PROBING CHANGES IN SPATIAL ORGANIZATION OF
GENOME DURING B CELL FATE COMMITMENT

Thesis submitted for the award of the degree of
DOCTOR OF PHILOSOPHY

By

B. Ravi
Regd. No. 09LAPHI11

Department of Animal Biology
School of Life Sciences
University of Hyderabad
Hyderabad - 500 046

India

October 2017



University of Hyderabad

(A Central University established in 1974 by an act of parliament)
Hyderabad- 500 046, INDIA

CERTIFICATE

This is to certify that the thesis entitled “Probing changes in spatial organization of genome during B
cell fate commitment” submitted by Mr. B. Ravi bearing registration number 09LAPH11 in partial
fulfillment of the requirements for award of Doctor of philosophy in the School of Life Sciences is a
bonafide work carried out by him under my supervision and guidance.

This thesis is free from plagiarism and has not been submitted previously in part or in full to this
or any other university or Institution for award of any degree or diploma.

The results of this thesis have been:

A. Published in the following publication:

1. Boya, R., Yadavalli, A. D., Nikhat, S., Kurukuti, S., Palakodeti, D., & Pongubala, J. M. (2017).
Developmentally regulated higher-order chromatin interactions orchestrate B cell fate commitment.
Nucleic Acids Research. doi: 10.1093/nar/gkx722 (ISSN: 1362-4962)

B. Presented in the following conferences:
1. Genome Architecture and Cell Fate Regulation (GACFR) (University of Hyderabad, Hyderabad),
2014 (International)
2. All India Cell Biology Conference (IISER, Trivandrum), 2015 (International)

Further the student has passed the following courses towards fulfillment of coursework requirement for
Ph.D.

Course Code Name Credits Pass/Fail
1. AS 801 Analytical Techniques 4 Pass
2. AS 802 Research Ethics & Management 2 Pass
3. AS 803 Lab Work 4 Pass
4. AS 804 Biostatistics 2 Pass

Supervisor Head of the Department Dean of School


https://doi.org/10.1093/nar/gkx722

University of Hyderabad
(A Central University established in 1974 by an act of parliament)
Hyderabad — 500 046, INDIA

DECLARATION

I hereby declare that the results of the study incorporated in the thesis entitled “Probing changes
in spatial organization of genome during B cell fate commitment” has been carried out by me
under the supervision of Prof. Jagan Pongubala at Department of Animal Biology, School of
Life Sciences. The work presented in this thesis is a bonafide research work and has not been

submitted for any degree or diploma in any other University or Institute.

Date: B. Ravi
(09LAPH11)



Acknowledgements

This thesis would not have been possible without the inspiration and support of a number of
wonderful individuals, my thanks and appreciation to all of them for being part of this journey.

Foremost, I would like to thank my supervisor, Prof. Jagan Pongubala, for the guidance, support
and encouragement he has provided throughout my time as his student. I greatly appreciate the
freedom he has given me to find my own path and develop myself as a researcher in the best
possible way.

I would like to thank my doctoral committee members, Prof. S. Dayananda and Dr. Sreenivasulu
Kurukuti for their suggestions during my work.

I am thankful to Prof. P. Jagan Pongubala, Head, Department of Animal Biology and the former
Heads, Prof. B. Senthilkumaran and Prof. Manjula Sritharan for allowing me to use departmental
facilities.

I am thankful to Prof. P. Reddanna, Dean, School of Life Sciences and former Deans, Prof. R. P.
Sharma, Prof. Aparna Dutta Gupta and Prof. M. Ramanadham for allowing me to use the school
facilities.

I thank our collaborator, Dr. Dasaradhi Palakodeti for his support during my stay at inStem.

I would like to thank all my lab members, Sameena Nikhat, Anurupa Devi, Priyanka, Anubhooti
and Arpita Prusty for their help and creating a good atmosphere in the laboratory. I gratefully
acknowledge the immense support and co-operation of Sameena, throughout this journey
particularly during the time of lab establishment. I thankfully acknowledge the contributions of
Anurupa Devi, who has immensely helped me in bioinformatics analyses of my experiments.

[ am thankful to my friends and all the research scholars in School of Life Sciences for their timely
help and co-operation during my stay in the University.

I thank all non-teaching staff of Department of Animal Biology for their help in all the
administrative works.

I sincerely thank CSIR for the fellowship during my doctoral studies.

I thank DBT, DST, ICMR, UGC, UPE-II, UGC-SAP and DBT-CREBB for providing financial
support to lab and for the infrastructural facility of the School.

It is a pleasure to thank Suresh, Prasad, Madhavi and Keshav, who are like my second family, for
always being there for me and also for the wonderful time we have shared. I find myself lucky to
have friends like them in my life.

I would like to thank my pals, Papa Rao, Ashok, Vinod, Mastan, Naveen, Kumar Reddy, Mohan
Krishna and Sravan for their encouragement and all the humorous conversations.



I 'am deeply indebted to my school gurus, Sri G. Sreenivasa Rao and Smt. S. Narmada, for their
moral and financial support since my childhood. I would not have come this far without their
constant love, blessings and support.

I would like to acknowledge all the teachers who have taught me since my childhood, I would not
have been here without their guidance.

[ thank the Almighty God, for always being there for me and making my life so beautiful with his
blessings.

I would like to express a deep sense of gratitude to Amma and Nanna, whom I owe my life for
their constant love, blessings, moral support and encouragement. I thank my brothers Gopinath
and Tilak, who strengthened my morale by standing by me in all situations. Finally, special thanks
to my sweet sister Ragasudha, who made my life colorful with her love and affection.

= ess v DRNKIE
BANKIE
GRAZAS - n“lm TAKK wn gyl —GRAZAS
R THANK YOU ¥ CACHBO TESEKKUR EDERIM

MITELA UIRNARSU g

]HANKY(IUMHK]E = T0DA™ - | o

, JEME ASMTES mum- i
. L TACK ety i | ﬂﬂ HE}S . '
WL GRAZAS manaLo T PAKMET e

GRACIAS i

DERIGADD APACHE FOOLETUNK,  mee.. Tﬂﬂﬂlm:«sc J 1S ot i
4 STHANK YOU =35, =z NIE X
WERE! 2 1}
” s ™ SPAS rm SPASIE
= MEACI —— b s
WILIWNE™ ==
EBABIAS T
"0BRIG%::D gl MIENIE
MUCHAS £3A%1aS NGIYABONGA
HVALA ;
SUKRIA %J/“

HANK VU
UK 5
ToDA

B. Ravi



Dedicated to
My Gurus Sri G. Sreenivasa Rao, Smt. S. Narmada,

My Parents and the Almighty God




Table of contents

ADDreviations ....... ... i I-1T
List of figUre ... o I
List of tables ... e v
ADSTIAC . e \%
INtroduction ... ..o 01-08
. Materials and methods .......... ..., 09-22

2.1 Cell culture
2.2 Insitu Hi-C approach ....... ... 09-13
2.2.1 Cell cross-linking and isolation of nuclei
2.2.2  Nuclear restriction digestion, fill-in and ligation
2.2.3 Chromatin de-crosslinking and purification of DNA
2.2.4 Qualitative analysis of DNA libraries
2.2.5 Removal of biotinylated-dCTP from un-ligated ends
2.2.6 Sonication and end-repair
2.2.7 Size selection and enrichment of in situ Hi-C library
2.2.8 Adenylation of 3’ends
2.2.9 Paired-end adaptor ligation and PCR amplification of in situ Hi-C library
2.2.10 Quality control of in situ Hi-C library
2.2.11 Massively parallel paired-end sequencing
2.3 Quantitative Chromosome Conformation Capture (3C-qPCR) .................. 13-16
2.3.1 Cell cross-linking and isolation of nuclei
2.3.2  Nuclear restriction digestion and ligation
2.3.3 Chromatin de-crosslinking and purification of 3C DNA
2.3.4 Quality control of 3C DNA
2.3.5 Determination of digestion efficiency
2.3.6  Generation of control template
2.3.7 Real-time PCR quantification of cross-linking frequencies
2.4 In situ Hi-C data analysis ........... ..., 16-20
2.4.1 Iterative Mapping



