interactions with the CDKN2A promoter is the 3" region of the
CDKNZ2BAS gene, hence wasn’t regarded as an enhancer. Interestingly, the interacting
enhancers showed varying levels of H3K27ac, H3K4mel, p300, Pol Il, and STARR-
seq signal (Figure 2.4B). Pol Il-enriched enhancers also showed bidirectional eRNA
transcription, but their expression of eRNAs varies among these enhancers (Figure
2.4B).

To test if promoter-interacting enhancers were active in cell types other than HelLa, we
used ChromHMM to integrate different datasets across different cell types. We found
that E8 and E17 enhancers were consistently active enhancers in other cell types. These
cell types included HSMM and HUVEC, which are relevant cell lines to coronary artery
disease and atherosclerosis, respectively (Figure 2.4C). Since p14ARF, p15'NK4b gng
p16'NK4 proteins are key regulators of senescence and stem cell regeneration. This
locus was found to be highly upregulated during replicative senescence, and the
associated gain of H3K27ac and eRNA expression was strongly induced on E12, E17,
E19, and E21 enhancers (Figure 2.4D). All these findings imply that both interacting
and non-interacting enhancers might have regulatory potential.
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Figure 2.4: Only a subset of enhancers from the dense cluster interacts with the
promoters. A) 4C plot showing the interactions from CDKN2A viewpoint; red dots
represent the high-frequency significant interactions. The plot is overlaid with ChIP-
seq and GRO-seq tracks from the HeLa cell line. B) The zoomed region from E1 to E21
is shown in the UCSC browser shot. The tracks are overlaid with the HeLa STARR-seq
track. C) ChromHMM profiles of the enhancer cluster from E1-E21 across different
cell types. D) H3K27ac and PRO-seq snapshots from the UCSC genome browser in
young and replicative senescent IMR90 fibroblasts. The enhancers are annotated below
the track.

Promoter interacting enhancers regulate INK4/ARF gene transcription

To test the regulatory potential of promoter-interacting enhancers, we chose three out
of five, namely E8, E12, and E17 enhancers. These enhancers had varying levels of
functional marks like H3K27ac and eRNA transcription. E8 had the highest enrichment
of enhancer active marks, E17 had moderate enrichment, and E12 had the lowest
enrichment of enhancer active marks. The active enhancer marks of the other two
promoter-interacting enhancers E5 and E19 were comparable to E8 and E17,
respectively. Furthermore, we chose E21, a promoter non-interacting enhancer with
very high enrichment of H3K27ac and eRNA transcription. E21 transcription was also

stimulated during the onset of replicative senescence and was found to be an active
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enhancer in a variety of cell types. The distribution of functional features of these

enhancers is shown in the table below:

Enhancer | H3K27ac | eRNA levels | STARR-Seq Signal | ChromHMM

ES8 Medium High High High
E12 Low Low Absent Low
E17 High Moderate Moderate High
E21 High High Absent Moderate

Table 1: Histone marks and eRNA levels of the enhancers examined in the study.

Next, we designed single guide RNAs (sgRNASs) targeting the core of the four selected
enhancers. The designed sgRNAs were utilized to block and repress these enhancers
with the dCas9KRAB system (Gilbert et al. 2013) (Figure 2.5A). Since KRAB is a
repressor that has been shown to associate with SETDBL1 on its target sites, the addition
of H3K9me3 by SETDBL thus represses the target region (Schultz et al. 2002). Hence,
H3K9me3 gain on targeted enhancers was used to confirm dCas9KRAB targeting. We
observed an increase in H3K9me3 on enhancers targeted by the dCas9KRAB system.
Interestingly, H3K9me3 gain was restricted to target enhancers and did not spread to
other promoter-interacting enhancers (Figure 2.5B). Furthermore, the increase in
H3K9me3 was accompanied by a decrease in H3K27ac and eRNA transcription on the
targeted enhancers, indicating effective blocking by dCas9KRAB (Figure 2.5C — 2.5J).
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Figure 2.5: sgRNAs effectively repress the target enhancers. A) Schematic depicting
the enhancers that are targeted with the sgRNAs. B) H3K9me3 levels specifically
increase on target enhancers upon dCas9KRAB targeting. C-F) H3K27ac enrichment
goes down on the enhancers which are targeted for silencing C) E8 enhancer, D) E12
enhancer, E) E17 enhancer and F) E21 enhancer. G-J) Enhancer silencing mediated
via the dCas9-KRAB system results in transcriptional loss of both sense and anti-sense
eRNAs G) E8 enhancer, H) E12 enhancer 1) E17 enhancer, and J) E21 enhancer.

After confirming the blocking, we investigated the effect of enhancer blocking on
INK4/ARF gene transcription. When promoter-interacting enhancers were individually
blocked, levels of all three INK4a, ARF, and INK4b transcripts decreased significantly.
The non-interacting enhancer E21, on the other hand, did not affect INK4/ARF gene
transcription (Figures 2.6B — 2.6D). These findings imply that only promoter-
interacting enhancers, not non-interacting enhancers, can regulate INK4/ARF genes.

We further examined the levels of H3K27ac and Pol 1l at these promoters to see if the
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changes in gene expression caused by blocking the promoter-interacting enhancers

were accompanied by changes at the promoters of these genes. Expectedly, H3K27ac

and Pol 1l levels were significantly lower when promoter-interacting enhancers were

blocked versus non-interacting enhancer E21 (Figures 2.6E — 2.6G and Figures 2.6H —

2.6J). Only the INK4b promoter showed some reduction in the Pol Il levels upon

blocking E21. These findings are consistent with the downregulation of the target

genes.
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Figure 2.6: Blocking of promoter-interacting enhancers results in the
downregulation of INK4/ARF genes. A) Schematic depicting the enhancers that are
targeted with the sgRNAs. B-D) mRNA levels of A) INK4a, B) ARF, and C) INK4b
genes upon CRISPRi on E8, E12, E17, and E21 (n = 4). Plots are overlaid with a
schematic of the INK4/ARF locus marked with enhancer annotation, H3K4mel, and
H3K27ac tracks, and highlighted enhancers were blocked (orange and green solid
circles). E-G) H3K27ac and Pol Il enrichment on promoters E) INK4a, F) ARF, and
G) INK4b upon CRISPRi on E8, E12, and E17 individually or H-J) E21 (n = 3).
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To further investigate the regulatory potential and to understand their intrinsic
properties, we created individual knockout lines of these enhancers using the
CRISPR/Cas9 system. We generated four distinct lines carrying the deletion of
individual enhancers, namely, AE8#36, AE12#90, AE17#56, and AE21#53. The
knockout lines were confirmed by a PCR-based assay followed by sanger sequencing
(Figure 2.7A — 2.71). Knockout of promoter-interacting enhancers resulted in a strong
downregulation of all three genes, whereas knockout of promoter non-interacting
enhancer resulted in only a subtle downregulation of INK4b (Figure 2.7J — 2.7L). This
suggests that promoter-interacting enhancers are crucial for the transcription of these
genes. Notably, the deletion of each interacting enhancer affected promoters that were
equal to the sum of all enhancers. Furthermore, heterozygous deletion lines namely
AE8#58, AE12#47, and AE17#06 showed similar effects on gene expression (Figure
2.7M-2.7P). Notably, heterozygous AE21#61 lines did not affect gene expression,
indicating the importance of promoter-interacting enhancers on gene regulation.
Furthermore, INK4b was almost completely silenced in the deleted lines, indicating
that INK4b is completely dependent on individual interacting enhancers for expression.
To test whether activating these three enhancers individually increases the expression
of INK4a, we performed CRISPRa in HaCaT cells derived from human keratinocytes
(epithelial origin like HeLa cells). CRISPRa on E8, E12, or E17 significantly increased
INK4a expression. These findings confirm that the INK4/ARF locus is under the control
of at least these promoter-interacting enhancers in one of the densest enhancer clusters
and that even a single interacting enhancer perturbation results in a similar loss of
INK4/ARF promoter activity even when the remaining 23 enhancers in the cluster
remain intact. Furthermore, we believe that other promoter-interacting enhancers, E5

and E19, could be functional based on these data.
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Figure 2.7: Knocking out promoter-interacting enhancers significantly
downregulated INK4/ARF genes. A) ChIP-seq tracks show H3K4mel, H3K27ac, Pol
I, p300, and GRO-seq signals at enhancer clusters. Light blue highlights the deleted
enhancer regions. B-E) The sanger-seq chromatograms of E8, E12, E17, and E21
enhancer deletion junctions are shown in B), C), D), and E), respectively. F-1) Agarose
gel images show the confirmation of the deletion of enhancers by a PCR-based assay.
J-L) mRNA levels of J) INK4a, K) ARF, and L) INK4b genes after E8, E12, E17, and
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E21 enhancer deletion (n = 4). Plots are overlaid with histone tracks and highlighted
enhancers were deleted. M-P) Plots depict the levels of expression of the INK4a, ARF,
and INK4b genes in the heterozygous deletion clones. Q) Enhancer activation mediated
via the dCas9-vpr system shows the gain of transcription of the INK4a gene in the

HacCaT cell line.

An interdependent enhancer network operates within the enhancer cluster

The data above suggest that disrupting a single promoter-interacting enhancer has a
significant effect on gene expression, even when the other enhancers in the cluster
remain intact. This prompted us to investigate whether the disruption of a single
promoter-interacting enhancer affects the activity of other intact enhancers, rendering
them inactive. To address this, we first assessed H3K27ac levels on intact enhancers
after blocking other individual promoter-interacting enhancers. Surprisingly, when any
of the promoter-interacting enhancers is blocked, H3K27ac levels on intact enhancers
decrease (Figure 2.8A). Blocking promoter non-interacting enhancers, on the other
hand, did not affect intact promoter-interacting enhancers (Figure 2.8B). We observed
similar effects on intact enhancers in enhancer knockout lines to enhancer blocking
(Figure 2.8C and 2.8D). However, when compared to CRISPRI, the effects of enhancer
knockout were far more substantial. For example, blocking or knocking out the E8
enhancer reduces H3K27ac levels in other intact enhancers such as E12 and E17.
Similarly, blocking or knocking out the E12 and E17 enhancers results in H3K27ac
reduction on other intact enhancers. However, inhibiting or deleting E21, the promoter

non-interacting enhancer does not affect the intact promoter interacting enhancers.
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To further understand the interdependence of the enhancers on each other, we examined
the transcription of intact enhancers after perturbating the individual promoter-
interacting enhancers. When any of the promoter-interacting enhancers is disrupted,
both sense and anti-sense eRNA transcript levels on intact enhancers drop significantly,
indicating that promoter-interacting enhancers regulate not only the promoters but also
other enhancers in the cluster (Figure 2.9A — 2.9F). Blocking or deleting the E8
enhancer, for example, affects eRNA transcription at E12, E17, and E21 enhancers.
Similarly, inhibiting or deleting the E12 and E17 enhancers reduces eRNA levels of
other intact enhancers (Figure 2.9A — 2.9F). However, enhancer knockout has a greater

impact on eRNA transcription than enhancer blocking. Notably, blocking the E21
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enhancer had no effect on the intact promoter-interacting enhancers. However, the
deletion of E21 resulted in E8 and E12 eRNA reduction (Figure 2.9D — 2.9F).
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Figure 2.9: eRNA transcription of intact enhancers is affected upon perturbation
of a single promoter-interacting enhancer. A-C) Sense and antisense eRNA
expression from A) E8, B) E12, and C) E17 upon CRISPRi. D—F) Sense and antisense
eRNA expression from D) E8, E) E12, and F) E17 enhancers upon enhancer deletions
(n=23).

The eRNAs were also found to be significantly downregulated in another set of clones
that were heterozygous for the deletions (Figure 2.10A — 2.10D). Because perturbing a
single promoter-interacting enhancer results in the loss of H3K27ac and eRNA
transcription of other intact enhancers, we wondered if these effects were due to
enhancer-enhancer interactions. To that end, we performed 4C in WT and E8 enhancer
knockout lines taking the E12 enhancer as a viewpoint. We discovered that the E12
enhancer not only interacts with INK4/ARF promoters but also with other promoter-
interacting enhancers (Figure 2.10E). This suggests that promoters and a few enhancers
form a multi-enhancer-promoter network at INK4/ARF locus. However, E8 knockout
affects the interaction of E12 enhancers with gene promoters and other promoter-
interacting enhancers (Figure 2.10E). This implies that the loss of H3K27ac and eRNA
transcripts from intact enhancers could be the result of a loss of enhancer-enhancer

interactions.