2.4.2 Filtering spurious ligation products

2.4.3 Filtering of PCR duplicates and extreme fragments

2.4.4 Quality check for library size

2.4.5 Generation of relative contact probability matrices using iterative correction
2.4.6 Chromatin compartmentalization through eigen vector decomposition

2.4.7 Identification of topologically associated domains

2.4.8 Generation of 3D structures of TADs

2.4.9 Determination of statistically significant cis-regulatory interactions

2.4.10 Microarray analysis

2.4.11 Statistical analysis

3. R SIS oot 23-69

3.1 Differential chromatin compartmentalization promotes the B lineage gene
EXPIeSSION PrOGIAI .......oiuuiintttitt et ettt et e et et e eeeaeeaeeeaeeaneeanns 23-40

3.2 Global analysis of topologically associating domains (TADs) during B cell

SPECIHfICALION ..o e 41-46
3.3 Structural reorganization of TADs corresponds to changes in cis-regulatory
interaction landscape ......... ... 47-57
3.4 TADs constitute structural frameworks for coordinated gene expression ....... 58-59
3.5 The cis-regulatory interaction landscape undergoes rewiring during B cell fate
COMMUEIMENT ... .. e et erene e 60-66
3.6 Ebf1 coordinates B cell specific cis-regulatory interaction landscape ............. 67-69
4. DIESCUSSION ... e 70-72
5. Summary and conclusions ... 73-76

0. RETCICIICES ..ot e 77-91



Abbreviations

3C Chromosome Conformation Capture
3D Three-dimensional

°C Degrees Celsius

BAC Bacterial artificial chromosome
bp Base pair

BSA Bovine serum albumin

CTCF CCCTC-binding factor

DNA Deoxyribonucleic acid

DNase Deoxyribonuclease

DTT Dithiothreitol

dCTP Deoxycytidine triphosphate
dNTPs Deoxynucleotide triphosphates
dATP Deoxyadenosine triphosphate
dTTP Deoxythymidine triphosphate
dGTP Deoxyguanosine triphosphate
Ebfl Early B-cell factor 1

EDTA Ethylenediaminetetraacetic acid
ES cell Embryonic stem cell

FIt3L FMS-like tyrosine kinase 3 ligand
GFP Green fluorescent protein

IL-7 Interleukin 7

kb Kilo base pair

M Molar



Mb Megabase

mg Milligram

MgCl Magnesium chloride

min Minutes

ml Milliliter

MPPs Multipotent progenitors
NaCl Sodium chloride

NP-40 Nonidet P-40

Pax5 Paired box 5

PCl1 Principal component 1
PBS Phosphate-buffered saline
pH Potential of hydrogen
rpm Revolutions per minute
RNA Polll RNA polymerase 11
RNase A Ribonuclease A

SCF Stem cell factor

SDS Sodium dodecyl sulfate
TADs Topologically associating domains
TAE Tris-acetate-EDTA
Tris-HCl Tris (hydroxymethyl) aminomethane hydrochloride
ug Microgram

uM Micromolar

ul Microliter



Figure 1.1.
Figure 2.2.
Figure 3.1.1.
Figure 3.1.2.
Figure 3.1.3.
Figure 3.1.4.

Figure 3.2.1.
Figure 3.2.2.

Figure 3.2.3.

Figure 3.3.1.
Figure 3.3.2.

Figure 3.3.3.

Figure 3.3.4.
Figure 3.2.5.
Figure 3.3.6.

Figure 3.4.1.
Figure 3.5.1.

Figure 3.5.2.

Figure 3.5.3.
Figure 3.6.1.

List of figures

Gene regulatory network that orchestrates B-cell fate specification ............... 02
Quality control of in situ Hi-C libraries ..............coooviiiiiiiiiiiiiiiiiannn. 21-22
Contact count matrices of chromosomes (1-19, X) ... 26-28
Validation of in situ Hi-C interactions by 3C analysis .............ccooviviiiinnnn. 29
Chromatin compartmentalization is closely associated with gene activity ......... 30
Percent of genes that transit between A and B compartments during B cell fate

[470) 1010081801 1S) 1L PO 31
Aggregation preference is closely associated with chromatin state ................. 45
Genomic distance between transcription start site (TSS) and in situ Hi-C

captured promoter CleMENtS ...........viuiitiiiiitiit it 46
Figure 2. TADs are dynamic and undergo structural reorganization during

early B cell development ...........oooeiiniiiiiiii e 47
TADs undergo structural reorganization during early B cell development ......... 51
Structural reorganization of TADs is closely associated with changes in
promoter-cis-regulatory INtEractions ............o.eeieiiuiiniiiieniiaieeeiaaieanenns. 52
Comparative analysis of structural organization of TADs between pre-pro-B

and pro-B cells ... 53
3D models reflect the changes in 2D interaction maps ........................... 54-56
Validation of TADs reorganization by 3C analysis .............cocvviiiiiiiiiniininn, 57
Comparative analysis of normalized contact frequency and DI between stable

and dynamic TADs in both mESC and cortex cells ...............ccooiiiiiiiiinnin. 58
TADs represent chromatin subunits of coordinate gene expression ................ 60
Cis-regulatory interaction landscape undergoes considerable changes during
lineage SPeCIfiCation ..........ouiineiiet it 63-65
Cis-regulatory interaction landscape determines differential gene expression
0111 PP 66
Validation of promoter-enhancer interactions by 3C analysis ....................... 67
Ebf1 regulates B lineage specific gene expression pattern in part by binding

at cis-regulatory interacting €lements ............cceviiiiiiiiiiiiiie e 70



List of tables

Table 1.1. Summary of chromosome conformation capture approaches ........................... 02
Table 3.1. List of differentially expressed genes that are switching from B to A

compartments during differentiation of pre-pro-B cells into pro-B cells ........... 32-36
Table 3.2. List of differentially expressed genes that are switching from A to B

compartments during progression of pre-pro-B cells to pro-B cells ................ 37-41



Abstract

Genome organization in 3D nuclear-space is important for regulation of gene expression.
However, the alterations of chromatin architecture that impinge on the B cell-fate choice of multi
potent progenitors are still unclear. By integrating in situ Hi-C analyses with epigenetic landscapes
and genome-wide expression profiles, we tracked the changes in genome architecture as the cells
transit from a progenitor to a committed state. We identified the genomic loci that undergo
developmental switch between A and B compartments during B-cell fate determination.
Furthermore, although, topologically associating domains (TADs) are stable, a significant number
of TADs display structural alterations that are associated with changes in cis-regulatory interaction
landscape. Finally, we demonstrate the potential roles for Ebfl and its downstream factor, Pax5,
in chromatin reorganization and transcription regulation. Collectively, our studies provide a
general paradigm of the dynamic relationship between chromatin reorganization and lineage

specific gene expression pattern that dictates cell-fate determination.
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Introduction



Introduction

Growing body of evidence suggests that three-dimensional (3D) organization of genome is closely
associated with transcriptional activity and establishment of cell type-specific gene expression
program (Bickmore et al., 2013; Gibcus et al., 2013; Gorkin et al., 2014; Misteli, 2007). Although
the primary information regarding the organization of chromatin within the nucleus has been
known more than a half century ago, the comprehensive 3D organization of chromatin and its
association with cell-type specific gene expression pattern still remains unclear. Microscopic
studies provide the first insights into the nuclear organization by revealing the presence of
subnuclear structures called Cajal bodies (Cajal, 1903). Later, in the interphase nuclei of mosses
Heitz, observed differentially stained chromatin and described it as heterochromatin and
euchromatin (Heitz, 1928). Further studies demonstrated that during interphase, chromosomes
occupy a preferential position, known as chromosome territories (Bolzer et al., 2005; Cremer et
al., 2006), where large chromosomes found close to nuclear periphery and small chromosomes
found more interiorly. This organization is further complicated by the observation that gene-poor
chromatin is localized close to the nuclear periphery, whereas gene-dense chromatin is localized
at the center of nuclei (Cremer et al. 2003; Croft et al. 1999). The spatial segregation of chromatin
into active and inactive regions raised the possibility that nuclear positioning influences the gene
activity. This proposition is supported by a seminal study which shows that immunoglobulin heavy
chain (IgH) loci are preferentially localized at the nuclear periphery in multipotent progenitors and
pro-T cells where they are transcriptionally silent. On the other hand in pro-B cells, these genomic
loci are localized away from the nuclear periphery where undergo large scale compaction and

subsequent rearrangement events (Kosak et al., 2002).