Though we did not measure H3K27ac and eRNA levels on all intact enhancers in the
cluster, the fact that none of the intact enhancers could rescue promoter activity in
deletion lines strongly suggests that when even a single functional enhancer is deleted,
all the intact enhancers lose their activity. These findings imply that functional
enhancers within a super-enhancer form a single functional unit with the target
promoters, regulating each other in the same way as they regulate their target promoters.
Furthermore, even with comparable levels of H3K27ac, non-interacting enhancers have
partial effects on transcriptional activity, but they are regulated by interacting

enhancers.
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Loss of a single enhancer results in EZH2 enrichment at the INK4/ARF promoters

INK4/ARF locus is a well-studied target of the PRC2 complex, which represses these
genes in proliferating cells, stem cells, and several cancers (Gamell et al. 2017). To
determine whether promoter silencing occurs as a result of PRC2 complex targeting
when enhancers are knocked out. We first examined previously published ChlP-seq
data sets from HeLa and hESCs. Since these genes are not expressed in hESCs, we
found that the promoters of these genes lack active marks like H3K27ac and Pol 1l
while being highly enriched with EZH2 and H3K27me3 (Figure 2.11A). In these cells,
the upstream enhancer cluster lacked active marks as well. HeLa cells expressing this
locus, on the other hand, do not show EZH2 binding and lack H3K27me3 at the
promoters (Figure 2.11A). Moreover, promoters and enhancer clusters in HelLa cells
are enriched with very high levels of H3K27ac and Pol Il (Figure 2.11A). Thus, to
investigate whether PRC2 plays a role in the downregulation of these genes following
enhancer knockouts, we assessed the enrichment of EZH2 on these promoters in all
three enhancer knockout lines. We found that EZH2 enrichment is high in enhancer
knockout lines at these promoters (Figure 2.11B). Furthermore, the loading of EZH2
increases the H3K27me3 at these promoters (Figure 2.11C). However, we found no
increase in EZH2 or H3K27me3 on the other intact enhancers after individual enhancer
knockouts (Figure 2.11D — 2.11F), implying that enhancers are rendered inactive by a

mechanism other than the PRC2 complex.
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Figure 2.11: INK4/ARF genes are silenced by the PRC2 complex in absence of the
promoter-interacting enhancers. A) UCSC genome browser snapshot at the
INK4/ARF locus shows ChlP-seq tracks for EZH2 and H3K27me3, H3K27ac, and Pol
Il in hESCs and HelLa. B) EZH2 enrichment on INK4a, ARF, and INK4b promoters
upon deletion of E8, E12, and E17 enhancers (n = 3). C) H3K27me3 enrichment on
INK4a, ARF, and INK4b promoters upon deletion of E8, E12, and E17 enhancers (n =
3). D-F) EZH2 and H3K27me3 enrichment on D) E12 and E17 upon E8 deletion (n =
3), E) E8 and E17 upon E12 deletion (EZH2 n = 3 and H3K27me3 n = 2), and F) E8

and E12 upon E17 deletion (n = 3).
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ANRIL, a IncRNA transcribed from the CDKN2BAS gene in the same locus, has been
shown to bind EZH2 and aid in their recruitment on the promoters of CDKN2A and
CDKN2B while being transcribed, resulting in the repression of these genes (Yap et al.
2010). Thus, to understand if EZH2 complexes are recruited on promoters upon
enhancer knockout is dependent on ANRIL, we checked the expression of four different
isoforms of ANRIL in these enhancer knockout lines. Surprisingly, ANRIL expression
goes down upon enhancer knockout suggesting that ANRIL might not be playing any
role in recruiting EZH2 onto these promoters in HelLa cells (Figure 2.12A).
Furthermore, the ANRIL gene expression is also under the control of these enhancers.
We also observed a positive correlation between CDKN2A, CDKN2B, and ANRIL
expression in cervical cancer patients (Figures 2.12B and 2.12C). ANRIL expression
was also found to be down in another set of heterozygous knockout lines (Figures 2.12D
—2.12F).
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Figure 2.12: EZH2 is recruited on the promoters in an ANRIL-independent
manner. A) Expression of different isoforms of ANRIL upon deletion of E8, E12, and
E17 enhancer (n = 3). B and C) Pearson correlation plots depicting the positive
correlation between B) CDKN2A and CDKN2BAS, and C) CDKN2B and CDKN2BAS
in cervical cancer tumors from the TCGA cohort; Pearson correlation value and p-
value, respectively, are shown at top of each plot. D-F) Expression of different ANRIL

isoforms in cells carrying heterozygous deletions of D) E8, E) E12, and F) E17

Perturbation of promoter interacting enhancers affects the cancerous properties
of HeL a cells

High levels of p16'NK“2 have been demonstrated to be essential for HPV-positive cancer
cell proliferation and survival (McLaughlin-Drubin, Park, and Munger 2013; Pauck et
al. 2014). The targeting of p16™¥* by small interfering RNA (siRNA) in HPV-positive
cancer cells is associated with tumor growth inhibition (McLaughlin-Drubin, Park, and
Munger 2013). Because p16'NK4 is a target of enhancers, we looked at whether the

malignant phenotype, such as cell proliferation and colony-formation potential, is
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impacted in HelLa cells when these enhancers are absent. First, we looked at how
enhancer knockouts affected p14”R* and p16™K# protein levels. Both p16™X% and
p14°RF were reduced at the protein level (Figure 2.13A). Not surprisingly, the deletion
of the enhancer resulted in a considerable reduction of colonies. The colonies in the
enhancer knockout lines were fewer and smaller (Figures 2.13B and 2.13C). Likewise,
the rate of proliferation of enhancer knockout lines is also affected (Figure 2.13D).
Furthermore, enhancer knockout lines exhibit slowed cell migration (Figure 2.13E).
Interestingly, the deletion of these enhancers resulted in increased senescence-
associated B-galactosidase (SA-B-gal) staining (Figure 2.13F). These findings suggest
that enhancer deletion alters the cancerous properties of HelLa and induces a

senescence-like phenotype in an INK4/ARF-dependent manner.
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Figure 2.13: Perturbation in the enhancer network affects the cancerous
properties of HeLa. A) Immunoblots show the protein levels of p14*RF and p16'NK4a
upon deletion of E8, E12, and E17. Gapdh was used as a loading control (n = 2). B)
Representative images of clonogenicity assay. C) Quantification of colonies using
ImageJ upon deletion of E8, E12, and E17 enhancers (n = 3). D) Bromodeoxyuridine
(BrdU) cell-proliferation assay in the absence of individual enhancers (n = 4). E) The
percentage of wound closure in WT and upon deletion of E8, E12, and E17 (n = 2). F)
Representative images of f-galactosidase activity in WT and enhancer deletions (n =
2).
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Genes dysregulated upon enhancer deletions corroborate with disease association

of 9p21 locus

9p21 locus is the most reproducible GWAS locus linked to type 2 diabetes and coronary
artery disease across races and ethnicities (Schunkert et al. 2011; Helgadottir et al.
2008; Nikpay et al. 2015). The CDKN2BAS gene and the upstream gene desert region
contain the GWAS variations associated with these diseases (Figure 2.1A). However,
the causative SNPs in this vast region are mainly unknown. We reasoned that the
enhancer network is responsible for the transcriptional regulation of this locus, its loss
of function should resemble the transcriptional patterns of the associated disorders of
this locus. Even though HeLa is not the relevant cell type, E8 and E17 enhancers were
seen to be active in cells of different lineages, including endothelium and smooth
muscle cells (Figure 2.4C and Figure 2.4D), suggesting that the regulation by these
enhancers is probably similar in these tissues. To achieve this, we first identified the
disease association of the entire enhancer cluster (96 kb) extending from E5 to E21
using the GWAS catalogue tool with default parameters (Welter et al. 2014). We found
that the SE variations are associated with endometrial cancer, type-2-diabetes, coronary
artery disease, lifespan, and other diseases (Figure 2.14A). This implies that the SE
alone contains the variants linked to the diseases with which the entire gene desert
between the CDKN2B promoter and the TAD 3" boundary is associated (Figure 2.1A).
We then investigated whether genes that are dysregulated when individual enhancers
are deleted are linked to the disorders associated with this enhancer cluster. We
performed Total RNA sequencing (RNA-seq) in two replicates in the wild-type (WT),
E8, E12, and E17 deletion lines. The MA plots and positional clustering demonstrated
a good correlation between the samples (Figures 2.14B — 2.14D).
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Figure 2.14: Alterations in genome-wide transcription are similar upon any
enhancer deletion. A) Chart from the GWAS catalog tool shows the disease terms of
GWAS variants and their counts present within the enhancer region (E8-E21). B)
Positional matrix positions together the replicates of RNA-seq upon an enhancer
deletion or WT cells and C) MA plots comparing the RNA-seq data from E8 with E12,
E8 with E17, E12 with E17. D) MA plots comparing RNA-seq from WT cells with ES8,

E12, or E17 deletions.

CDKN2A intronic and exonic regions, as well as CDKN2B, CDKN2BAS (ANRIL), and
MTAP, were all downregulated (Figures 2.15A — 2.15D), consistent with our earlier
findings. Another region on chr9 remained unaffected, indicating that these enhancers

specifically affect the INK4/ARF genes (Figure 2.15E).
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Figure 2.15: Expression of INK4/ARF genes is perturbed upon enhancer deletions.
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in expression upon E8 and E17 deletion.
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Then, when comparing the WT and E8 deletion, we found about 200 genes that had
differential regulation (Figure 2.16A). Notably, we found that these genes were
similarly impacted in E12 and E17 (Figure 2.16A), demonstrating that the direct or
indirect targets of these enhancers are common. About 100 dysregulated genes were
upregulated and 100 were downregulated (Figure 2.16A). The enriched disease terms
associated with these genes included age-related macular degeneration, coronary artery
disease, diabetes mellitus, cardiomyopathy, and cardiomyopathy (Figure 2.16B).
Additionally, the majority of the dysregulated genes were discovered in the cortex and
smooth muscle cells (Figure 2.16C). These differentially regulated genes, which are
well-known candidates with significant roles, were discovered to be related to CAD
and T2D (Figures 2.16D — 2.16F). For instance, all deletion lines showed a substantial
downregulation of the important insulin receptor PDX1. The gene COL3A1, which is
frequently changed or mutated in aortic and arterial aneurism, was one of the genes
with the highest fold upregulation and lowest p-value. Similarly, COL3A1 was elevated
to similar levels as LRP1, an essential component in the clearance of apoptotic cells
and lipid metabolism. Dysregulated interleukin-6 (IL-6) levels have been linked to
endothelial function in INK4/ARF-deficient mice (Mosteiro et al. 2018; Yang et al.
2012).

Downregulated Genes

Upregulated Genes

]
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Figure 2.16: Dysregulated genes upon enhancer deletions corroborate with the
disease association of the 9p21 locus. A) Venn diagram showing the number of
common, unique, downregulated genes (upper diagram) and upregulated genes (lower
diagram) upon enhancer deletions. B) Graph from the Enrichr tool shows the relative
enrichment of disease terms based on dysregulated genes upon the E8, E12, and E17
enhancer deletions. C) Graph from the Enrichr tool shows the relative enrichment of
dysregulated genes, also expressed in various cell types. D-F) Volcano plots show the
log2 fold changes versus —log10p values of genes comparing WT with D) E8, E) E12,
and F) E17 deletions.
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Chapter 3: Results (Part I1)
JMJD3 regulates INK4/ARF locus in HeLa cells

JMJD3 is a histone demethylase that removes trimethyl marks from lysine 27 of Histone
3 (H3K27me3). JIMJD3 has been demonstrated to activate the INK4/ARF locus during
the onset of senescence by removing the H3K27me3 mark from the promoters of the
CDKN2A and CDKN2B genes (Agger et al. 2009). Upon oncogene-induced senescence
(OIS), JIMJD3 stimulates both INK4a and ARF expression in mouse embryonic
fibroblasts (MEFs), but only INK4a expression in human fibroblasts (Agger et al.
2009). Thus, JMJD3 causes p16™<*-mediated cell cycle arrest in fibroblasts. In
addition, JIMJD3 has been shown to operate as a barrier to somatic cell reprogramming
by catalytically activating the INK4/ARF locus (Li et al. 2009; Price et al. 2014).
JMJD3, for instance, influences Pol 11 to modulate gene transcription elongation (Chen
et al. 2012). As previously described, HeLa cells express INK4/ARF transcripts at very
high levels. To test if the expression of these genes in HelLa cells is dependent on
JMJD3, we knocked down JMJD3 using siRNAs specific to it. IMID3 knockdown
caused the downregulation of all three transcripts, INK4a, ARF, and INK4b in HeLa
cells (Figure 3.1A). As a result, JMJD3 appears to be a positive regulator of this locus
in HeLa cells as well. Even though JMJD3 is an enzyme that removes H3K27me3
marks from regulatory elements, multiple studies have revealed the novel roles of
JMJD3 in a catalytic-independent manner. JMJD3, for example, restricts somatic cell
reprogramming by targeting PHF20 for ubiquitination and subsequent degradation in a
catalytic-independent manner. JIMJD3 accomplishes this by recruiting Trim26, an E2
ubiquitin ligase (Zhao et al. 2013). To test if IMJD3 regulates INK4/ARF genes in a
catalytic-dependent or independent manner in HelLa cells, we treated cells with 30uM
GSK-J4 for 24 hours. GSK-J4 is a cell-permeable drug that specifically inhibits IMJD3
by blocking its catalytic activity (Li et al. 2018). We observed significant
downregulation of all three transcripts, INK4a, ARF, and INK4b upon GSK-J4
treatment (Figure 3.1B). According to these results, the catalytic activity of IMJD3 is
essential for INK4/ARF locus transcription in HelLa cells. PRC2 complex acts as an
antagonist to JMJD3 and is known to repress this locus in a variety of cell types such
as hESCs and normal proliferating cells (Bracken et al. 2007; Maertens et al. 2009).
PRC2 achieves the repression of this locus by adding a trimethyl group to lysine 27 of

Histone 3. As mentioned previously, JMJD3 removes the trimethyl mark upon
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receiving different cues, thereby activating the locus. To further validate if IMJD3 and
PRC2 interplay also takes place in the HeLa cell line, we inhibited the catalytic activity
of EZH2 which is the catalytic subunit of PRC2 by treating cells with GSK343 for 24
hours. Upon inhibition of the catalytic activity of EZH2 all three transcripts show
modest upregulation (Figure 3.1C). This data suggests that JMJD3 regulates
INK4a/ARF gene expression in a catalytic-dependent manner and the interplay between
JMJD3 and PRC2 is important even in the HelLa cell line. However, JMJD3
outcompetes PRC2 and keeps the locus active.
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Figure 3.1: IMJD3 regulates INK4/ARF locus in a catalytic-dependent manner in
the HelLa cell line. A) Expression of INK4a, ARF, and INK4b transcripts is
downregulated upon JMJD3 knockdown. B) Catalytic inhibition of JMJD3 results in
the downregulation of all three INK4/ARF transcripts. Cells were treated with 30uM
GSK-J4 for 24 hours. C) Inhibition of the catalytic subunit of PRC2 results in the
upregulation of all three INK4/ARF transcripts. Cells were treated with 10uM GSK343
for 24 hours.
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JMJD3 binds to regulatory enhancers of the INK4/ARF locus as well as other