Although microscopy studies serve as invaluable tools to understand the nuclear
organization of chromatin, they are limited in throughput and resolution. In order to explore the
3D organization of chromatin systematically and understanding its role in transcriptional
regulation, requires advent of new techniques that exceed the limits imposed by resolution and
throughput. Development of Chromosome Conformation Capture (3C) technique by Dekker
revolutionized the field of nuclear organization, by enabling the detection of chromatin interactions
with a resolution far beyond that provided by microscopic studies (Dekker et al., 2002). The 3C
method involves cross-linking and proximity ligation of chromatin ends to measure the papulation-

averaged contact frequencies between pairs of selected genomic loci. The advent of 3C technique



Introduction

sparked the development of various 3C-based approaches (Table 1.1) (Dekker et al., 2002; Dostie
et al., 2006; Dryden et al., 2014; Fullwood et al., 2009; Hughes et al., 2014; Kalhor et al., 2011;
Lieberman-Aiden et al., 2009; Ma et al., 2015; Nagano et al., 2013; Rao et al., 2014; Simonis et
al., 2006). These methods involve the same biochemical steps to capture close proximity chromatin
interactions: cross-linking of chromatin, digestion of fixed chromatin with the restriction enzyme,
proximity-ligation of digested ends. However, these 3C-based methods differ in the way of
detection and quantification of ligation products by a variety of approaches including PCR, DNA
microarrays, or high-throughput sequencing. 3C based studies not only reproduce the general

features of genome organization that have been observed by microscopy studies but also unravel

S.No Technique Number of interrogating loci
1 Chromosome Conformation Capture (3C) One versus One
Chromosome Conformation Capture on Chip (4C) One versus All

3 Chromosome Conformation Capture Carbon-Copy (5C) | Many versus Many
Chromatin Interaction Analysis with Paired-End Tag

4 sequencing (ChIA-PET) Many versus Many
5 Capture-3C Many versus All

6 Capture-Hi-C Many versus All

7 Hi-C All to All

8 In situ Hi-C All to All

9 Tethered Conformation Capture (TCC) All to All

10 | Single-cell Hi-C All to All

11 | DNase Hi-C All to All

Tablel.1. Summary of chromosome conformation capture based approaches

the new principles of chromatin organization in the 3D nuclear space (Lieberman-Aiden et al.,
2009). In line with microscopic observations, 3C based studies have demonstrated that chromatin
is organized into A (permissive) and B (repressive) compartments (Lieberman-Aiden et al., 2009).
Genome-wide inter-chromosomal interaction matrices reveled that small, gene-dense
chromosomes (Chr:16,17,19,20,21 and 22) interact preferentially with each other. Consistently,
FISH (Fluorescence in situ hybridization) studies revealed that these chromosomes are often
colocalized at the center of the nuclei (Boyle et al., 2001; Tanabe et al., 2002). On the contrary
small, gene-poor chromosomes (Chr:18) fail to interact with the other small chromosomes and
found to be localized at nuclear periphery (Croft et al., 1999). Compartment A is strongly correlates

with the presence of genes, higher transcript levels, DNasel accessible chromatin and active
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methylation marks (H3K36me3), thus it represents permissive chromatin. On the other hand,
compartment B showed higher interaction frequency as compared to compartment A and also
depleted with DNasel accessible chromatin, indicating that B represents densely packed

heterochromatin (Lieberman-Aiden et al., 2009; Ryba et al., 2010).

Recent studies indicate that at sub-megabase level these compartments are further
organized into highly self-interacting regions known as topologically associating domains (TADs)
(Dixon et al., 2012). The genomic regions between TADs are termed as ‘boundary regions’. These
chromatin domains were found to be stable and conserved across various cell types (Dixon et al.,
2012). Growing body of evidence suggests that structural organization of TADs play important
roles in various biological processes. First, TADs have been implicated as regulatory domains for
coordinate gene expression by constraining interactions among genomic loci within the TAD
(Flavahan et al., 2016; Nora et al., 2012; Shen et al., 2012). This is further supported by the findings
that during cell differentiation and hormonal-induction epigenetic marks as well as gene
expression patterns tend to change coordinately within a given TAD (Dixon et al., 2012; Le Dily
etal., 2014). Second, TADs serve as functional domains for enhancer action by spatially restricting
interactions with its cognate promoter to minimize bystander effect of enhancers (Dekker et al.,
2015; Symmons et al., 2014). The spatial restriction of chromatin interactions within TADs is
attributed to the boundary regions that are enriched with insulator binding protein, CTCF (Dixon
et al., 2012). Deletion of boundary regions results in an increase in inter-TAD interactions as well
as enhanced expression of genes that are located next to the deleted boundary region, indicating
the critical role of CTCF in the maintenance of these discrete, functional domains (Ibn-Salem et
al., 2014; Nora et al., 2012). Strikingly, disruption of CTCF-associated boundary regions across
EPHA4 locus, alters promoter-enhancer interactions, leading to the misexpression of various genes
encoding for developmental regulators, resulting in limb deformities (Lupianez et al., 2015).
Further, it was demonstrated that loss of CTCF results in dose dependent insulation defects at most
of the boundary regions (Nora et al., 2017). TADs also appear to play a critical role in the VDJ
recombination during B cell development by constraining the chromatin interactions within the
same TAD which facilitate the proper recombination events and suppress potential for deletions
as well as specious breaks (Hu et al., 2015). Third, recent studies suggest that TAD boundaries

have the potential to serve as a physical barrier to restrict the spread of inactive chromatin into the
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active one and vice versa (Austenaa et al., 2015). Although much is known about the function of
TADs, the mechanism that underlying the formation these chromatin domains is still unclear. In a
recent study, by employing polymer simulations and genome-wide chromatin interaction analyses
Fudenberg et al., proposed a model where loop extrusion underlies the formation of TADs
(Fudenberg et al., 2016). According to this model, loop extruding factors like cohesins form
multiple loops dynamically and are stalled at boundary regions due to interactions with CTCF. The
loop extrusion model explains several features of TADs that have been observed experimentally
(Fudenberg et al., 2016). Accumulating evidence suggests that although TADs are invariant, the
intrinsic chromatin interactions within these TADs show heterogeneity and is closely associated
with epigenetic state and gene expression pattern (Dixon et al., 2015; Dixon et al., 2012; Wang et

al., 2015).

It is widely accepted that the precise spatiotemporal gene expression depends on
interactions between various regulatory elements like promoters, enhancers and locus control
regions (LCR) as well as the molecular machinery (cell type-specific transcription factors,
chromatin remodeling complexes) that bind to these regulatory elements (Kim et al., 2015; Lee et
al., 2013; Levine, 2010; Li et al., 2002; Ong et al., 2011). While the promoter and insulator
elements vary little across various cell types, the enhancer repertoire undergoes considerable
changes during cell differentiation (Thurman et al., 2012). Thus, enhancer elements dictate the
tissue-specific gene expression pattern by communicating with their cognate promoters.
Epigenomics have been shown that promoters are typically enriched with H3K4me3 mark whereas
H3K4mel and H3K27Ac marks are enriched at the primed and active enhancers respectively
(Bonn et al., 2012; Rada-Iglesias et al., 2011). On the other hand, H3K27me3 mark is typically
enriched at silent promoters and enhancers (Cao et al., 2002; Czermin et al., 2002; Simon et al.,
2009). Traditionally regulatory interactions have been inferred from genomic proximity, where
enhancers are typically assigned to the nearest cognate promoters. However, growing evidence
clearly suggests that enhancers can interact with their target promoters that are located tens of kilo-
bases away on linear genomic-scale by looping out intervening DNA sequence and regulate their
expression (Carter et al., 2002; Pennacchio et al., 2006; Ruf et al., 2011; Spitz et al., 2003). Thus
genome-wide mapping of promoter-enhancer interactions is important to understand the gene-

regulatory mechanisms that orchestrate the lineage-specific gene expression pattern. The



Introduction

combination of 3C-based genomic techniques with genome-wide epigenetic signatures,
transcriptome analyses and genome-editing approaches have enabled the systematic and
comprehensive identification of promoter-enhancer interaction networks (Chepelev et al., 2012;
Fullwood et al., 2009; Jin et al., 2013; Kieffer-Kwon et al., 2013; Li et al., 2012; Rao et al., 2014;
Sanyal et al., 2012). These studies uncovered the new principles of dynamics of promoter-enhancer
interactions across various cell types. RNA Polll ChIA-PET interactome data revealed that
promoter-tethered chromatin interactions are classified into three basic groups: intergenic
(promoter-promoter), extragenic (promoter-enhancer) and intragenic (promoter-gene body) (Li et
al., 2012). These interactions are further aggregated as “single-gene” and “multigene” complexes
based on the number of genes involved. Single-gene complexes comprise of single gene promoter
interacting with one or multiple enhancers, whereas multigene complexes consist of multiple
promoters interacting with single or multiple promoters and/or enhancers. The promoters that bind
with Polll but not involved in any chromatin interactions are termed as “basal promoters”. The
expression levels found to be higher for the genes whose promoters interact with cis-regulatory
elements as compared to genes of basal promoters. Interestingly, several studies reported that a
considerable number of promoters interact with multiple enhancers and the expression level of
cognate genes is positively correlated with the number of interacting enhancers (Chepelev et al.,
2012; Kieffer-Kwon et al., 2013; Schoenfelder et al., 2015). Comparison of promoter-enhancer
interactome between B and ES cell revealed that both cell-type specific as well broadly expressed
gene promoters interact with stage-specific enhancers. Thus, it is proposed that modulation of
enhancer repertoire enables fine tuning of transcriptional output and also place all the regulatory

elements under the control of tissue-specific transcription (Kieffer-Kwon et al., 2013).

The hematopoietic system represents a leading developmental model to decipher the gene-
regulatory networks that underlie B-cell lineage specification and commitment. Lymphopoiesis
initiates within the bone marrow, where lymphoid-primed multipotent progenitors (LMPPs)
differentiate into common lymphoid progenitors (CLPs). Pre-pro-B cells also termed as Fraction
A cells are generated from CLPs (Inlay et al., 2009). These pre-pro-B cells further differentiate
into pro-B cells or Fraction B cells. Pro-B cells are characterized by the activation of B-lineage
specific genes including Cd79a, Cd79b, Vprebl, Iglll and Cd19, initiation of ordered

immunoglobulin heavy chain gene rearrangements and interleukin-7 (IL-7) dependent
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proliferation (Hardy et al., 2007; Murre, 2009). Differentiation of multipotent progenitors into
committed pro-B cells, which involves activation of B-lineage specific genes and repression of
inappropriate lineage determinants, is orchestrated by coordinated expression of various cell type-
specific transcription factors and signaling cascades (Mandel et al., 2010; Singh et al., 2005; Singh
et al., 2007). Genetic ablation studies have enabled the identification of a unique set of transcription
factors (Ikaros, PU.1, E2A, EBF1 and Pax5) and signaling molecules (FIt3 and IL7) that direct the
progression of multipotent progenitors along B-cell pathway (Bain et al., 1994; Georgopoulos et
al., 1994; Lin et al., 1995; Peschon et al., 1994; Scott et al., 1994; Urbanek et al., 1994; Yoshida
et al., 20006).

In Tkaros deficient mice, LMPPs undergo excessive myelopoiesis and are completely lost
their B-cell potential, highlighting the role of Ikaros in lymphopoiesis (Yoshida et al., 2006). The
differential expression level of PU.1 refines the mixed lineage pattern of LMPPs into a specific
cell fate choice. High levels of PU.1 induce differentiation LMPPs into macrophages, whereas low
levels PU.1 induce B cell developmental program (DeKoter et al., 2000). Loss of PU.1 leads to a
severe block in B lymphopoiesis and also mutant progenitors fail to express IL-7R which is critical
for the development of B lymphocytes (DeKoter et al., 2002; Scott et al., 1994). Interestingly,
ectopic expression of IL-7Ra in PU.1 mutant cells partially rescued their B-cell developmental
potential, suggesting the role of additional critical downstream targets of PU.1 in B-lymphopoiesis
(DeKoter et al., 2002). E24 gene which encodes for E12 and E47 proteins is critical for proper B-
cell development, loss of which leads to defects in early B-linage expression program despite
maintaining them under B-lymphoid conditions (Bain et al., 1994). Thus Ikaros, PU.1 and E2A
induce lymphoid specific gene expression program in multipotent progenitors. Later, it was found
that PU.1 and E47 in conjunction with IL-7 signaling induce the expression of Ebfl, which is a
primary determinant of B-lineage specification (Ikawa et al., 2004; Kee et al., 1998; Medina et al.,
2004; Reynaud et al., 2008; Roessler et al., 2007). Targeted disruption of Ebfl in mice results in
complete lack of B lymphocytes and mutant progenitors are blocked at the developmental
transition from pre-pro-B (fraction A) to pro-B cell stage (fraction B) (Lin et al., 1995). Molecular
analysis revealed that these mutant cells fail to express early B-lineage specific genes Cd79a,
Cd79b, Vprebl, Iglll, RAGI and RAG2, also show defects in Vg to DJu but not D-Ju

rearrangements(Lin et al., 1995). The imperative role of Ebfl in B-lineage specification was
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further demonstrated by adoptive transfer experiments in which enforced expression of Ebfl in
hematopoietic progenitors skewed their differentiation along the B-cell developmental pathway at
the expense of alternate lineages (Zhang et al., 2003). Ebfl directly regulates the expression of a
secondary B-cell fate determinant, Pax5 (Roessler et al., 2007) (Decker et al., 2009).

Unlike E2A and Ebfl mutant cells, targeted disruption of Pax5 results in developmental
arrest at pro-B cell stage (Urbanek et al., 1994). Pax5-/- pro-B cells express most of the early B-
lineage genes and undergo productive proximal but not distal Vy-DJu gene rearrangements
(Hesslein et al., 2003; Nutt et al., 1997). However, transplantation experiments demonstrate that
unlike their wild-type counterparts Pax5-/- cells have the potential to differentiate into other
hematopoietic cell types (Nutt et al., 1999; Rolink et al., 1999). Molecular analysis revealed that
Pax5 antagonizes the alternate lineage choice of B-cells by repressing the various lineage
inappropriate genes including csf/r and Notchl (Delogu et al., 2006; Nutt et al., 1999; Souabni et
al., 2002). Thus, Pax5 has been considered as a major factor required for B-cell fate commitment.
Interestingly, it was found that ectopic expression of Ebfl but not Pax5 restores the B-cell
developmental potential of PU.I-/-, Il-7ra-/- and E2A-/- progenitor cells (Kikuchi et al., 2005;
Medina et al., 2004; Seet et al., 2004).