active enhancers across the genome

JMJD3 has been demonstrated to bind promoters and enhancers across the genome by
cooperating with various transcription factors (Svotelis et al. 2011). For instance, p53
recruits IMJD3 to p53 responsive sites, and its binding to p53 response elements (PRES)
increases in response to DNA damage (Williams et al. 2014). Furthermore, JIMJD3 is
recruited by KLF4 to specific regions where it removes trimethyl marks, thereby
activating the target genes (Huang et al. 2020). To identify the regulatory elements
which are occupied by JMJD3 in HeLa cells, we performed ChiP-seq for IMJD3. ChlIP-
seq data showed JMJD3 to be enriched on both enhancers and gene promoters,
however, it was more enriched on enhancers than on promoters (Figure 3.2A). The
enrichment of JMJD3 on enhancers suggests that it may primarily regulate its target
genes via their regulatory enhancers. Further examination of JMJD3-bound sites
revealed that JMJD3 binds to enhancers and promoters that are enriched with active
histone marks. JMJD3-bound regions, for example, have high levels of H3K27ac,
H3K4mel, and H3K4me3. Moreover, JMJD3-bound regions show very less
enrichment for H3K27me3 (Figure 3.2B). All of these findings indicate that JIMJD3-
bound regions, whether promoters or enhancers are active regions. The predominant
binding of JMJD3 on enhancers motivated us to investigate if JMJD3 binds to
previously identified regulatory enhancers at INK4/ARF locus. To test this, we
performed ChIP gPCRs for JMJD3 and observed JMJD3 binding to the regulatory
enhancers in the locus. JIMJD3 was found to bind to all three functional enhancers, ES8,
E12, and E17 (Figure 3.2C). However, it was more enriched on E8 and E12 than on
E17. To validate if JIMJD3 is required for the activity of these enhancers, we inhibited
the catalytic activity of IMJID3 by treating cells with GSK-J4 for 24 hours. We observed
that upon catalytic inhibition of JMJD3, eRNAs transcribed from these regulatory
enhancers are down-regulated (Figure 3.2D). This suggests that the transcription of
these enhancers is also dependent on the catalytic activity of JIMJD3. Interestingly, the
eRNA expression correlates with the INK4/ARF gene expression when the catalytic
activity of IMJD3 is inhibited. Moreover, the inhibition of the catalytic activity of PRC2
by GSK343 for 24 hours resulted in the upregulation of eRNAs (Figure 3.2E). eRNA
upregulation by EZH2 inhibition encouraged us to investigate whether JMJD3
knockdown causes PRC2 binding to these enhancers. Towards that, we knocked down
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JMJD3 using a pool of siRNAs and subsequently performed ChIP qPCRs for EZH2
and repressive mark, H3K27me3. Surprisingly, the E8 and E12 enhancers did not show
a substantial increase in the enrichment of EZH2 and H3K27me3 (Figures 3.2F and
3.2G). These data imply that IMJD3 is essential for enhancer activity, however, its
perturbation does not result in an increase in EZH2 and H3K27me3 on these enhancers.
The increase of eRNA by PRC2 inhibition could be attributed to the indirect effect of
PRC2. PRC2 may be catalytically suppressing several transcription factors essential for
the activation of these enhancers. Taken together, these findings indicate that JIMJD3
binds to regulatory elements and that its binding to these enhancers is required for their

activation.
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Figure 3.2: JMJD3 binds to active enhancers and promoters genome-wide. A)
ChlP-seq heatmap showing the binding of JMJD3 on active enhancers and promoters.
JMJD3 is more enriched on enhancers than promoters. Random regions (5000) did not
show any binding of IMJD3. B) Heatmaps showing JMJD3 bound sites are enriched
with active marks like H3K27ac, H3K4mel, and H3K4me3. JMJD3-bound sites show
little enrichment of repressive mark like H3K27me3. C) ChIP qPCRs showing JMJD3
enrichment on INK4/ARF regulatory enhancers E8, E12, and E17. D) Catalytic
inhibition of JMJD3 results in the downregulation of sense and anti-sense eRNAs of
E8, E12, and E17 enhancers. Cells were treated with 30uM GSK-J4 for 24 hours. E)
Catalytic inhibition of EZH2 with GSK343 results in the upregulation of sense and anti-
sense eRNAs of E8, E12, and E17 enhancers. Cells were treated with 10uM GSK343
for 24 hours F-G) EZH2 and H3K27me3 enrichment on E8 and E12 enhancers upon
JMJD3 knockdown. EZH2 and H3K27me3 does not increase on these enhancers upon
JMJD3 knockdown.
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INK4/ARF functional enhancers are transcribed into bidirectional eRNAs with

regulatory potential

Active enhancers have been demonstrated to attract Pol II, resulting in enhancer
transcription. The resulting non-coding transcripts are known as enhancer RNAS
(eRNAs). These eRNAs have been implicated to have a variety of regulatory roles, and
their dysregulation has been linked to several diseases and malignancies. eRNAs, for
example, are critical for enhancer-promoter interactions, chromatin accessibility, and
other processes (Li, Notani, and Rosenfeld 2016; Arnold, Wells, and Li 2020). Several
studies have shown that eRNAs interact with transcription factors or cofactors and so
play a key role in enhancer activity and, as a result, target gene regulation. For example,
eRNAs have been demonstrated to interact with and aid the binding of the YY1
transcription factor to its target regions, activating the transcription of their target genes
(Sigova et al. 2015). eRNAs help in the release of paused polymerase by interacting
and releasing the negative elongation factor, NELF (Gorbovytska et al. 2022;
Schaukowitch et al. 2014). As previously described, the functional enhancers of the
INK4/ARF locus have Pol 1l enrichment and are transcribed into bidirectional eRNAs.
We found that all promoter-interacting enhancers produce bidirectional eRNAs (Figure
3.3A-3.3B). The E8 and E17 enhancers showed more eRNA transcription than the E12
enhancer. The eRNA levels of these enhancers corroborated very well with the Pol 11
levels bound on these enhancers (Figure 3.3B). To test if eRNAs produced from
promoter-interacting enhancers are important for INK4/ARF gene transcription, we
designed and cloned shRNAs that target both sense and antisense eRNAs transcribed
from all three enhancers. To efficiently knock down the eRNAs, three sShRNAs were
designed for each sense and antisense transcript arising from E8 and E12 enhancers,
and two for E17 enhancer. Cell clones carrying shRNAs that target sense and antisense
transcripts of individual enhancer were created. When eRNAs produced from the
promoter interacting enhancers were knocked down, all three INK4/ARF transcripts
were significantly downregulated (Figure 3.3C-3.3E). These data suggest that the
eRNAs transcribed from the regulatory enhancers may play a role in the transcription

of these genes.
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Figure 3.3: Promoter interacting enhancers are transcribed into bidirectional

eRNAs with regulatory potential. A) UCSC genome browser tracks showing

enrichment of different enhancer active marks on INK4/ARF enhancer cluster. The
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ChlP-seq tracks are overlaid with GRO-seq tracks from the HeLa cell line. Gro-seq
tracks show that E8, E12, and E17 enhancers are transcribed into bidirectional eRNAs.
B) The zoomed region from E1 to E21 is shown in the UCSC browser shot. The tracks
are overlaid with the HeLa STARR-seq track. C-E) eRNA knockdown of E8, E12 and
E17 enhancers result in the downregulation of all three INK4/ARF transcripts C)
INK4a; D) ARF and E) INK4b

JMJD3 is an RNA-interacting histone demethylase that binds INK4/ARF
enhancers in an eRNA-dependent manner

JMJID3 has been shown to interact with Kaposi's sarcoma-associated herpesvirus
(KSHV) PAN RNA and activate the lytic replication cycle by physically associating it
with the viral genome (Rossetto and Pari 2012). Another study demonstrated that
JMJD3 associates with INcCRNA ARHGAP27P1 and this association is required for
demethylation and subsequent activation of p16™K4 and p15™X*® thus inhibiting
gastric cancer (Zhang et al. 2019). Furthermore, JMJD3 has been also shown to recruit
DDX21 to the ENPP2 locus wherein it assists in the prevention of R-loop formation,
thereby promoting transcription (Argaud et al. 2019). Though these studies showed the
association of JIMJD3 with different RNAs but what role this association plays is not
known. To understand the role of JMJD3 and RNA association, we tested if JIMJD3
interacts with eRNAs transcribed from INK4/ARF enhancers. Towards that, we labeled
the sense and antisense eRNAs from the E8 enhancer by performing in-vitro
transcription using biotin-labeled rNTPs. We incubated the labeled RNA with HelLa
protein lysate containing HA-tagged JMJD3 FL. Pulldown of labeled E8 eRNAs
showed that IMJD3 is one of its protein binding partners (Figure 3.4A). Labeled BoxB
RNA was used as a negative control. This suggests that IMJD3 can interact with E8
eRNA. To understand, if IMJD3’s interaction with RNA plays any role in its chromatin
binding. We isolated nucleoplasmic and chromatin fractions of JMJD3 in the presence
and absence of RNase A. We observed that JMJD3 is almost completely localized
inside the nucleus and is present in both the nucleoplasm and chromatin fraction.
Interestingly, the removal of RNA by treating the cells with RNase A resulted in the
drastic reduction of JMJD3 from chromatin fraction (Figure 3.4B). This suggests that

JMJD3 and RNA association assist in its binding to chromatin. Previously, we have
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shown that JMJD3 binds to all three regulatory enhancers namely E8, E12, and E17
and JMJD3 binds to eRNAs transcribed from these enhancers. Moreover, fractionation
data also revealed that upon RNA removal, a chromatin-bound fraction of JMJD3 is
lost. This compelled us to check if JMJD3 binding on the regulatory enhancers of
INK4/ARF locus is dependent on eRNAs transcribed from these enhancers. Towards
this, we knocked down both sense and antisense transcripts from all three enhancers
individually and performed ChIP gPCRs of IMJD3. We found that with the knockdown
of eRNAs, IMJID3 occupancy on these enhancers is reduced (Figure 3.4C-E) suggesting
that IMJD3 binding on these enhancers is dependent on eRNAs. These eRNAs could
either be assisting in the recruitment of IMJD3 on these enhancers or they can be aiding
in the stabilization of JIMJD3 onto these enhancers. Additionally, eRNAs may function
in the sequestration of PRC2, allowing JMJD3 to bind to chromatin.
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Figure 3.4: IMJD3 is an RNA-binding histone modifier. A) RNA pulldown followed
by western blot showing JMJD3 interacts specifically with E8 eRNAs and not with BoxB
RNA. B) Western blot showing the fractionation of JMJD3 FL in the presence and
absence of RNase A. JIMJD3 FL is majorly present in nucleoplasmic fraction. JIMJD3
FL loses chromatin binding upon RNA degradation. C-E) JMJD3 ChIP qPCRs upon
eRNA knockdown with shRNAs. JMJD3 enrichment on C) E8; D) E12; and E) E17
enhancers go down with the knockdown of eRNAs transcribed from these enhancers.

eRNA loss triggers PRC2 enrichment on INK4/ARF genes but not on the

enhancers

PRC2 has been demonstrated to silence this locus in several cancers and normal
proliferating cells. Several subunits of PRC2 like EED, EZH2, and Suz12 have been
shown to interact with RNA (Kretz and Meister 2014). The PRC2 and RNA interaction
have been called promiscuous as this complex interacts with almost all types of RNA
without specificity, thus without a defining property (Kretz and Meister 2014). The
interplay between RNA and PRC2 has been shown to prevent the silencing of actively
transcribing genes (Kaneko et al. 2014). The transcribed RNA associates with PRC2
leading to its sequestration, thereby restricting its association with the DNA, thus
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preventing silencing. However, in other cases RNAs have been shown to assist PRC2
to bind to its targets, thereby silencing them (Long et al. 2020). Because eRNA
knockdown results in the downregulation of INK4/ARF genes. We wanted to examine
if the PRC2 complex is involved in the downregulation. Towards that, we performed
ChlIP gPCRs of two subunits of PRC2 complex EZH2 and SUZ12 upon eRNA
knockdowns. Interestingly, we found that EZH2 and SUZ12 enrichment was increased
on INK4a and INK4b promoters (Figure 3.5A-3.5F). The enrichment of these subunits
is also accompanied by increased H3K27me3 (Figure 3.5A-3.5F). This data suggests
that the eRNAs transcribed from the functional enhancers prevent PRC2 to target the
promoters for their silencing. We also tested the enrichment of EZH2 and SUZ12 on
the enhancers upon their eRNA knockdowns. Interestingly, we observed no increase in
the enrichment of these subunits on enhancers upon eRNA knockdown (Figure 3.5G-
3.51). This suggests that PRC2 does not target these enhancers for silencing. The data
are in line with our previous findings where we observed that enhancer knockout results
in PRC2 enrichment on INK4/ARF promoters. However, PRC2 enrichment does not

increase on the intact enhancers upon individual enhancer knockouts.
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Figure 3.5: eRNAs from functional enhancers prevent PRC2 to target INK4/ARF
promoters. A-C) EZH2, Suz12 and H3K27me3 enrichment on INK4a promoter upon
A) E8, B) E12 and C) E17 eRNAs knockdown. D-F) EZH2, Suz12, and H3K27me3
enrichment on INK4b promoter upon D) E8, E) E12, and F) E17 eRNAs knockdown.
EZH2, Suz12, and H3K27me3 are enriched on INK4a and INK4b promoters with eRNA
knockdowns. G-1) EZH2, Suz12, and H3K27me3 enrichment on G) E8, H) E12, and I)
E17 enhancers upon knocking down eRNAs transcribed from these enhancers. eRNA

knockdown does not result in PRC2 binding on enhancers.

The C-terminus region of JMJD3 interacts with RNA

Our data suggest that IMJD3 is an RNA-binding histone demethylase. Moreover,
previous studies have also reported an association of JMJD3 with different RNAs
(Rossetto and Pari 2012). However, the JMJD3 domain that interacts with RNA is still
unknown. Thus, we went on to identify the domain of JMJD3 protein that interacts with
RNA. JMJD3 protein has one non-canonical region at its N-terminus (which is an IDR
discussed later in the chapter) and one characterized domain, the JmjC domain, at its
C-terminus. JmjC is the catalytic domain of JMJD3, and it has been shown to remove
trimethyl marks from lysine 27 of histone 3 (Hong et al. 2007). The extreme C-terminal
region of JMJD3 after the JmjC domain is a Zn?* binding region. Zinc binding results
in the formation of a zinc finger-like domain. The roles of the N-terminal IDR and C-
terminal domain in JMJD3 functioning remains unknown. Zinc finger-like domains are
known to interact with nucleic acids such as DNA and RNA (Font and Mackay 2010).

To better understand the role of IDR (at the N-terminal) and Zinc binding region at the
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C-terminal in RNA binding and subsequent chromatin binding of JIMJD3, we created
several truncation constructs of JMJD3 such as JMJD3 with first half IDR deleted
(AHI-JMJD3), JMJD3 with full IDR deleted (AFI-JIMJD3), JMJD3 with C-terminus
deleted (ACT-JMJD3); JMJD3 with first half IDR and C-terminus deleted (AHIACT-
JMJD3); just JmjC, and C-terminus region separately (Figure 3.6A). We first performed
western blotting to examine the expression of all of these truncations. Except for IMJD3
C-terminus deletion (ACT-JMJD3), all constructs expressed normally (Figure 3.6B).
Moreover, JmjC alone construct expressed at lower levels. We performed in vitro
transcription to label E8 sense and antisense eRNAs with biotin. We then carried out
RNA pull-down assays with these labeled RNAs. The data indicated that the C-terminal
region of JMJD3 interacts with RNA (Figure 3.6C). To further validate the RNA
pulldown results, we separated nucleoplasmic and chromatin fractions of the C-
terminal domain in the presence and absence of RNase A. The C-terminal domain was
found in both the nucleoplasm and the chromatin fraction. Nevertheless, removing
RNA using RNase A resulted in the loss of the C-terminal domain from the chromatin
fraction (Figure 3.6D). Additionally, fractionation of AHIACT-JMJD3 without the C-
terminus in the presence and absence of RNase A demonstrated that the deletion of the
C-terminus results in loss of chromatin binding. Furthermore, the removal of the C-
terminus renders JMJD3 resistant to RNase A treatment, leading to no change in the
chromatin fraction of this truncation (Figure 3.6E). The results confirm our prior
findings and imply that JMJD3's C-terminus is the RNA binding domain and its
chromatin binding is dependent on RNA.
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except JIMID3 C-terminus deleted (ACT-JMJD3). Moreover, constructs carrying just
the JmjC domain shows less expression compared to others. C) Western blot showing
C-terminus of JMJD3 interacts with RNA and not JmjC domain. D) Fractionation of
the C-terminus shows that it is mainly present in nucleoplasmic and chromatin
fractions. Removal of RNA results in loss of C-terminus from chromatin fraction. E)
Fractionation of AHIACT-JIMJD3 shows that it is mainly present in nucleoplasmic
fraction. It is also seen in chromatin fraction. Deletion of the C-terminus affects its
chromatin binding and makes it resistant to RNase A treatment.