Later loss-of-function and gain-of-function studies highlight the additional role of Ebfl in
B-cell fate commitment independent of Pax5 (Pongubala et al., 2008). Developmental analysis
revealed that Ebf]-/- cells blocked at pre-pro-B cell stage and have the potential to differentiate
into various other lineages including myeloid, T- and natural killer (NK) cells (Pongubala et al.,
2008). Ectopic expression of Ebfl in these mutant progenitors has been shown to restrict their
inappropriate lineage choice and induce B-cell developmental program (Pongubala et al., 2008).
Transplantation and reconstitution experiments showed that sustained expression of Ebfl in Pax5-
/- fetal liver cells inhibits their myeloid and T-lineage potential in vivo (Pongubala et al., 2008).
Ectopic expression of Ebfl but not Pax5 induce differentiation of MPPs along B-cell pathway at
the expense of myeloid lineage by downregulating the myeloid determinants including Cebpa,
Sfpil and Id2. Similarly, enforced expression of Ebfl in Pax5-/- pro-B cells impedes their T-cell
potential by repressing GATA3 expression (Pongubala et al., 2008). Thus, Ebfl restrict the

alternate lineage choice of multipotent progenitors independent of Pax5. Collectively, these results
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clearly demonstrate that differentiation of multipotent progenitors into committed B-cells involves
a complex and hierarchical gene regulatory network comprising of various signaling molecules

and lineage-specific transcription factors (Figure 1.1).

Allernate Cell fates B cell fate commitment

NKT

Figure 1.1. Gene regulatory network that orchestrate B-cell fate specification and commitment of
multipotent progenitors

Although much is known about the concerted interplay of transcription factors that are
important for B cell determination, far less is known about the genome-wide composition of cis-
regulatory interactions controlling B-lineage-specific gene expression program and relevance of
these interactions on hierarchical organization of the chromatin during early B cell developmental
transition. To obtain a comprehensive view of the relationship between higher-order chromatin
reorganization and induction of developmentally regulated B lineage-specific gene expression

program, we have framed the following objectives:

1. Investigating the changes in chromatin compartmentalization during B cell fate
commitment

2. Probing the changes in structural organization of topologically associating domains
(TADs) during developmental transition of pre-pro-B cells to pro-B cells

3. Deciphering genome-wide cis-regulatory interaction maps during differentiation of pre-
pro-B cells to pro-B cells

4. Establish the role of Ebfl in chromatin re-organization during B cell fate commitment

The findings of these studies have been recently published in the journal of Nucleic Acids Research
(Boya et al., 2017).
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2.1 Cell culture

Pre-pro-B cells (Ebf1-/- progenitors) were maintained on stromal layer (OP9 cells) in the presence
of Opti-MEM (Gibco) containing 4% (v/v) fetal calf serum, f-mercaptoethanol (50 uM), penicillin
(10 U/ml) and streptomycin (10 pg/ml) and supplemented with SCF (10 ng/ml), FIt3L (10 ng/ml)
and IL-7 (5 ng/ml). Pro-B cells (Rag2-/- cells) were maintained under similar conditions except
that the media was supplemented with only IL-7 (5 ng/ml). Both pre-pro-B cells and pro-B cells
were used for preparation of RNA for RT-PCR and chromatin for the 3C and Hi-C assays.

2.2 In situ Hi-C approach

In situ Hi-C was carried out as described (Lieberman-Aiden et al., 2009), except that chromatin
cross-linking, restriction enzyme (HindIIl) digestion, biotin fill-in and ligation reactions were
performed in intact nuclei as described below (Figure 2.2.1A) (Nagano et al., 2013; Rao et al.,
2014).

2.2.1 Cell cross-linking and isolation of nuclei

Target cells (Pre-pro-B cells and pro-B cells; 30X10° for each biological replicate) were cross-
linked with 2% (v/v) formaldehyde (37%) in a total volume of 40 ml for 5 min at room temperature
(RT) with gentle mixing. The crosslinking reaction was stopped by the addition of 5.7 ml of 1 M
glycine (0.125 M) and incubated at RT for 5 min. Cells were collected by centrifugation at 1300
rpm at 4°C for 8 min and washed once with ice-cold 1 X PBS. Cells were lysed in 50 ml ice-cold
lysis buffer, (10 mM Tris-HCI (pHS8.0), 10 mM NaCl, 0.2% NP-40), supplemented with protease
inhibitors (Roche), by incubating on ice for 15 min with intermittent mixing. Cell lysates were
centrifuged at 1800 rpm at 4°C for 5 min, nuclei were resuspended in 1.2 X NEbuffer 2 (60 mM
NaCl, 12 mM Tris-HCI (pH7.9), 12 mM MgCl,, 1.2 mM DTT) at a density of 20X10%/ml, and
aliquoted 500 pl per tube.

2.2.2 Nuclear restriction digestion, fill-in and ligation

To set up intra-nuclear enzymatic reactions, three nuclear aliquots containing 10X10° nuclei (two
aliquots for in situ Hi-C and one aliquot for 3C control), were taken for each biological replicate
of a given target cell type and permeabilized in the presence of 0.3% SDS (7.5 ul of 20% SDS)
by incubating at 37°C for lhour with constant agitation. SDS was quenched with 50 ul of 20%
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Triton X 100 (2%) under constant agitation at 37°C for lhour. Subsequently 1500 U (15 ul) of
HindIIT (New England Biolabs) was added to each nuclear suspension and continued to maintain
under constant agitation at 37°C for overnight. Following restriction digestion, two nuclear
aliquots (in situ Hi-C, for each biological replicate) were pooled, and nuclei were pelleted by
centrifugation at 14000 rpm at RT for 30 sec. Nuclei were washed twice with 500 pl of 1.2 X
NEBuffer 2 by brief vortexing followed by centrifugation and digested chromatin ends were
marked with biotinylated nucleotide (dCTP) by fill-in reaction. For fill-in, each nuclear pellet was
resuspended in 100 pl reaction mix containing 1 X NEBuffer 2, 5 ul (25 U) Klenow polymerase
(New England Biolabs), dNTPs: 1.5 pul 10 mM dATP, 1.5 pul 10 mM dTTP, 1.5 pul 10 mM dGTP
and 37.5 ul of 0.4 mM biotinylated d-CTP (Invitrogen) and incubated at 37°C for 45 min with
intermittent mixing. Following fill-in reaction, the nuclei were pelleted and washed twice with 1
X NEB T4 DNA ligase buffer (50 mM Tris-HCI, 10 mM MgCl12, 1 mM ATP, 10 mM DTT) by
brief vortexing and centrifugation at RT. Nuclei were resuspended in 300 pl of 1 X NEB ligase
buffer containing 3200 U (8 pl) of T4 DNA ligase (New England Biolabs). In parallel, 3C control
nuclei (digested with HindIIl) were pelleted by brief centrifugation, washed twice with 500 pl of
1 X T4 DNA ligase buffer, resuspended in 200 ul 1 X T4 DNA ligase buffer containing 1600 U
(4 ul) of T4 DNA ligase (New England Biolabs). Both in situ Hi-C and 3C control nuclei were
incubated at 16°C for 4 hours followed by 30 min at RT.

2.2.3 Chromatin de-crosslinking and purification of DNA

Following ligation, the nuclear samples were diluted with 300 pl (in situ Hi-C) or 400 pl (3C) of
NEB elution buffer (10 mM Tris-HCI (pH8.0)) and disruption of nuclei and reversal of chromatin
crosslinking was accomplished by incubating at 65°C for 12-16 hours in the presence of (80 pl for
in situ Hi-C reaction or 40 pl for 3C control) proteinase K (10 mg/ml, Invitrogen). Following
proteinase K digestion, 10 pl or 5 pl of RNase A (0.5 mg/ml, Roche) was added to in situ Hi-C
and 3C samples respectively and incubated at 37°C for 1hour. DNA was purified by phenol (600
ul of Tris-Saturated phenol) extraction followed by chloroform (600 pul) extraction, and DNA was
precipitated overnight by storing at -80°C with ethanol (100%) in the presence of sodium acetate
(0.3M, pH 5.2). The next day, DNA was pelleted by centrifugation at 14000 rpm, 4°C for 30 min,
washed with 70% ethanol, re-suspended in 100 pl of nuclease-free water (Ambion) and quantitated

using a fluorometer (Qubit 2.0; Invitrogen).
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2.2.4 Qualitative analysis of DNA libraries

100 ng of in situ Hi-C and 3C DNA from each biological replicate was run on a 0.8% agarose gel
(1 X TAE) and the integrity of DNA was assessed by molecular weight (Figure 2.2.1B) as
described previously. The efficiency of nuclear enzymatic reactions, particularly fill-in and
ligation, during in situ Hi-C were monitored using regeneration of Nhel site. During this, 3C DNA

sample was included as a negative control, where DNA ends were ligated without end fill-in

(Figure 2.2.1C).

2.2.5 Removal of biotinylated-dCTP from un-ligated ends

To avoid capturing of un-ligated DNA fragments carrying biotinylated-dCTPs, the DNA samples
were subjected to T4 DNA polymerase treatment. For this, 10 pg of in situ Hi-C DNA was mixed
with a 100 pl reaction mix containing 2 X NEBuffer 2, 2 ul dATP (10 mM), 2 ul dGTP (10 mM),
2 ul BSA (10%), and 3.3 pl (10 U) of T4 DNA polymerase (New England Biolabs) and incubated
for 2 hours at 12°C. Following T4 DNA polymerase treatment, DNA was extracted with phenol
followed by chloroform and then DNA was precipitated with 100% ethanol in the presence of
sodium acetate (0.3M, pH 5.2) for overnight at -80°C. Next day, DNA was pelleted by
centrifugation at 14000 rpm, 4°C for 30 min, washed with 70% ethanol and resuspended in elution
buffer (10 mM Tris-HCL, (pH8.0), Qiagen). DNA was quantitated using a fluorometer (Qubit,
Invitrogen), diluted with elution buffer and aliquoted at 5 ug/100 pl per tube.

2.2.6 Sonication and end-repair

DNA (5 png/100 pl) was sheared using ultrasonicator (Covaris S220) with an output setting of 10
duty cycle, 200 burst/cycle and time 85 sec, to generate DNA fragment size ranging from 300-500
bp. The efficiency of sonication and DNA fragment size was assessed using Agilent bio-analyzer.
Four aliquots (400 pl) of sonicated DNA samples were pooled and end-repair was performed in
500 pl reaction mix containing 50 pl 10 X T4 DNA ligase buffer, 12.5 pl of ANTPs mix (10 mM),
5 ul (15 U) T4 DNA polymerase, 5 ul (15 U) T4 ploynucleotide kinase and 1 pl (5 U) Klenow
DNA polymerase by incubating at 20°C for 30 min. DNA was purified by phenol extraction
followed by chloroform extraction, precipitated using 100% ethanol, DNA pellet was washed,

dried and resuspended in DNase- and RNase-free water (Ambion).
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2.2.7 Size selection and enrichment of in situ Hi-C library

Sonicated DNA sample of each biological replicate was run on 2% agarose gel (1 X TAE), DNA
fragments ranging from 300-500 bps were excised and eluted using gel extraction columns
(Qiagen) in DNA LoBind tubes (1.5 ml; Eppendorf) in a total volume of 100 ul elution buffer
(10mM Tris-HCI (pH8.0)). For enrichment of biotinylated DNA fragments, which represents the
close proximity ligated products, each in situ Hi-C DNA sample was mixed with 50 pl of
Dynabeads M280 streptavidin beads (M280; Invitrogen) that are pre-washed with 1 X
binding/washing buffer (5 mM Tris-HCI (pH7.5), 0.5 mM EDTA, 1 M NaCl) and incubated in the
presence of 2X binding/washing buffer (10 mM Tris-HCI (pH7.5), 1 mM EDTA, 2 M NaCl) for 1
hour at RT under constant rotation. Streptavidin beads were washed with 1X binding/washing
buffer followed by 400 pl of 1 X NEBuffer 2 to remove non-biotinylated DNA fragments. All
downstream steps were carried out using DNA LoBind tubes (1.5 ml; Eppendorf) and washing

steps were performed using a DynaMag-spin (Invitrogen).

2.2.8 Adenylation of 3 ends

To avoid self-ligation of DNA fragments and to facilitate complementary 5’ overhang (‘T’)
ligation of adaptors, a single ‘A’ nucleotide was added to 3’ends of the blunt fragments. For this,
DNA bound beads were resuspended in 50 pl reaction mix containing 5 pl of 10 X NEBuffer 2,
10 pul dATP (1 mM) and 1 pl (5 U) Klenow exo- and incubated at 37°C for 20 min. Beads were
washed twice with 400 pul of 1 X binding/washing buffer and once with 200 pl of 1 X T4 DNA
ligase buffer.

2.2.9 Paired-end adaptor ligation and PCR amplification of in situ Hi-C library

Streptavidin beads carrying DNA fragments were resuspended in a 50 pl reaction mix containing
5 ul of 10 X T4 DNA ligase buffer (New England Biolabs), 2.5 pl multiplex paired-end adapter
oligos (True-Seq Paired-end kit, [llumina), and 2 pul T4 DNA ligase (800 U, New England Biolabs)
and incubated at RT for overnight at constant rotation. To remove un-ligated adapters, beads were
washed twice with 100 pl of 1 X binding/washing buffer. Paired-end PCR amplification was
carried out to selectively enrich the adapter ligated DNA fragments with cycling conditions of
initial denaturation at 98°C (30 sec) followed by 98°C (10 sec), 60°C (30 sec) 72°C (30 sec) for 15

cycles and a final extension at 72°C (5 min) (Figure 2.2.1D). In situ Hi-C libraries were collected
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using magnetic separator (Invitrogen), and run on agarose gel (2%) for size selection. DNA
fragments ranging from 400-550 bp were excised from the gel and purified in a total volume of 20

ul elution buffer (10 mM Tris-HCI, (pH 8.5)) using a MinElute gel extraction kit (Qiagen).

2.2.10 Quality control of in situ Hi-C library
Size and quality of in situ Hi-C libraries were monitored using a Bioanalyzer (Agilent). The

libraries were quantitated using KAPA Library Quantification Kit (Kapa Biosystems).

2.2.11 High-throughput paired-end sequencing
The in situ Hi-C libraries were subjected to 2X 70 bp paired-end high-throughput sequencing using
Hi-Seq (Illumina). Sequencing reads were compiled and mapped to the mouse genome, mm10,

using Bowtie2.

2.3 Quantitative Chromosome Conformation Capture (3C-qPCR)
3C was performed as described previously (Dekker et al., 2002) except that chromatin cross-

linking, restriction digestion (HindIIl) and ligation were performed in intact nuclei.

2.3.1 Cell cross-linking and isolation of nuclei

Pre-pro-B (20X10°) and pro-B cells (20X10°) were cross-linked with 2% fix containing 2.596 ml
of 37% formaldehyde (Merck) and 48 ml of Opti-MEM (Gibco) and incubated for 5 min at room
temperature (RT) with gentle mixing. Cross-linking reaction was quenched with 5.7 ml of 1M
glycine (final concentration 0.125M) by incubating at RT for 5 min. Cells were collected by
centrifugation at 1300 rpm for 8 min at 4°C and washed once with 50 ml of ice-cold 1 X PBS
(Invitrogen). Cell lysis was carried out by resuspending in 50 ml of ice-cold lysis buffer containing
10 mM Tris-HCI (pH 8.0), 10 mM NacCl, 0.2% NP-40 (Roche) and 1 X protease inhibitor cocktail
(EDTA-free, Roche) and incubated on ice for 15 min with intermittent mixing. Nuclei were
collected by centrifugation of cell lysates at 1800 rpm at 4°C for 5 min and were re-suspended in
1.2 X NEB buffer 2 (60 mM NaCl, 12 mM Tris-HCl (pH7.9), 12 mM MgCl2 and 2 mM DTT) at

a density of 20X10° nuclei/ml. Nuclear suspension were aliquoted, 500 pl into each tube.