C-terminus perturbations result in loss of RNA binding and subsequent chromatin

binding

The C-terminus of JMJD3 contains four cysteines (Cysiszs, CySiszs, CySieo2, and
Cysieos) that bind to Zn?* ions. Zn?* ion binding folds the C-terminus into a zinc finger-
like structure. As previously stated, proteins with zinc finger-like domains have been
shown to interact with both DNA and RNA nucleic acids. Thus, to further validate the
RNA binding ability of this region, we mutated specific cysteines that bind to Zn?* to
alter the structure. We developed two mutants, each with two cysteines altered. Cysiss
and cysis7s were mutated in one construct, whereas cysis7s and Cysieos Were mutated in
the other. These mutations were created in both AFI-JMJD3 (AFI-JMJD3C1C2; AFI-
JMJD3C1C4) and AHI-JMJD3 (AHI-JMJD3C1C2; AHI-JMJD3C1C4). Thus, we had
four different constructs with these two mutations: AHI-JMJD3C1C2; AHI-
IMJD3C1C4; AFI-IMJD3C1C2 and AFI-JMJD3C1C4. To investigate the effect of zinc
finger disruption on the RNA binding of JIMJD3, we performed UV-RIP of AFIJMJD3
WT; AFI-JMJD3C1C2, and AFI-JMJD3C1C4. We observed that the AFI-JMJD3 WT
binds to eRNAs transcribed from the sense eRNAs of E8 and E17 enhancers but the
cysteine mutants fail to interact with these eRNAs (Figure 3.7A-B). These findings
demonstrate that JIMJD3 can bind to eRNAs without its N-terminus and that cysteine
mutations at the C-terminus result in RNA binding loss. We went on to investigate the
impact of the loss of IMJD3 and RNA interaction on its chromatin binding. We isolated
nucleoplasmic and chromatin-bound fractions of AHI-JMJD3C1C4 in the presence and
absence of RNase A. Interestingly, we observed that AHI-IMJD3C1C4 does not bind

to chromatin in both the presence or absence of RNase A (Figure 3.7C). This implies
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that zinc finger integrity is necessary for RNA binding and that RNA binding may be
required for either JIMJD3 recruitment or stabilization on chromatin. To validate these
findings, we performed ChiP-seq on one of the mutants, AHI-JMJD3C1C4. The ChIP-
seq data revealed that AHI-JMJD3C1C4 loses its chromatin binding compared to AHI-
JMJID3 WT (Figure 3.7D). Even though AHI-JIMJD3C1C4 loses its binding profoundly
on chromatin but some enrichment on promoters and enhancers is retained. These could
be the sites where AHI-JMJD3 binds without the assistance of RNA. We also performed
ChiP-seq for AHIACT-JMJD3, lacking the C-terminus completely. Interestingly, this
variant also fails to bind chromatin, suggesting that IMJD3 C-terminus is required for
it to bind chromatin(Figure 3.7E). These data validate our prior findings and imply that
the C-terminal domain is essential for RNA binding, which may be important for

JMJD3 chromatin binding at most of the sites.
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Figure 3.7: C-terminus cysteine mutations result in loss of RNA binding and
subsequent chromatin binding. A-B) UV-RIP gPCR plots show that AFI-JMJID3
interacts with E8 S eRNA and E17 S eRNA. However, AFI-JMJD3CIC2 and AFI-
JMJID3C1C4 have mutations in cysteines that fail to interact with eRNA suggesting the
importance of the C-terminus in RNA binding of IMJID3. C) Fractionation of AHI-
JMJD3 with cysteines mutated shows loss of chromatin binding. AHI-JMJD3C1C4 is
present only in the soluble fraction and not in the chromatin fraction. D) ChlP-seq
heatmap showing the genome-wide binding of AHI-JMJD3 CI1C2. AHI-IMJD3C1C2
shows some binding on promoters and enhancers, however, AHI-JMJD3C1C2 majorly
shows a loss of binding compared to AHI-JMJD3. The sites that retain binding could
be the sites where AHI-IMJD3 binds in RNA independent manner. E) ChlP-seq
heatmap showing the genome-wide binding of AHIACT-JMJID3. Removal of the C-
terminus results in substantial loss of binding suggesting the importance of RNA in

chromatin binding.
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The uncharacterized N-terminal is mostly an intrinsically disordered region (IDR)
that dictates the chromatin binding specificity of IMJD3

Our data revealed that the uncharacterized C-terminus of JMJD3 is involved in RNA
binding. We further went ahead to understand the role of JIMJD3’s N-terminal in its
chromatin binding. When we analyzed the amino acid sequence of JMJD3 with
IUPRED3 and PONDR, these tools revealed that the N-terminal of JMJD3 is a highly
disordered region (Figure 3.8A and 3.8B) with exception of a stretch containing few
amino acids. Moreover, the alphafold-predicted structure also revealed that the N-
terminus of JMJD3 is highly disordered (Figure 3.8C). The N-terminal of JIMJD3 was
of interest to us for a variety of reasons. 1. It is an intrinsically disordered region (IDR).
2. It makes up most of the JMJD3 protein. 3. Apart from carrying DNA binding
domains, transcription factors are enriched with IDRs. IDRs have previously been
found to influence the specificity of transcription factors. IDR-mediated chromatin
binding does not require any other domain and occurs through weak interactions with
certain transcription factors (Brodsky et al. 2020). Furthermore, a recent study has
demonstrated the importance of this disordered region in the phase separation of IMJD3
(Vicioso-Mantis et al. 2022). To test the role of N-terminal IDR in the chromatin
binding of JMJD3, we performed a ChlIP-seq of AHI-JMJD3 in HelLa cells.
Interestingly, the AHI-JMJD3 still showed binding to chromatin. As we examined the
binding sites in the genome, we discovered that the N-terminal deletion caused the re-
distribution of its binding in the genome (Figure 3.8D). Unexpectedly, AHI-JMJD3
targets switched from enhancers to promoters when compared to JMJD3 FL binding
sites (Figure 3.8D). This suggests that the first half of IMJD3’s N-terminal is important
for its binding to specific targets, and its deletion leads to the altered binding. Further
examination of JMJD3-bound sites revealed that JMJD3 binds to enhancers and
promoters that are enriched with active histone marks. JMJD3-bound regions, for
example, have high levels of H3K27ac, H3K4mel, and H3K4me3. Moreover, JMJD3-
bound regions show very less enrichment for H3K27me3 (Figure 3.8E). Since AHI-
JMJD3 showed binding on chromatin, we performed fractionation to further validate
the ChlP-seq data and check if its binding on chromatin is RNA-dependent like JMJD3
FL. We observed that indeed the AHI-JMJD3 is present in both nucleoplasmic and
chromatin fraction. The chromatin binding of AHI-JMJD3 is dependent on RNA as is
for IMJD3 FL. (Figure 3.8F). To better understand the role of JIMJD3’s N-terminal in
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its chromatin binding, we went ahead and performed ChlP-seq for AFI-JMJD3, which
lacks the complete IDR. Analysis of ChiP-seq data revealed that IMJD3 binds neither
enhancers nor promoters when its N-terminal IDR is completely deleted (Figure 3.8G).
Thus, the data suggest that the N-terminal IDR of IMJD3 is indispensable for its binding
to regulatory elements such as promoters and enhancers. Furthermore, the removal of
the half IDR though does not affect the chromatin binding but the target specificity is

altered.
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Figure 3.8: Perturbation of IDR affects the chromatin binding of JMJD3. A)
IUPRED3 plot showing that the JIMJD3 N-terminal is highly disordered. B) PONDR
plot showing that the IMJD3 N-terminal is highly disordered. C) Alphafold predicted
structure of IMJID3 also reveals that the N-terminal of IMJD3 is an IDR. D) Heat map
showing the binding of AHI-JMJID3 genome-wide. 4H1-JMJD3 binds to both promoters
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and enhancers. However, it shows more binding on active promoters than enhancers.
E) Heat maps showing AHI-JMJD3 bound sites are enriched with active marks like
H3K27ac, H3K4mel, and H3K4me3 while showing little enrichment for a repressive
mark like H3K27me3. F) Western blot showing that AHI-JMJD3 is present in both
soluble and chromatin-bound fractions. AHI-JMJD3 loses its chromatin binding upon
RNA degradation suggesting that AHI-JMJD3 binding on chromatin is dependent like
JMJID3 FL. G) Heat map showing the binding of AFI-JIMJD3 genome-wide. Removal
of full IDR from JMJD3 significantly affects its binding on chromatin. AFI-JMJD3

shows very little binding on enhancers and promoters.

IDR and C-terminal perturbation affects the catalytic activity of IMJD3

Since the well-characterized JmjC domain of JMJD3 removes H3K27me3, we wanted
to test if altering the N-terminal IDR and C-terminus of the IMJD3 affects its catalytic
activity in vivo. Towards that, we performed coimmunostaining of different truncated
versions of JIMJD3 and H3K27me3. We observed that H3K27me3 was present more
on the nuclear periphery than at the core of the nucleus. We discovered that IMJD3 FL
and AHI-JMJD3 are catalytically active because we observed a significant decrease in
H3K27me3 staining (Figure 3.9A, 3.9B, 3.9C, and 3.9E). Furthermore, we noticed
more loss of H3K27me3 with AHI-JMJD3 than JMJD3 FL. Conversely, AFI-JMJD3
could not reduce the levels of H3K27me3, implying that IDR is essential for JIMJD3 to
perform its catalytic activity (Figure 3.9E). Similar results were obtained with different
cysteine mutant constructs (Figure 3.9D and 3.9F). The loss of catalytic activity could
be due to JMJD3 binding on chromatin being disrupted by complete IDR ablation or
RNA binding perturbations. JIMJD3 must bind to H3K27me3 sites for demethylation to
occur. Because these proteins cannot bind chromatin, no methylation changes are
detected with these constructs. These findings support our prior findings that the IDR
and RNA binding C-terminus are essential for JMJD3 to bind to chromatin and
therefore its function as demethylase.
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Figure 3.9: IDR and C-terminal perturbation affect the catalytic activity of
JMJD3. A-F) Representative cells showing co-immunostaining of A) HA Empty Vector
and H3K27me3. B) JMJD3 FL and H3K27me3. C) 4HI-IMJD3 and H3K27me3. D)
AHI-IJMJID3C1C4 and H3K27me3. E) AFI-JMID3 and H3K27me3. E) AFI-
JMJID3C1C4 and H3K27me3. G) Box plots showing the nuclear intensity of different
JMJD3 truncations. The nuclear intensity was calculated from around 70 cells. H) Box
plots showing the nuclear intensity of H3K27me3 in cells with expression of different

JMJD3 truncations. The nuclear intensity was calculated from around 70 cells.

JMJD3 FL and AHI-JMJD3 are capable of restoring gene expression in enhancer

knockout lines

We know that only JMJD3 FL and AHI-JMJD3 can eliminate the trimethyl mark in
HelLa cells. Each of these proteins contains IDRs, implying that JIMJD3 requires IDR
for trimethyl mark removal. Next, we wanted to explore if these truncations of IMJD3
may influence gene transcription. To that end, we transfected HelLa cells with these
JMJD3 truncations and tested the gene expression using RT gPCRs. Surprisingly, none
of the proteins, including JMJD3 FL, had any effect on gene expression (Figure 3.10A).
We reasoned that because this locus is already very active in HeLa cells and does not
exhibit H3K27me3 enrichment, therefore, the overexpression of these proteins would
not have any effect on gene expression. However, in the HelLa clones where key

enhancers are deleted, the EZH2 is loaded on promoters of INK4/ARF locus resulting
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in the very low expression of these genes. Thus, we overexpressed these constructs in
E8 and E12 enhancer knockout lines and observed that both, JMJD3 FL and AHI-
JMJD3 were able to rescue gene expression but not the other constructs (Figure 3.10B-
3.10E). This is consistent with the staining and ChlP-seq results, which show that only
constructs with chromatin binding capabilities are functional. PRC2 binds to INK4/ARF
promoters in the absence of E8, E12, and E17 enhancers. We wanted to see if the
restoration of gene expression was specific to JMJD3 or if inhibiting the PRC2 complex
may also result in restoration. To investigate this, we used GSK343 to inhibit the
catalytic activity of PRC2 in enhancer knockout lines. Surprisingly, gene expression
was not restored in the enhancer knockout line when PRC2 was inhibited (Figure 3.10F-
3.10H). These findings demonstrate that simply inhibiting PRC2 is insufficient to
stimulate gene expression. These genes, however, require JMJD3 to be activated.
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Figure 3.10: JMJD3 FL and AHI-JMJD3 are capable of restoring gene expression
in enhancer knockout lines. A) Gene expression in HeLa with overexpression of
different truncations of JMJD3. B-E) Gene expression in E8 and E12 enhancer
knockout lines with overexpression of different truncations of IMJD3. B) JMJD3 FL
overexpression C) AHI-JMJD3 overexpression D) AFI-JMJD3 overexpression and E)
AHIACT-JMJID3 overexpression. F-H) Gene expression in F) E8, G) E12, and H) E17
enhancer knockout lines upon EZH2 catalytic inhibition. The catalytic activity of EZH2
was inhibited by treating cells with 10uM GSK343 for 24 hours.
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Chapter 4: Materials and Methods

Cell Culture

HelLa and HEK293FT cells were obtained from the American Type Culture Collection
(ATCC). Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% Fetal
Bovine Serum (FBS) and 1% Penicillin/Streptomycin was used to culture both cell
lines. The cells were kept at 37°C in a humidified atmosphere with 5% CO2. Both the

cell lines were passaged every third day.

Antibodies

Anti-H3K27ac (Abcam, ab4729); Anti Pol 11 (Santa Cruz, sc-899); Anti-EZH2 (Active
Motif, 39875); Anti-pl4 (Santa Cruz, sc-53639); Anti-p16 (Cell Signaling, 4824S);
Anti-Gapdh (Santa Cruz, sc-32233); Anti JIMJD3 (ab38113); Anti Flag (F7425); Anti
HA (ab9110); Anti-H3K27me3 (CST #9733); Anti-Flag (CST #8146); Anti HA (CST
#2367).

Circular chromosome conformation capture (4C)

4C was performed as per the protocol described in (van de Werken et al. 2012) with
minor variations. HeLa cells were fixed with 1.5% fresh formaldehyde for 10 mins at
room temperature and quenched with glycine (125 mM) for 5 mins. The cells were
washed thrice with ice-cold PBS and scraped, pelleted, and stored at —80°C. Lysis
buffer [Tris-Cl pH 8.0 (10 mM), NaCl (10 mM), NP-40 (0.2%), PIC (1X)] was added
to the pellets and homogenized by Dounce homogenizer (20 strokes with pestle A
followed by 20 strokes with pestle B). Hindlll (400U, NEB) was used for the 3C
digestion and T4 DNA ligase was used for ligation along with ligation mix [1% Triton
X-100, 1X Ligation buffer [Tris-Cl pH 7.5 (50 mM), MgClz (10 mM), DTT (10 mM),
BSA (0.0105mg/ml), ATP (0.105 mM)]. The ligated samples were purified by PCI,
followed by ethanol precipitation. The pellet was dissolved in 1X TE (pH 8.0) to obtain
the 3C library. Dpnll (50U, NEB) was used for 4C digestion and the samples were
ligated, purified, and precipitated similar to the 3C library to obtain the 4C library. The

4C library was treated with RNase A to remove any trace of contaminating RNA and
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purified by the QIAquick PCR purification kit. The library was then subjected to PCR
using the oligos designed for the CDKN2A viewpoint (Table S1). The PCR amplicon
was purified using the same kit and subjected to next-generation sequencing with
[llumina HiSeq2500 using 50bp single-end reads. The number of reads in each replicate

is mentioned in the appendices.

Chromatin immunoprecipitation (ChIP)

Cells were crosslinked with 1% formaldehyde (Sigma-F8775) at room temperature for
10 mins with constant shaking. Glycine was added to a final concentration of 125mM
to quench the formaldehyde for 5 mins at room temperature. Cells were washed thrice
with 1X ice-cold PBS. Cells were scraped in 3 mL of 1X PBS and pelleted down at 3K
rpm for 5 mins at 4°C. Cells were gently resuspended in L1A Buffer [10 mM
HEPES/KOH pH 7.9, 85 mM KCI, 1 mM EDTA pH 8.0]. Nuclei were isolated by
adding L1B buffer [10 mM HEPES/KOH pH 7.9, 85 mM KCI, 1 mM EDTA pH 8.0,
1% NP40] to the cells, resuspended, and incubated on ice for 10 minutes. Nuclei were
obtained by centrifuging at 3.5K rpm for 5 mins. Nuclear lysis buffer (L2) [50 mM
Tris-HCI pH 7.4, 1% SDS, 10 mM EDTA pH 8.0] supplemented with 1X PIC was
added to the nuclear pellet, resuspended, and incubated on ice for 10 mins. Samples
were sonicated using Diagenode biorupter with a setting of 30 Sec ON and 30 Sec OFF
for 25 cycles. The cell lysate was cleared by centrifuging samples at 12K rpm for 12
mins. 100 pg of sheared chromatin was taken for each IP. Sheared chromatin was
diluted by adding Dilution Buffer (DB) [20 mM Tris-HCI pH 7.4, 100 mM NaCl, 2 mM
EDTA pH 8.0, 0.5% Triton X-100] supplemented with 1X PIC in 1:1.5 (1 volume of
sheared chromatin and 1.5 volumes of Dilution Buffer) ratio. 5% of diluted chromatin
was set aside as Input. 1 pug of antibody was added to immunoprecipitate the DNA and
incubated on a rocking platform overnight at 4°C. Protein G Dynabeads (Invitrogen-
140004D) were prepared by blocking in 1% BSA prepared in 1X PBS at 4°C for 1 hour
followed by washing with 1X PBS. Immunoprecipitated DNA was collected by adding
15 ul of BSA-blocked beads to each sample and incubated at 4°C for 4 hours. Beads
were collected, the supernatant was discarded and 600 pl of Wash Buffer | [20 mM
Tris-HCI pH 7.4, 150 mM NaCl, 0.1% SDS, 2 mM EDTA pH 8.0, 1% Triton X-100]

was added. Washings were carried out at 4°C on a rocking platform. Washings were
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sequentially repeated with Wash Buffer 11 [20 mM Tris-HCI pH 7.4, 500 mM NacCl, 2
mM EDTA pH 8.0, 1% Triton X-100], Wash Buffer 111 [10 mM Tris-HCI pH 7.4, 250
mM LiCl, 1% NP-40, 1% Sodium Deoxycholate, 1 mM EDTA (pH 8.0)] and 1X TE
[10 mM Tris pH 8.0, 1 mM EDTA pH 8.0]. Immunoprecipitated DNA was eluted by
adding 200 pl of Elution Buffer [100 mM NaHCOs, 1% SDS] for 45 mins at 37°C in a
thermomixer with an rpm of 1200. Eluate was transferred to fresh tubes and 14 ul of
5M NaCl was added and kept overnight at 65°C. Immunoprecipitated DNA was
purified by phenol:chloroform: isoamyl alcohol (Ambion-AM9732) method, followed
by ethanol precipitation. The final dried DNA pellet was dissolved in 100 ul of 1X TE.
The ChIP data were plotted as the fold enrichment of percent input. First, percent inputs
were calculated for beads and antibody, and then values obtained from beads were
divided from antibody values to get the fold enrichment.

RNA Isolation and cDNA synthesis

After discarding the media, 1 mL of Trizol reagent (Invitrogen-15596018) was applied
immediately to the adhered cells. Cells were lysed by pipetting and transferred to 1.5
ml nuclease-free Eppendorf tubes. 200 ul of chloroform was added to samples, invert
mixed several times and incubated at room temperature for 2 mins. The samples were
then centrifuged at 12K rpm for 12 mins at 4°C. The aqueous phase was carefully
collected and transferred to fresh 1.5 ml tubes. 0.7 volumes of isopropanol were added
to samples, vortexed, and incubated at room temperature for 10 mins to precipitate the
RNA. The samples were centrifuged at 12K rpm for 12 mins at 4°C, the supernatant
was discarded without disturbing the pellet. The pellet obtained was washed twice with
75% ethanol prepared in nuclease-free water. Pellet was allowed to dry for around 20
mins and dissolved in RNase-free water. RNA obtained was treated with ezDNase
(Invitrogen-117660) to remove the traces of contaminating DNA. 1 pug of RNA was
taken for the cDNA synthesis. cDNA was synthesized with Superscript IV (Invitrogen-
18091050) kit.

10 pl of cDNA reaction was set up and the reaction was carried out in two steps. In the
first step, the RNA primer mix was prepared by adding the following components to a
sterile RNase-free tube.

0.5 ul Random Hexamers;
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0.5 pul 10mM dNTPs;
1 pg Isolated RNA;
DEPC-treated water up to 5.5 pl

The components were mixed properly and briefly centrifuged. The RNA primer mix

was incubated at 65°C for 5 mins, followed by 1 min incubation on ice.

In the second step, the RT reaction mix was prepared by adding the following

components to a sterile RNase-free tube.

2 ul superscript buffer;

0.5 ul 100mM DTT;

0.5 ul Ribonuclease Inhibitor;

0.5 pl Superscript IV Reverse Transcriptase (200 U/uL)

The contents were mixed properly and briefly centrifuged. The prepared RT mix was
added to annealed RNA primer mix. The reaction components were mixed properly and
incubated at 50°C for 10 mins. The cDNA synthesis reaction was stopped by incubating
it at 80°C for 10 mins. The volume of the samples was made up to 100 pls by diluting
with nuclease-free water. 4 pl of the diluted sample was taken for RT PCR

amplification.

Designing and cloning of gRNAs

CRISPR Cas9-mediated deletions were performed as per the protocol described in
(Faroog and Notani 2021). gRNAs were designed with https://zlab.bio/guide-design-
resources and http://crispor.tefor.net tools. gRNAs were selected based on the highest
score with the least number of off-targets. All the gRNAs were cloned in pgRNA
humanized vector (#44248) a gift from Stanley Qi between BstX1 and Xho1 restriction

sites.
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CRISPR-Cas9 mediated deletion

CRISPR-Cas9-mediated deletions were performed as per the protocol described in
(Farooq and Notani 2021). gRNAs were co-transduced with lenti-Cas9 vector (#52962)
a gift from Feng Zhang. Cells were selected for pgRNA humanized vector with
puromycin (3ug/ml) for 48 hours. The remaining cells were seeded in a 96-well plate
such that each well gets a single cell. Wells with single cells were identified under a
microscope and allowed to grow till the colonies appeared. The media was changed
after every fifth day. The cells were trypsinized and half of the cells were taken for the

surveyor assay. The surveyor assay was carried out by PCR-based method.

CRISPRI

For carrying out CRISPRi, gRNAs were designed to target the core of the enhancers as
described above. For each enhancer, two gRNAs were designed. Lentiviruses were
made carrying dCas9-KRAB (#99372), a gift from Kristen Brennand, and enhancer-
specific gRNAs. At the time of transduction, cells were around 75% confluent. Viral
soup supplemented with 8 pug/ml of polybrene was added to cells. The infection was
stopped after 16 hours of transduction. Cells carrying the vectors were selected with 3

pg/ml of puromycin for 72 hours.

Lentiviral transduction

Lentiviral transductions were carried out as per the protocol described in (Farooqg and
Notani 2021). Briefly, HEK293FT cells were seeded in culture dishes coated with poly
D lysine. Transfection of lentiviral packaging plasmid like pCMV-VSV-G (#8454), a
gift from Bob Weinberg’s lab along with the plasmid of interest was carried out by
Lipofectamine 2000. The media was changed after 6 hours. The viral soup was
collected after 48 hours and 72 hours, pooled together, filtered, and finally added to
cells along with 8ug/ml of polybrene. The infection was stopped after 16 hours of

transduction.
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siRNA transfection

siRNAs SMARTDpools specifically targeting JIMID3 mRNA (LQ-023013-01-0005) and
scrambled siRNA (D-001810-10-05) were purchased from GE Dharmacon.
Lipofectamine 2000 (Invitrogen) was used for siRNA transfections as per the
manufacturer’s recommendations. Two rounds of transfections were done to carry out

the knockdown.

shRNA designing and cloning

shRNAs were designed and cloned by following the protocol given at
http://www.addgene.org/protocols/plko/shRNAs. Briefly, shRNAs were designed
using the https://portals.broadinstitute.org/gpp/public/seg/search tool and cloned in
pLKO.1 TRC cloning vector. Three sShRNA were designed for each target eRNA to
increase the efficiency of RNAI. To minimize the degradation of off-target mMRNAS,
UCSD’s BLAT program was used. All the shRNAs were cloned between EcoRI and
Agel restriction sites. To get the ShRNAs sequenced, the clones were digested with the
Xhol enzyme that is present in the loop of the shRNAs. Linearization was done to
efficiently get the sShRNAs sequenced as the hairpin formation was leading to problems

in sequencing. The shRNA sequences are provided in appendices.

p-galactosidase staining

Cells were stained for senescence-associated -Galactosidase activity according to the
manufacturer’s protocol (Senescence -Galactosidase Staining from Cell Signaling
#9860). Briefly, culture media was discarded and cells were washed once with 1X PBS.
1 mL of 1X Fixative solution was added to each well and allowed to fix for 15 mins at
room temperature. Fixed cells were washed twice with 1X PBS. To stain the cells, 1
mL of B-Galactosidase Staining Solution was added to each well. Plates were carefully
sealed with parafilm to avoid evaporation and incubated at 37°C for 48 hours in a dry
incubator devoid of CO>. Images were taken with Olympus I’X73. ImageJ was used to

quantify the cells stained for senescence-associated B-Galactosidase activity.
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Cell proliferation assay

Cell proliferation assay was performed according to the manufacturer’s protocol (BrdU
Cell Proliferation Assay Kit from cell signaling #6813). Briefly, 2500 cells were seeded
in 3 wells (triplicates) of 96 well plate. Cells were incubated for 48 hours. 1X BrdU
solution was added to each well and incubated for 24 hours. Growth media was
removed and 100 pl of Fixing/Denaturing Solution was added to each well for 30 mins
at room temperature. Post 30 mins fixing solution was removed and 100 pl of 1X
detection antibody solution was added to each well for 1 hour at room temperature. The
detection antibody solution was removed, followed by washing each well 3 times with
1X Wash Buffer. 100 pl of 1X HRP-conjugated secondary antibody solution was added
for 30 mins at room temperature. The solution was removed followed by washing 3
times with 1X Wash Buffer. 100 pl of TMB substrate was added for around 20 mins
and the reaction was stopped by adding 100 ul stop solution. Absorbance was measured
at 450 nm.

Wound healing assay

Cells were grown to confluence in 6 well plates and two scratches per well were created.
Cells were washed with DPBS to remove the cellular debris. After removing debris,
images were taken and labeled as AO. Cells were allowed to migrate for 72 hours. The
extent of migration was recorded every 24 hours and labeled as A1, A2, and A3. Wound
closure (2 scratches per replicate) was measured with ImageJ where wound closure (%)

= (wounded area after every 24 hours/wounded area at A0) X 100.

Colony formation assay

2000 cells each of CR WT and enhancer knockout lines were seeded in one well of 6
well plates. Cells were allowed to form colonies for 10 days. Culture media was
discarded and cells were washed twice with 1X PBS. Colonies were fixed with absolute
methanol for 10 mins followed by staining with 0.5% crystal violet (prepared in 25%
Methanol) for 20 mins. Cells were washed with 1X PBS 4-5 times. Colonies containing

at least 50 cells were counted using ImageJ.
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Invitro Transcription Assay

Invitro transcription assay was performed as per the protocol described in (Jayani,
Singh, and Notani 2017) with some modifications. Briefly, plasmids containing cloned
enhancers were linearized with the appropriate restriction enzyme such that the cut is
made right after the transcribing region. Digested plasmids were run on 1% agarose gel
and the appropriate digested band was cut and purified using a gel extraction kit from
Qiagen. Invitro transcription mix was prepared by adding the following components in

a sterile RNase-free tube.