2.3.2 Nuclear restriction digestion and ligation

13



Materials and methods

Each nuclear suspension (500 ul), in order to facilitate intra-nuclear restriction enzyme digestion,
nuclei was permeabilized in the presence of 7.5 pl of 20% SDS (0.3% final concentration) at 37°C
for 1 hour with constant agitation. SDS was sequestered by adding 50 pl of 20% Triton-X100 and
incubated for 1 hour at 37°C with constant agitation. To determine digestion efficiency, 5 ul aliquot
of nuclear suspension was taken and labeled as undigested genomic DNA control (UND).
Subsequently 1500 U of HindIIl (New England Biolabs) was added to each nuclear suspension
and incubated at 37°C for overnight with constant agitation. To determine digestion efficiency 5
ul aliquot of digested sample was taken and labeled as digested genomic DNA control (D) and
was stored at -20°C. Following restriction enzyme digestion each nuclear suspension was washed
twice with 1 X T4 DNA ligase buffer (50 mM Tris-HCI, 10 mM MgCl12, ImM ATP and 10 mM
DTT, New England Biolabs) by brief centrifugation and vortexing at room temperature. Ligation
was carried out by re-suspending nuclei in 200 pl of 1 X T4 DNA ligase buffer (50 mM Tris-HCI,
10 mM MgCl12, 1 mM ATP and 10 mM DTT, New England Biolabs) containing 800 U of T4 DNA
ligase (New England Biolabs) and incubated for 4 hours at 16°C followed by 30 min at room-

temperature.

2.3.3 Chromatin de-crosslinking and purification of 3C DNA

300 pl of elution buffer (10 mM Tris-HCI (pH8.0), Qiagen) was added to each ligation sample and
de-crosslinking was carried out by incubating with 20 pl of proteinase K (20 mg/ml, Invitrogen)
at 65°C for overnight. Following of proteinase K treatment, 5 pl of RNase (0.5mg/ml, Roche) was
added and incubated for 1 hour at 37°C. DNA was purified by sequential extractions with 500 pl
of Tris-saturated phenol (Sigma) and 500 pl of chloroform (Sigma) and was precipitated for 1 hour
or more by incubating at -80°C with 100% ethanol in the presence of sodium acetate pH 5.2 (0.3M,
pH 5.2). DNA was pelleted by centrifuging at 14000 rpm at 4°C for 30 min, washed once with
70% ethanol, air-dried for few min, re-suspended in 100 pl of nuclease-free water (Ambion) and

quantitated using fluorometer (Qubit 2.0, Invitrogen).
2.3.4 Quality control of 3C DNA

The integrity of 3C template was confirmed by resolving samples on 0.8% agarose gel where DNA

run as a tight band above 10 kb.
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2.3.5 Determination of digestion efficiency
In order to determine restriction enzyme digestion efficiency 500 ul of 1 X PK buffer (5 mM
EDTA (pH 8.0), 10 mM Tris-HCI (pH 8.0), 0.5% SDS) and 1 pl of proteinase K (20 mg/ml) were
added to the saved control DNA aliquots (UND, D) and incubated at 65°C for overnight. The DNA
samples were equilibrated at 37°C for few minutes, then 2 pl of RNase A (0.5 mg/ml, Roche) was
added and incubated at 37°C for 1 hour. DNA was purified by sequential extractions with 500 ul
of Tris-saturated phenol (Sigma) and 500 pl of chloroform (Sigma) and was precipitated for 1 hour
or more by incubating at -80°C with 100% ethanol in the presence of sodium acetate (0.3M, pH
5.2). DNA was pelleted by centrifuging at 14000 rpm at 4°C for 30 min and pellet was washed
once with 70% ethanol, air-dried for few min and re-suspended in 50 pl of nuclease free water
(Ambion). Real time PCR quantifications (SYBR green) were performed for both DNA samples
(UND, D). To assess digestion efficiencies, a primer set (R) that amplify a region (Ercc3) across
restriction site of interest (HindIIl) was included and to correct for differences in the amount of
template added to the PCR, a control primer set (C) was used to amplify regions (ZP3) that do not
containing the restriction sites of interest. Digestion efficiency of each sample was calculated
according to the following formula,

% restriction digestion = 100-100/2" ((Ctr-Ctc) D - (Ctr-Ctc) UND)
The digestion efficiency of HindIII for pre-pro-B and pro-B cells is 80%, 86% respectively.

2.3.6 Generation of control template

A quantitative comparison of different PCR products requires correction of PCR amplification
efficiency of each primer set. Thus, a control template is required in which all possible ligation
products are present in equimolar amounts. To generate control template, 20ug of BAC clone
containing Ccl3 locus (RP23-59G9) was digested with HindIIl restriction enzyme to a final
concentration of 9% by incubating at 37°C for overnight. DNA was purified with phenol,
chloroform extraction followed by ethanol precipitation and resuspended in 161 ul of nuclease
free water (Ambion). Ligation was carried out in 200 pl reaction mix containing 161 pul of digested
BAC DNA, 20 pl of 1 X T4 DNA ligase buffer (50 mM Tris-HCI, 10 mM MgCl12, 1 mM ATP
and 10 mM DTT, New England Biolabs) and 7,600 U of T4 DNA ligase (New England Biolabs)
by incubating at 16°C for overnight. Next day, DNA was purified with phenol, chloroform

extraction followed by ethanol precipitation and eluted in 100 pul of nuclease-free water (Ambion).
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The amount of DNA was quantitated using fluorometer (Qubit 2.0, Invitrogen). HindIII digested
genomic DNA was mixed with control DNA template similar to the amount (50 ng) used for 3C
template. Then serial dilutions of control template was carried out to determine the proper template

concentration that shows optimal amplification of ligation product.

2.3.7 Real-time PCR quantification of cross-linking frequencies

Serial dilutions of 3C template was carried out to determine an optimal amount of DNA template
(in our study ~50 ng), that provides linear PCR amplification. Each ligation product was
quantitated in triplicate on real-time PCR (ABI step-one plus) using 10 ul reaction mix containing
5 ul of 2 X power SYBR green master mix (1 X final concentration), 1 ul of 10 uM forward primer
(1uM final concentration), 1 pl of 10 uM reverse primer and 50 ng of 3C template with cycling
conditions of initial denaturation at 94°C for 10 min, followed by 94°C (30 sec) and 62°C (60 sec)
for 40 cycles. Simultaneously, in each run standard curves were performed using serial dilution
of control template in order to normalize PCR amplification efficiencies between different primers
sets. Finally, 3C data was normalized with a "loading control" (Zp3) (using a primer set that
amplify a regions not containing the restriction sites of interest (HindIII)) and a set of "control
interaction frequencies" (Ercc3 primer set) in order to normalize amount and quality of different
3C samples. Relative cross-linking frequency of each ligation product was calculated using
following formula,

Value= 102 (b: intercept, a: slope)

2.4 In situ Hi-C data analysis

2.4.1 Iterative Mapping

We have used hiclib (Imakaev et al., 2012) to perform preliminary Hi-C data analysis. The
Iterative mapping module of hiclib has a functionality to truncate the raw reads to 25 bp starting
at the 5’ end which will be subsequently mapped to the reference genome (mouse: mm10) in a
single-end mode using Bowtie2 software. Reads that mapped to multiple regions in the genome
were extended by 5 bp and then re-mapped. This process was repeated until either all reads were
uniquely mapped to the reference genome or until the reads were extended to their entirety (100
bp). Using this approach we were able to uniquely map more than 85% of the reads to the reference

genome. We have discarded the un-alignable and chimeric (aligned at multiple sites) reads.
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Further, only paired end reads (around 80% of the total uniquely aligned reads) are considered for

subsequent analysis.