1 pg of linearized template plasmid

2 ul Biotin RNA labeling mix (10X)

4 ul Transcription buffer (5X)

2 ul DTT (100 mM)

2 ul appropriate RNA polymerase (20U) (T7 polymerase in this case)
x ul RNase-free water to make the final volume of 20 pl

The components were mixed by gently tapping the tube, centrifuged briefly, and
incubated at 37°C for 2 hours. 1 pl of ezDNase was added to digest the template plasmid
DNA. The volume of the samples was brought to 100 pl by adding RNAse-free water.
1/10 volume of 3M sodium acetate (pH 5.2) and 2.5 volumes of absolute ethanol were
added. The samples were mixed by vortexing and briefly centrifuged and incubated at
-20°C for 3 hours. The precipitated RNA was pelleted down by centrifuging at 12K rpm
for 12 mins at 4°C. The supernatant was removed and the pellet was washed with 75%

ethanol. Pellet was air dried for 10 - 12 mins and dissolved in RNase-free water.

RNA Pulldown Assay

Invitro transcription assay was performed as per the protocol described in (Jayani,
Singh, and Notani 2017) with some modifications. HeLa cells were grown to a
confluency of 90 - 95%. 8 x 108 cells were harvested by discarding the media and
washing the cells thrice with 1X PBS. The cells were scraped and pelleted at 3000 rpm
for 5 mins at 4°C. The pelleted cells were resuspended in 2 mL PBS and to this 2 mL
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of nuclear isolation buffer (NIB) [40 mM Tris-HCI pH 7.5, 20 mM MgCl;, 1.28M
sucrose, 4% Triton X-100, 1mM PMSF, protease inhibitors and 20U/ml SUPERase
inhibitor (Thermo Fisher Scientific, catalog AM2694)] was added. The contents were
mixed gently and 6 mL of distilled water was added to it, gently mixed, and incubated
on ice for 20 mins with gentle mixing intermittently. Nuclei were pelleted by
centrifuging the samples at 4K rpm for 5 mins at 4°C. The nuclei pellet was resuspended
in 1 mL RNA immunoprecipitation (RIP) buffer: [25 mM Tri-HCI pH 7.4, 150 mM
KCI, 0.5 mM DTT, 0.5% NP40, IX PIC and 20U/ml SUPERase inhibitor] and
incubated on ice for 5 mins. The samples were transferred to sonication tubes and
sonicated for 10 cycles with the setting of 30S ON 30S OFF in a Diagenode biorupter.
The lysate was cleared by centrifuging the samples at 12K rpm for 12 mins at 4°C. The
nuclear lysate was equally divided into two tubes. RNA was folded in 50 pl of RNA
structure buffer (RSB) [10 mM Tris-HCI pH 7.0, 100 mM KCI, 10 mM MgClz, 1X PIC,
and 20U/ml SUPERase inhibitor] for 5 mins at room temperature. 1 pg of folded RNA
of interest and control RNA was added to the tubes containing protein lysate. The RNA
protein mix was incubated at 4°C for 2 hours on a rocker. Dynabeads MyOne
Streptavidin beads were prepared by washing the beads thrice with RIP buffer. 15 pl of
Dynabeads MyOne Streptavidin beads were added to each tube and incubated at 4°C
for 1 hour on a rocker. Beads were washed thrice with RIP buffer for 5 mins. 2X SDS
loading buffer was added to the beads and boiled at 98°C for 15 mins. The denatured

samples were used for western blotting for further steps.

Subcellular fractionation

Subcellular fractionation was performed as per the protocol described in (Caudron-
Herger et al. 2019) with minor variations. Briefly, 6 x 10° cells were harvested and
pelleted down at 3K rpm for 5 mins at 4°C. The pelleted cells were gently resuspended
in 200 pl of ice-cold Hypotonic Lysis Buffer (HLB) buffer [10 mM Tris-HCI pH 7.5,
10 mM NaCl, 3 mM MgClz, 0.3% (v/v) NP 40, 10% (v/v) glycerol], supplemented with
1X protease inhibitor cocktail. The samples were incubated on ice for 10 mins and
vortexed briefly. The samples were then centrifuged at 4000 rpm for 5 mins at 4°C to
obtain the nuclei. The supernatant (cytoplasmic fraction) was transferred to a fresh tube

and the NaCl concentration was adjusted to 140 mM by adding the remaining amount
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of NaCl. The pellet containing nuclei was washed twice with 200 pl of HLB and
centrifuged at 4K rpm for 5 mins at 4°C. After washing, the nuclei were equally divided
into two tubes and resuspended in 150 pL ice-cold Modified Wuarin-Schiebler (MWS)
buffer [10 mM Tris-HCI (pH 7.5), 300 mM NaCl, 4 mM EDTA, 1 M urea, 1% (v/v)
NP40, 1% (v/v) glycerol], supplemented with 1X protease inhibitor complex. The
samples were incubated on ice for 15 mins with or without RNase A (30 pg/ml),
vortexed, and centrifuged at 6K rpm for 5 mins at 4°C. The supernatant (nucleoplasmic
fraction) was transferred to a fresh tube. The chromatin pellet was washed once with
MWS buffer and centrifuged at 6K rpm for 5 mins at 4°C. 150 pl of Nuclei Lysis Buffer
(NLB) [20 mM Tris-HCI (pH 7.5), 150 mM KCI, 3 mM MgCla, 0.3% (v/v) NP40, 10%
(v/v) glycerol], supplemented with 1X PIC was added to the chromatin pellet and
incubated on ice for 10 mins. The pellet was then sonicated in a Diagenode biorupter
for 15 cycles with the settings of 30S ON and 30S OFF. All the samples were denatured
by adding 1X SDS loading dye and incubating on a heat block at 98°C for 15 mins.

Ultraviolet-RNA Immunoprecipitation (UV-RIP)

Ultraviolet-RNA Immunoprecipitation (UV-RIP) was performed as per the protocol
described in (Rahnamoun et al. 2018) with minor variations. 2 x 10 cm dishes
containing around 12 x 10° cells were taken for the experiment. Media was discarded
and cells were washed thrice with 1X PBS. 5 ml of 1X PBS was added to the dishes
and crosslinked by UV irradiation (150 mJ per cm? at 254 nm) using a Stratalinker. The
cells were then scraped in 3 ml of 1X PBS and pelleted down at 3K rpm. The cells were
lysed by adding 1 ml of RNA Immunoprecipitation (RIP) buffer [25 mM HEPES-KOH
pH 7.5, 150 mM KCl, 0.5% NP40, 1.5 mM MgClz, 10% glycerol, | mM EDTA, 40U/ml
RNase inhibitor (Invitrogen #18091050)], supplemented with 1X protease inhibitor
cocktail, resuspending by pipetting and incubated on ice for 30 min. Lysates were
cleared by centrifuging the samples at 12K rpm for 12 mins. Cleared cell lysates were
divided equally into two tubes and 10% of it was kept as input. 1 pg of target antibody
was added to the IP sample along with 15 ul of Protein G beads Dynabeads (Invitrogen)
and in the beads sample, only 15 pl of Protein G beads Dynabeads were added. The
samples were incubated overnight on a rocker. Beads were subsequently washed three

times with ice-cold RIP lysis buffer for 5 mins. RNA samples were eluted using Trizol
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reagent as described above. cDNA was prepared from eluted RNA samples as described

above. All the stock solutions and buffers were prepared in RNase-free water.

Cloning of JMJD3 variants

pCMV-HA-JMJD3 plasmid was obtained from addgene (Plasmid #24167). Other
variants of JMJD3 used in the study were cloned in the p3XFLAG-CMV-10 vector
(E7658). pPCMV-HA-JMJD3 plasmid was used as a template to PCR amplify all the
variants. The region of interest was amplified with KOD Hot Start DNA Polymerase.
The oligos used for cloning the variants are mentioned in the appendices. Different

restriction sites were used for different variants.

For cloning the variants with nuclear localization signal (NLS), the Simian Virus 40
(SV40) NLS sequence (CCCAAGAAGAAGAGGAAAGTC) was added to the forward

oligos.

Site-directed mutagenesis

Oligos were designed manually for creating point mutations in the RNA binding of
JMJD3. Oligos were designed in such a way that the mutation was centered in the
middle of it. Cysteines that are involved in the formation of the Zinc finger-like domain
were mutated to Alanine. PCR amplification was carried out with KOD Hot Start DNA

Polymerase by following the manufacturer’s protocol given below.

Component Volume Final Concentration
10x Buffer 5uL 1x
25 mM MgSO4 3 uL 1.5mM
dNTPs (2 mM each) 5uL 0.2mM
PCR Grade Water X uL
Oligos F+R (10 pM) 3ul 0.3 uM
KOD Polymerase (1.0 U/uL) 1.0 L 0.02 U/uL
Template DNA X uL 50 ng
Total Volume 50 pL
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2 x 50 pl reactions were set up to amplify the target regions.

Following thermocycling conditions were used to amplify the target regions:

Polymerase ) ) _ Final
o Denaturation Annealing Extension ]
Activation Extension
70°C for 10
95°C for 2 95°C for 20 s 70°C for 30 s ]
_ 62°C for 10 s mins
mins
40 Cycles

The pCMV-HA-JMJD3 plasmid was used as a template for creating mutations. Two
mutants with different sets of mutations were created. One mutant had the first and the
second cysteine mutated to alanine and the other clone had the first and the fourth

cysteine mutated.

Immunostaining

Cells grown on coverslips (after 24hrs of transfection) were gently washed twice with
1X PBS. 4% PFA was added and incubated at room temperature for 15 mins, followed
by three washes with 1X PBS. To carry out permeabilization, cells were treated with
0.2% Triton-X in 1% FBS (blocking agent) for 15 minutes, followed by three 1X PBS
washes. Then, the coverslips were incubated overnight at 4°C, with pair of primary
antibodies as required (HA-CST/Flag-CST with H3K27me3-CST) prepared in 1%
FBS. After washing with 1X PBST (PBS with tween-20) thrice, the coverslips were
incubated with secondary antibodies (Alexa Flour mouse 488 and Alexa Flour rabbit
647) for an hour at room temperature (protected from light). Finally, the samples were
incubated with Hoechst 33342 to stain the nuclei, following three washes with 1X
PBST. The coverslips were then mounted onto slides with 90% glycerol and sealed
with nail paint. Imaging was done using Olympus FVV3000 with 405, 488, and 631 nm

lasers; taking z stacks for all.

Max-intensity mages are shown as representative images.
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Imaris 9.4 was used for image analysis. In total ~80 cells were analyzed for every
sample, with 2 replicates each. The Surface was created for .tiff images using 405
channels to get signal for H3K27me3 and Flag/HA-jmjd3 variants from nuclei
specifically. The mean intensity across stacks: in the surface created was then measured
and plotted as boxplots. The significance was tested with respect to empty vector

samples using https://astatsa.com/WilcoxonTest/.

Hi-C analysis

Hi-C forward and reverse end reads were trimmed and aligned separately. The raw
reads were mapped to hgl9 assembly using bowtie 2. The HOMER program
makeTagDirectory was first used to create tag directories with tbp 1. Data was further
processed by HOMER in order to remove small fragment and self-ligations using
makeTagDirectory with the following options: -removePEbg -removeSpikes 10000 5.
Next, findTADsAndLoops.pl was used to obtain overlapping TADs, produced at a 20kb
resolution with 40kb windows. H3K27ac peaks intersecting with the identified TADs
were counted and ranked to obtain the enhancers per TAD slope. The HiC datasets were
analyzed using the Juicer pipeline for visualization. The .hic file generated from the
juicer pipeline was then visualized using Juicebox. The contact maps were generated

using Balanced normalization (Knight-Ruiz balancing algorithm).

Super enhancer calling

Super-enhancers were called using the ROSE (Rank Ordering of Super-enhancers)
algorithm (https://bitbucket.org/young_computation/) using the aligned ChlP-seq reads
as input with parameters -s 12500.

4C-seq analysis

The sequenced reads were aligned to hgl9 assembly using default Bowtie2 options.
The output BAM file was used as the input for the FourCSeq pipeline. The first and
second restriction site sequence was provided along with the primer sequence in the
metadata. The viewpoint information is also provided. The reference genome is then
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in-silico digested to obtain the reference fragments. Reads mapping exactly to the
fragment ends are then counted. This data is then plotted after smoothening and
calculating Z-scores to detect interactions. Interacting regions are defined with the
following thresholds: a fragment must have z-scores larger than 3 and an adjusted p
value of 0.01. Beside FourCseq pipeline, 4Cseqpipe
(http://compgenomics.weizmann.ac.il/tanay/?page_id=367) was also used to process
the sequenced data in. 4C-seq images were generated using truncated mean at a 10kb

resolution.

RNA-Seq analysis

The raw reads were mapped to hg19 assembly using hisat2 in a strand specific manner.
The output BAM file was sorted using Samtools. This was then provided as an input
for htseg-count, of the HTSeq pipeline, to count reads in the exonic features. The raw
counts from the different datasets were then used as in input in DESeq2 to obtain
differentially expressed genes using default thresholds. The volcano plots were plotted
using the EnhancedVolcano tool on R.

Gene expression in tumors

Gene expression data from cancer patients belonging to the TCGA cohort were
obtained from TCGA Genomic Data Commons (GDC) (https://portal.gdc.cancer.gov/).

ATAC-seq data in cervical tumors

ATAC-seq data of Cervical squamous cell carcinoma and endocervical
adenocarcinoma (CESC) tumors from TCGA cohort were obtained from TCGA study
(Corces et al., 2018).
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Quantification and statistical analysis

Statistical significance is determined by unpaired t-test (*p < 0.05; **p < 0.01; **x*p <
0.005; *xxxp < 0.001; ns p > 0.05). The error bars denote SEM. The statistical details
of experiments can be found in the figure legends. n represents the number of biological

replicates.

95



Chapter 5: Discussion and conclusions
Chapter 2

We used the Circular Chromosome Conformation Capture (4C) approach, followed by
a series of enhancer blockings and deletions, to identify the regulatory enhancers within
the dense cluster that regulate INK4/ARF transcription. We uncover a subset of
enhancers that regulate gene transcription in a non-redundant manner as an
interdependent network. The loss of even a single promoter-interacting enhancer in the
network leads to gene inactivation due to EZH2 loading on promoters. Furthermore,
genome-wide gene expression profiles upon enhancer deletions show effects that are

relevant to the diseases with which the entire 9p21 locus is associated.

CDKN2A/INK4a promoter interacts with only a subset of enhancers

INK4/ARF locus harbors 24 enhancers in the HeLa cell line. These enhancers are
present in the gene desert region or overlap with the CDKN2BAS gene. Analysis of
different epigenomic data sets in HeLa revealed that only 15 of the 24 enhancers were
active. Three enhancers overlapped with the 3° TAD boundary, out of the remaining 21
enhancers only 5 enhancers interacted with the promoter as revealed the by 4C-seq
experiment. Since the enhancers that interacted with the promoters showed varying
levels of enhancer-associated active marks such as H3K27ac alone could not predict
the enhancer that would loop with the promoters. For instance, E8 and E17 displayed
exceedingly high H3K27ac levels and showed high-frequency interaction with
CDKN2A/INK4a promoter. E21, on the other hand, has H3K27ac levels similar to E8
and E17 but does not interact with the promoter. The interaction with the promoters is
the best predictor for the regulatory enhancers because they could not be functionally
predicted from the H3K27ac or eRNA levels.

This enhancer cluster is very dense, and such dense clusters can be found throughout
the genome. Since just a few enhancers in this cluster have regulatory potential, the
question of what other non-interacting enhancers are doing becomes essential. Because
perturbing one of these non-interacting promoters had a mild effect on gene expression,
suggesting that non-interacting promoters may be performing a different and lower

ranking function. Non-interacting enhancers, for example, may keep the surrounding
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chromatin open by attracting various transcription factors and co-factors. Thus, non-
interacting enhancers may indirectly help regulatory enhancers by maintaining
transcription factor and cofactor density. Furthermore, they may be assisting in the
prevention of H3K27me3 spread via PRC2. Enhancer clusters can phase-separate
because they recruit transcription factors and cofactors in large quantities, which is
required for phase separation. Each constituent enhancer contributes to the valency
needed for phase separation. Regulatory enhancers may be essential because they may
contribute more to valency than non-interacting enhancers. Thus, the deletion of a
regulatory enhancer may lead to the complete disruption of the phase-separated entity.
As a result, target genes and the other enhancers show drastic effects on target gene
transcription. Furthermore, interacting enhancers and promoters may be in closer
proximity in the phase-separated condensate than non-interacting enhancers and are
thus captured in 4C.

An interdependent network operates at this locus

We also observed that disruption of promoter-interacting enhancers severely impacts
gene transcription and also, the activity of other enhancers in the cluster. H3K27ac and
eRNA transcription from the other intact enhancers are lost when a single promoter
interacting enhancer is perturbed. This implies that the promoter-interacting enhancers
have some sort of reciprocal dependence on one another for transcriptional activity. We
also observed that promoter-interacting enhancers interact with promoters and other
promoter-interacting enhancers and that the deletion of a single enhancer affects these
enhancer-enhancer interactions. Functional enhancers within a super-enhancer can
establish an equal-weighted network in which target genes cannot express in the
absence of even a single enhancer. In this cluster, the enhancers are not redundant,

contrary to previous genome-wide results (Moorthy et al. 2017).

The loss of function mutation in any enhancer within equal-weight networks would
result in the dysregulation of all enhancers in the network, resulting in promoter
dysregulation. Perhaps the INK4/ARF locus being the most reproducible GWAS study
is due to such enhancer dependencies, where a change in any enhancer results in a total

collapse of the transcriptional output of the locus.
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H3K27ac loss reflects enhancer function but not the extent

Through CRISPRI and enhancer knockouts of specific promoter-interacting enhancers,
we saw the loss of H3K27ac on intact enhancers. Surprisingly, the extent to which
H3K27ac was lost on intact enhancers upon CRISPRI or enhancer knockout was the
same. However, compared to CRISPRI lines, enhancer knockout lines exhibited a far
more severe loss of eRNA transcription. Additionally, enhancer knockout lines
exhibited drastic downregulation of gene transcription than CRISPRI lines do. This
implies that while H3K27ac can provide information about the activity of regulatory
elements, it cannot provide information about the magnitude of the activity. In this
instance, eRNA transcription was a more accurate predictor of the extent of enhancer

activity.

In line with this, it has been demonstrated that the enhancer functions are unaffected by
the histone H3 mutation at position K27 (Zhang et al. 2020). The CBP/p300, which
catalyzes acetylation at H3K27, however, plays a crucial role in enhancer activity in
other circumstances (Raisner et al. 2018). Furthermore, high levels of H3K27ac may
be the result of eRNA present at these enhancers, implying its existence as a result of

enhancer activity (Pnueli et al. 2015).

Enhancer disruption causes EZH2 loading on promoters in an ANRIL-

independent manner

The INK4/ARF locus is a well-studied target of the PRC2 complex. Several studies have
demonstrated that PRC2 binds to the promoters of these genes in dividing cells and
certain malignancies. HeLa cells show the absence of the PRC2 complex, as INK4/ARF
genes are highly active in these cells. We observed that enhancer knockouts cause
EZH2 to load onto the CDKN2A and CDKN2B gene promoters and as a result, exhibit
an increase in H3K27me3 levels. This implies that one of the ways these enhancers
control the genes is by preventing PRC2 from targeting the gene promoters. Several
studies have previously revealed that ANRIL, which is produced from the CDKN2BAS
gene, interacts with PRC2 complex components (Kotake et al. 2011). It has been
demonstrated that it recruits PRC2 to the promoters of CDKN2A and CDKN2B genes
(Kotake et al. 2011; Yap et al. 2010). Given that we suspected that the EZH2 increase
could be attributable to ANRIL overexpression in the enhancer knockout lines. To our
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surprise, however, the ANRIL expression similarly decreased in the enhancer knockout
lines, indicating that these enhancers may potentially be involved in the regulation of
CDKN2BAS gene transcription as well. The promoters of the CDKN2A and
CDKN2BAS genes are close linearly, and some studies have even labeled them as
bidirectional promoters. As a result, these enhancers may have the ability to influence
both promoters. The decreased expression of ANRIL in the enhancer knockout lines
showed that the PRC2 complex is recruited to INK4/ARF promoters in an ANRIL-
independent manner. This was evident in the patient RNA sequencing data as well,
where ANRIL was found to have a positive correlation with the expression of CDKN2A
and CDKNZ2B genes.

It has been demonstrated that RNA sequesters or inhibits PRC2 from binding to the
neighboring regions, keeping the genes in the vicinity active. Thus, loss of EZH2
sequestration due to the downregulation of gene transcripts and eRNAs is one of the
putative mechanisms of EZH2 binding onto these promoters upon enhancer knockouts.
Additionally, H3K27ac loss may result in PRC2 binding and H3K27me3 increase.
Since we know that promoters and enhancers are involved in genomic interactions, the
deletion of an enhancer results in the loss of these interactions. The active promoter and
enhancer interactions may prevent PRC2 from targeting the promoters. As a result, the
loss of enhancer-promoter interaction may expose promoters, making them vulnerable
to PRC2 binding. Furthermore, some circular ANRIL isoforms have recently been
found; these isoforms have been demonstrated to keep the INK4/ARF locus active by
not allowing PRC2 to target promoters (Muniz et al. 2021). Knockdown of these
isoforms reduced the expression of INK4/ARF genes in a PRC2-dependent manner.
Thus, it is also conceivable that such circular isoforms of ANRIL are downregulated in

the enhancer knockout lines, resulting in PRC2 accumulation on the promoters.

Genes dysregulated upon enhancer deletions corroborate with disease association
of the INK4/ARF locus

The INK4/ARF locus is one of the most reproducible GWAS hotspots. SNPs in the
locus are linked to a variety of aging-related disorders such as type-2-diabetes, coronary
artery disease, atherosclerosis, and several cancers. These SNPs have either been found

in the gene desert region harboring the enhancers cluster, some of which overlap with
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the CDKN2BAS gene. RNA-seq data from enhancer knockdown lines revealed that
roughly 200 genes were dysregulated. Around 100 genes were upregulated, whereas
the remaining were downregulated. Most of the dysregulated genes were common
across the enhancer knockout lines, pointing to the potential indirect role of the
INK4/ARF genes. Despite the fact that the HeLa cell line is not the appropriate model,
the dysregulated genes upon enhancer knockouts corroborated with the disease
association of this locus. For instance, dysregulated genes in enhancer knockout lines
are involved in aging-associated diseases like coronary artery disease, diabetes, etc.
This shows that the INK4/ARF genes regulate several of these pathways in HelLa cells

and the functions are conserved across cell-types.
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Figure 4.1: Proposed model of enhancer-mediated transcriptional regulation of
INK4/ARF locus.

INK4/ARF locus contains two genes CDKN2A and CDKN2B that code for three critical
cell cycle regulators. This locus is the most reproducible GWAS hotspot and harbors
24 enhancers in HeLa cells. Only a subset of enhancers from the dense multi-enhancer
cluster regulates this locus. The regulatory enhancers interact with each other to form
a single functional unit that is entirely dependent on each enhancer for target gene
regulation. When a single functional enhancer is deleted, the entire enhancer cluster
becomes non-functional. The active enhancers prevent EZH2 from binding to the
INK4/ARF promoters and downregulating these genes. The genes that are dysregulated

upon enhancer perturbations corroborate with the disease association of this locus.
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Chapter 3

We created several truncations of the JMJD3 protein to better understand how this
chromatin modifier recognizes its target binding sites. We also generated several
mutants of JMJD3 from these truncations. We used high throughput approaches to
study its chromatin binding specificity. Our data highlights that IMJD3 binding with
chromatin is dependent on its N-terminal IDR and C-terminal zinc finger-like domain.
When the entire IDR is removed, JMJD3 loses its ability to bind to regulatory
components such as enhancers and promoters. Interestingly, JMJD3 binding is switched
from enhancers to promoters when a part of the IDR is deleted. Additionally, JIMJD3
binding to chromatin is lost when the C-terminal domain is disrupted. Our findings
imply that the IDR and C-terminus of JMJD3 is necessary for chromatin binding, but
its IDR also dictates binding specificity.

JMJD3 regulates the INK4/ARF locus in a catalytically dependent manner

JMJD3 has been shown to activate the INK4/ARF locus during the onset of senescence.
Several cellular cues such as oncogene overexpression upregulate JMJD3 in MEFs,
thereby resulting in INK4a-mediated cell cycle arrest. JMJD3 achieves this in a
catalytically dependent manner by eliminating H3K27me3 from the promoters of these
genes. INK4/ARF locus is highly active in HeLa cells, and we observed that JIMJD3
regulates it in HeLa as well. Knockdown of JMJD3 by siRNAs results in the
downregulation of all three INK4/ARF transcripts, namely INK4a, ARF, and INK4b.
JMJD3 has been reported to regulate several genes in a catalytically independent
manner and we observed similar effects when JMJD3 catalytic activity was inhibited
for 24 hours by treating cells with GSK-J4. The data suggest that the catalytic activity
of JMJD3 is essential for the activation of the INK4/ARF locus in HeLa cells.
Furthermore, inhibiting the catalytic activity of PRC2 leads to modest overexpression
of all three genes. This shows that the INK4/ARF locus is tightly controlled by JMJD3
and PRC2 in distinct cell types. In HeLa cells, however, JIMJD3 outcompetes PRC2

and keeps the locus active.
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JMJD3 binds to regulatory enhancers of the INK4/ARF locus as well as other

active enhancers found across the genome

JMJID3 has previously been demonstrated to bind regulatory elements such as
enhancers (Williams et al. 2014). Similarly, JMJD3 is recruited to p53 response
elements by p53, and it modulates target gene expression via enhancers. In our study,
JMJD3 ChlP-seq revealed that it binds to both enhancers and promoters. However, it is
comparatively more enriched on enhancers than on promoters. JIMJD3 bound enhancers
appeared to be active, as attested by a high enrichment of active enhancer marks such
as H3K27ac and H3K4mel. JMJD3 was also found to bind to regulatory enhancers of
the INK4/ARF locus (as detailed in chapter 2); specifically, E8, E12, and E17. IMJD3
binding to these enhancers is critical for enhancer activity since JMJD3 inhibition
results in eRNA downregulation (Figure 3.1A and 3.1B). However, PRC2 or
H3K27me3 were not enriched on enhancers after IMJD3 knockout. This implies that
JMJD3 is essential for enhancer function, although enhancers are not inhibited by PRC2
in the absence of JIMJD3. Enhancers may be affected by the lack of activators caused

by JIMJD3 knockdown or by another repressor suppressing the enhancer function.

JMJD3 binds INK4/ARF enhancers in an eRNA-dependent manner

JMJD3 has been shown to interact with some viral RNAs and IncRNAs. We conducted
several experiments to see if it binds to eRNAs. JMJD3 was found to be an RNA-
binding histone modifier. RNA has been demonstrated to interact with a number of
proteins and RNA-protein interactions have been found to serve a variety of regulatory
activities, including; protein sequestration, chromatin binding assistance, stabilization
of protein binding on chromatin, protein degradation etc. INK4/ARF regulatory
enhancers are transcribed into bidirectional eRNAs. Knockdown of eRNAs transcribed
from these enhancers resulted in downregulation of all three INK4/ARF transcripts. The
downregulation occurs because JMJD3 enrichment on these enhancers was lost when
eRNAs were knocked down, indicating the relevance of eRNAs in JMJD3 chromatin
binding. Interestingly, loss of eRNAs resulted in PRC2 binding on the INK4/ARF
promoters. We also observed a modest increase in H3K27me3 on these promoters.
However, the loss of eRNAs didn’t trigger PRC2 binding on enhancers. This is
consistent with the data obtained after the JIMJD3 knockdown and implies that eRNAS
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play a dual role, assisting in JIMJD3 recruitment on enhancers while also blocking PRC2

loading on promoters.

This demonstrates that eRNAs derived from these enhancers have a role in enhancer
activity. JMJD3 binding to these enhancers is affected by the loss of eRNAs. When
JMJD3 binding is lost, PRC2 binds to promoters, causing downregulation of all three
transcripts. eRNAs could accomplish this by assisting JMJD3 recruitment to these
enhancers while also preventing PRC2 from targeting the promoters. Alternatively,
active engagement of promoters with enhancers may prevent the PRC2 complex from
targeting promoters. The loss of eRNAs may result in the loss of looping between
enhancers and promoters, rendering promoters more susceptible to PRC2 binding.

JMJD3’s N-terminus is a disordered region that determines its chromatin binding

specificity

JMJD3 is a large protein with only one characterized domain, JmjC. This JMJD3
domain has been shown to catalyze the removal of trimethyl mark from lysine 27 of
Histone 3. Apart from this domain, JMJD3 has a region that binds to zinc ions and folds
into a zinc finger-like domain. The function of this region is mainly unknown.
Nonetheless, these JIMJD3 domains are relatively small and account for just a very
small percentage of IMJD3 protein. The large N-terminal region is mainly unexplored.
We found that this N-terminal region is highly disordered. This disordered region
extends from the N-terminus to the JmjC domain indicating that JIMJD3 is mostly a
disordered protein. One recent study found that this IDR plays a role in JMJD3 phase
separation (Vicioso-Mantis et al. 2022) however, its role in the chromatin binding or

specificity of jmjd3 binidng is not explored.

By creating truncation of IDR, we observed that the IDR plays a significant role in
defining JMJD3 binding specificity on chromatin. JMJD3 binds to both promoters and
enhancers, as previously stated, but preferentially to enhancers. JIMJD3 binding on
chromatin is altered when a portion of the IDR is removed. Surprisingly, JMJD3 with
a deleted portion of the IDR prefers to bind to promoters over enhancers. JMJD3's IDR
may specifically interact with transcription factors and co-factors and its interactions
with protein factors may be determined by IDR and posttranslational modifications of
its IDR. By deleting a portion of the IDR, binding sites for certain protein factors may
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be eliminated, and the remaining portion may still interact with certain proteins but not

all, resulting in a loss of specificity.

When the entire IDR is removed from JMJD3, it is unable to bind both promoters and
enhancers. This implies that JMJD3 binding to chromatin requires its IDR, and the first
portion of the IDR regulates binding specificity. This once again suggests that IDR is
interacting with transcription factors or cofactors. Complete IDR removal would result

in a lack of interaction with these factors and, as a result, chromatin binding of JIMJD3.

Full IDR deletion affects the chromatin binding of JIMJD3 and its catalytic activity

We co-immunostained JMJD3 and its truncations using antibody against H3K27me3
to test how IDR deletion affected its catalytic activity. As reported, we observed that
JMJD3 removes the trimethyl mark from the cells. Its distribution was most noticeable
around the nuclear periphery. Similarly, H3K27me3 was more enriched closer to the
nuclear periphery. IMJD3-expressing cells lost global H3K27me3 and primarily at the
nuclear periphery. JMJD3 with a portion of the IDR deleted (AHI-JMJD3) was
catalytically active and eliminated H3K27me3. However, AHI-JMJD3 showed a much
greater decrease of H3K27me3 than JMJD3. This could be explained by the binding
preference of the AHI-JMJD3. Since H3K27me3 is mostly found on promoters and
AHI-JMJD3 prefers to bind to promoters. As a result of its binding to H3K27me3-

marked promoters, it causes greater loss, as compared to JMJD3.

Truncated JMJD3 with full IDR deletion (AFI-JMJD3) was unable to remove
H3K27me3 since H3K27me3 levels in AFI-JMJD3 transfected cells did not decrease.
JMJD3 may require the IDR for catalytic activity, so removing it would render it
catalytically inactive. This could also be due to AFI-JMJD3 failure to bind to
chromatin. Since trimethylation occurs mostly on histones linked to DNA, AFI-JMJD3
loses its ability to bind chromatin and so cannot erase the methyl mark. In vitro
experiments need to be performed to investigate the involvement of IDR in the catalytic
activity of IMJD3.
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Figure 4.2: The IDR and C-terminus of JMJD3 are necessary for chromatin
binding, but the IDR also dictates specificity. A) In addition to the canonical catalytic
domain, JmJC, JMJD3 protein has a highly disordered region at its N terminus and a
zinc binding region at its C terminus. JMJD3 requires both its IDR and C-terminus to
bind to chromatin. JMJD3 FL binds to both promoters and enhancers, but it is more
abundant on enhancers. When a portion of JMJD3's IDR is removed, it still retains
chromatin binding, but its target binding sites are altered from enhancers to promoters.
However, JMJD3 loses its chromatin binding when IDR is completely removed. B)
JMJD3 binding to chromatin is also RNA dependent. Its C-terminus interacts with
RNA. JMJD3 chromatin binding is lost due to deletion of its RNA binding region or
point mutations in its RNA binding region.
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List of oligos used

Oligos used for gRT-PCRs:

Oligo Name Forward Oligo (5° - 3°) Reverse Oligo (5’ -3?)
pl4 AACATGGTGCGCAGGTTCT | CACCAGCGTGTCCAGGAAG
p15 CGTTAAGTTTACGGCCAACG| CCATCATCATGACCTGGATCG
pl6 ATGGAGCCTTCGGCTGACT | CACCAGCGTGTCCAGGAAG
Gapdh CGCTCTCTGCTCCTCCTGTT | CCATGGTGTCTGAGCGATGT
Anril Ex7b AGAATTCTTGATTCTTTGCTT| TCCCTAGTTTTGAGGACTAAGC
TCC TACT
Anril Ex7-13 GAACTCCCGACCTCGTGATT | CTTCGTAGGAAATTCCTAGCTC
CGC CGTAATC
Anril Ex10-13b| CTGTGGCCACCTTGGAGA TGGCTTCCATAGCACCAACT
Anril Ex18-19 éﬁgjﬁ_ﬁgCTGAGAGCATGG _C?_I?S_I%TATAGGTTCCAGTCCTGG
E8 S eRNA CAGCCAACCCCCTGTATTGT | TGCTGGCTGAGTTGCAATAAC
E8 AS eRNA CAATACAGGGGGTTGGCTGT| TGCTGCCCAATCAGAAGATG
E12 S eRNA ATGTCAGGGCCAGAAGTCGT| AAGGTCACAGCCCTGAAGGA
E12 AS eRNA | CACCCTGACTTGTCCCACAG | CAGCAAACCACAATCCCACA
E17 S eRNA GGGTTTACATCCCCAAAGCA| TGAACAGGGAGCAGGAGTGA
E17 AS eRNA | TGGGGTGACTCAGACCTTCA| GACGAGGAGGCGTTGAAAAC
E21 eRNA TCACTGTGAGCAGGAAACGT gﬁ_\CAGACACTTAGGCACACAC

Oligos used for ChIP gPCRs:

Sé'r%% Forward Oligo (5’ — 3°) Reverse Oligo (5’ - 3%)

14TSS ACCCAGGATATTCGGGACTCA | CGTCTCTAGCCCAGGCTAGGAGG

P CTGAC

pl5TSS | CCGTCGTCCTTCTGCGGCTTG | AGTGAGGACTCCGCGACGCGT

p16TSS TCGCCAGGAGGAGGTCTGTGA| CAGGTGGGTAGAGGGTCTGCAGC
TTAC

E8 GCTGAGGCAAGGGGACATACC| GCTCACAAGCTACAGATATGCTG
AAACAC GCTGAG

E12 GGAACTAGAGGTAGTCCTGGC| CACCTCACCCTATCTTGAAGGCA
TACTTGGG GGCCACACT

E17 GAATGGCAATTGCGGCAACCA| GTATCGTCTCCTTCCTCCACAATC
TG C

E21 TGGGTCCTATATAAACCTTCTT| CACAGACACTTAGGCACACACAT

C
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Oligos used for Surveyor Assay:

lsl);ir%% Forward Oligo (5° - 3°) Reverse Oligo (5’ - 3?)

= 'Ic;/éCTGTTGGAAGGATCCGTTA CCCAAAACCATGTAGAGAGCATC
E12 gCTATTAGGATGGCCAATGAT CTAGCGCAATACCACAGTGAACAT
E17 'IC;EACACTGCCAATCAGTTGTA AGGGGACTAAAGAAGACTCCACA
E21 CTGCCACGATATTTAGCAATC | GCTAGATGTTGCTGTGATGCT

Oligos used for 4C:

CDKN2A Viewpoint

TGGGAGGAGCTAGGGCAAGCTT

E12 Viewpoint AAAGAGGTGAACTAAGCTT

List of sgRNAs

sgRNAs used for CRISPRI:

sgRNA Name sgRNA Sequence

E8 gRNA 1 AGTGTTGCCCTGCTAAGATC
E8 gRNA 2 CACATATCCCAACTATGACT
E12gRNA1 CGTGGAGTCTAGCCATGTCA
E12 gRNA 2 GTGAGGTGTTTTATGACCAC
E17gRNA1 TGGAACTTATTCTAGGGCGT
E17 gRNA 2 GCCCTCACTGCTACAACTGC
E21 gRNA 1 ATACATCAACAGAAAGAAGA
E21 gRNA 2 GGACCTCAACTCACACATGC

SgRNAs used for enhancer KOs:

SgRNA Name SgRNA Sequence
E8 KO gRNA 1 AACTGATCGTTTCAAAGCCG
E8 KO gRNA 2 ATGGCATTGCCATATCGTGG
E12 KOgRNA1 CGTAAACAATGACAACGGAA
E12 KO gRNA 2 ATCTTGCTTACCTCTGCGAG

130



E17 KOgRNA1 GATGTGGGTTAGCGTTTCAG
E17 KO gRNA 2 TAGTAACAAGGCATCTCATG
E21 KOgRNA1 CCCAAATCCAAGAGTAGAGC
E21 KO gRNA 2 TGTTACAGCCTCCCACTGAT
4C reads and experiments
Total Aligned Alignment
Sample Name Reads Reads Percentage
E9 vp E8 ED repl 8894272 6159675 69.25440328
E9 vp E8 ED rep2 5321831 4228668 79.458893
E9 vp_E8 WT repl 7534258 5463650 72.5174264
E9 vp E8 WT rep2 7395234 4645476 62.81716035
Promoter_Hela repl 6796753 6176852 90.87945376
Promoter_Hela_rep2 4587697 4156286 90.59634932
List of sShRNAs
SshRNA Name shRNA Sequence
CCGGGTGATGCCACACCTCAGAAATCTCGAGATTTCTG
FShRNA1EB S AGGTGTGGCATCACTTTTTG

R shRNA1 E8 S

AATTCAAAAAGTGATGCCACACCTCAGAAATCTCGAG
ATTTCTGAGGTGTGGCATCAC

F shRNA2 E86 S

CCGGTGCGTTCCAGTGACGGTTATTCTCGAGAATAACC

GTCACTGGAACGCATTTTTG
R shRNA2 E8 S ﬁ&%@éﬁéﬁ;ﬁéﬁg’l’z\%&éﬁTGACGGTTATTCTCGAGA
aRiATERs | A e A T TATAACTCEAGTTTATAG
R shRNA3 ES S ﬁ;;gééﬁTAéCACCACTTCATi%TgTGCATGCTATAAACTCGAGT
RNAL D RS AT ~ACTECACTTATTe
RSN BB AS | i o A AACTECT
RNAZEDAS LT A CTCOASAATTTAT
RSN B A | A AT CAAATAAATICTCRACA
RN BB RS | T oA AR ATATAC
R shRNA3 ES AS ﬁ?;¥2éé¢éé£;éﬁég¥$l‘gCCAGCTATATACTCGAGT

FShRNA1E12 S

CCGGCACAGGCTTTATGAGTTATAGCTCGAGCTATAAC
TCATAAAGCCTGTGTTTTTG
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R shRNA1 E12 S ?ﬁ;&éﬁéﬁ_ﬁgﬁ:@ggfg;gATGAGTTATAGCTCGAGC
FshRNA2 E12 S 2<T3giﬁgéﬁgiﬁccTTTTTCTATTTGGCTATTTCTCGAGAAATAGC
R shRNA2 E12 S x¥;%mﬁﬁgé¢g§¢$g;TCATGCTATTTCTCGAGA
FSNRNASELZS | T0ACEATAGOTGTATITITG e
R shRNA3 E12 S ?ﬁ;;?gﬁéﬁé\gﬁfﬁgg;é&%CTCACAAATATCTCGAGA
FShRNATELZAS | 20aT A CTTARCCTITTTTG o
R shRNA1 E12 AS m ﬁ?CATAA&\ATACi%EﬁCCaE?ATGAGAAATTACTCGAG
FSIRNAZEL2AS | 200 GTaTCACTROTITITG o
ReRNA 128 | A TCOACRARTTECTCRAGC
FSIRNASELZAS | CaCCOAMTARATATTTTTTG e
R shRNA3 E12 AS m I_?ééﬁééé;ﬁl’_;&ﬁ?fTCCTGCAATTTGCTCGAGC
FSIRNATELTS | CORCiAMCCTOTARTITITG o
R shRNA1 E17 S m ECTI%QAA&IZQSQTGCGTTATECTGGAACTTATCTCGAGA
F shRNA2 E17 S Xigg???éé?ﬁ%%ﬁﬁfTTéACTAATCTCGAGATTAGTT
F shRNA1 E17 AS %%ITGXEQSZQQCT:TA%AT%AAATATCTCGAGATATTTG
R sShRNA1L E17 AS %ETCGAxA}EA#;LGGATCCTATCA:CACACAAATATCTCGAGA
F shRNA2 E17 AS giﬁgggig%%ﬁﬁggmmCTCGAGTAATATG
ReRNA 1 A | T CRTATTACTeaACT

Cloning Oligos for eRNAs

Oligo Name Sequence
E8 SeRNA F AGACTGGCGGCCGCCAGAAGATGTGATGCCACACCTC
E8 SeRNA R AGACTGCTCGAGGCTGCCCTGTCAGAAGTTCTGC
E8 ASeRNAF AGACTGGCGGCCGCGCCTCCACGATATGGCAATG
E8 ASeRNAR AGACTGGCGGCCGCATCTGTTCCTTGCCTCTTCCAC
E12 SeRNAF AGACTGGAATTCCCAGAAGTCGTCTCAGCTAAG
E12 SeRNAR AGACTGGCGGCCGCAGGAGAATGGCGTGAACTC
E12 ASeRNAF AGACTGGCGGCCGCCACCTCACCCTATCTTGAAGGCA

E12 ASeRNAR

AGACTGTCTAGATGGAACTGAGGGAGGTCTCGA
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E17 SeRNAF

AGACTGGAATTCGACGAGGAGGCGTTGAAA

E17 SeRNAR

AGACTGTCTAGAGTTACCTCCCATGCATCCT

E17 ASeRNAF

AGACTGGCGGCCGCTGTACCACACAGATACACCTACGCC

E17 ASeRNAR

AGACTGTCTAGAGAGAGCAATGTCCAACCAATGAGG

JMJD3 Variant cloning Oligos

Oligo Name Sequence
JMJD3 Jmijc F ATCTAAAGCTTCGGTGGAAGCCCCAGCTG
JMJD3 Jmjc R ATCTATCTAGACCACTCGTATCGTTCCAGGG
JMJID3 CT F ATCTAAAGCTTAATGAGGTGAAGAACGTCAAATCC
JMJID3 CTR ATCTATCTAGATCGCGACGTGCTGGCTGG
AHI JMJID3 F AGTCTAAGCTTAAGATGCTGGACGAATCCATTCGC

AHI JMJD3 R

AGTCTTCTAGATCATCGCGACGTGCTGGCTG
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