2.4.2 Filtering spurious ligation products

The quality of the in situ Hi-C library was assessed based on the position and orientation of
sequenced read pairs relative to their restriction site (HindIII). Inappropriate ligation products such
as self-circularized ligation or unligated “dangling end” products, generated as a result of
experimental biases were discarded at fragment level filtering. In total, ~0.1% of self-circles
(formed due to less cross linking efficiency) and ~18% of read pairs having dangling-ends (formed
due to less ligation efficiency) were discarded from both pre-pro-B and pro-B in sifu Hi-C libraries.
We have obtained a total of 31191614 and 39490989 valid paired-end reads from pre-pro-B and

pro-B cells respectively.

2.4.3 Filtering of PCR duplicates and extreme fragments

During in situ Hi-C library preparation the redundant molecules, also called as PCR duplicates,
are generated as a result of PCR over-amplification. The presence of these duplicates although is
negligible, may affect the relative contact probability and thus have to be discarded. Also, we have
followed the default parameters to remove fraction of the most and the least-count fragments to
account for systemic biases (the presence or absence of nearby restriction site). Further, we have
discarded the fragments that are too long (>100 kb) or too short (<100 bp), as characterizing these
interacting fragments will be difficult. Also, we have discarded all reads that start within 5 bp near

HindlIII site.

2.4.4 Quality check for library size

To ensure that the aligned sequence reads represent restriction fragment ends, the distances from
mapped in situ Hi-C reads to the nearest restriction sites (HindIIl) were computed. In a pair, if the
sum of distances from mapped R1 read position to its restriction site and distance from mapped
R2 read position to its restriction site, D1+D2 < 500 then they are considered as specific
interactions. For all the valid pairs obtained after fragment-level filtering around 90% of the

interactions were found within 500 bp (Figure 2.4.1).
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2.4.5 Generation of relative contact probability matrices using iterative correction

Valid interaction pairs (non-redundant perfect ligation products) are used to measure the
frequency of physical contact between two given regions of each chromosome. In order to gain
statistical power, almost all the studies that were previously reported pooled the numbers of reads
into bins of larger genomic regions (say 1Mb). Although most of the non-specific interactions were
removed at fragment-level filtering, the contact maps generated may still be influenced by several
intrinsic properties of the genome and would display different “experimental visibility”. Thus we
have implemented iterative correction for the binned data to eliminate biases based on the
assumption that all loci should have equal visibility. we have removed the poor regions by
coverage <0.05 followed by removing the PCR blowouts and implemented iterative correction to

calculate the maximum likelihood solution for biases B; obtained by iteratively solving a system

of equations that convert the observed contact counts into corrected counts. This method ensures
specific interactions be precisely pictured which otherwise be concealed by visibility-induced

biases (Imakaev et al., 2012).

2.4.6 Chromatin compartmentalization through eigen vector decomposition

Eigen vector decomposition was performed based on the interaction profiles obtained through
iterative correction of the chromosomes (corrected at 1 Mb and 100 kb resolutions). Since in most
of the cases first principal component (PC1) best explains for as much of the variability in the data
and reveals its internal structure we have considered it to partition chromosomes into A and B
(permissive and repressive) compartments. In order to check whether eigen vector decomposition
truly represents the chromatin state, we have obtained the publicly available pre-processed ChIP-
Seq data of active methylation marks (H3K4mel, H3K4me3 and H3K9/14ac) for pre-pro-B and
pro-B cell types from Gene Expression Omnibus (GEO) database (Lin et al., 2010). We have used
liftover tool from UCSC tools to lift the peak positions of each active methylation patterns from

mm§ to mm9 and then to mm10 to make it comparable with our data.

2.4.7 Identification of topologically associated domains
Iteratively corrected relative contact probability matrices at 40 kb resolution, generated by
implementing HiResHiC module of hiclib were converted into the format specified by Domain

Caller (Dixon et al., 2012), where the first three columns represent the chromosome number
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followed by start and end of the bin. Domain Caller is a simple and straightforward approach with

greater flexibility to identify biologically relevant domain structures.

2.4.8 Generation of 3D structures of TADs
We have generated 3D structures of TADs in both pre-pro-B and pro-B cells by implementing
AutoChrom3D (Peng et al., 2013), which uses a novel sequencing-bias-relaxed parameter to

normalize chromatin interactions.

2.4.9 Determination of statistically significant cis-regulatory interactions

To discriminate between random polymer loops and specific chromatin loops, we have used Fit-
Hi-C (Ay et al., 2014), a tool for assigning statistical confidence estimates to mid-range contacts.
We have prepared "FRAGSFILE" containing midpoints (or start indices) of the fragments and
"INTERSFILE" containing interactions between fragment pairs from the dict-file obtained through
fragment level filtering. The BIASFILE is prepared by using the python code that implements the
iterative correction in sparse mode by filtering out loci that are less mappable than the threshold
(cut off >0.5). The significant interactions obtained by implementing Fit-Hi-C, were further
integrated with various epigenetic modifications (H3K4mel, H3K4me3, H3K4me2 and
H3K9/14ac) to identify potential cis-regulatory interactions.

2.4.10 Microarray analysis

Pre-pro-B cells were transduced by spin-infection with retrovirus encoding GFP or Ebf1-GFP or
Pax5-GFP and maintained for 2 days in lymphoid culture conditions as previously described
(Pongubala et al., 2008). After two days, GFP+ transductants were FACS-sorted, total RNA was
isolated with TRIzol reagent (Invitrogen) and further purified on RNeasy columns (Qiagen). RNA
quality control analysis was performed as previously described (Pongubala et al., 2008). Biotin-
labeled cRNA was generated and hybridized to the Mouse Genome 430 2.0 Array (Affymetrix,
Santa Clara, USA) according to the manufacturer’s instructions. Data were analyzed as previously

described (Pongubala et al., 2008).

2.4.11 Statistical analysis
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All statistical analyses except for identifying significant promoter-Cis-interactions, were
performed using R package. Statistical significance was evaluated by unpaired two sample t-test.
For all the tests performed, statistical significance was assessed as *P < 0.05, **P < (0.01, ***P <

0.001.
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Figure 2.2.1. Quality control of in situ Hi-C libraries. (A) Schematic representation of in situ Hi-C method. (B) Integrity of in situ
Hi-C libraries was monitored by resolving equal amounts of 3C (Chromosome Conformation Capture) control and in situ Hi-C
template (100 ng) on a 0.8% agarose gel. Both the templates were visualized as a tight band of a size larger than 10 kb. (C) End fill-
in efficiency of pre-pro-B (EH1, EH2) and pro-B (RH1, RH2) cells in situ Hi-C libraries was monitored by amplifying a ligation
junction formed by two HindIII restriction sites (separated by a distance of 5 kb) in Erce3 locus. Unlike 3C sample, in in situ Hi-C
library successful fill-in and ligation of HindIII sites creates Nhel site, which is used to assess end fill-in efficiency of Hi-C libraries.
(D) PCR amplification (15 cycles) of multiplexed in situ Hi-C libraries was performed using Illumina PE 1.0 and PE 2.0 primers.
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Figure 2.4.1. Quality control of in situ Hi-C libraries. Distribution analyses of in situ Hi-C paired end
reads in the genome with respect to HindlIII site, where majority of the paired-end reads are within the

distance of 500 bp.
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Results

3.1 Differential chromatin compartmentalization promotes the B lineage gene expression
program

To determine programmatic changes in chromatin organization during B cell development,
we performed in situ Hi-C (materials and methods), a high-throughput molecular approach
(Nagano et al., 2013; Rao et al., 2014) that captures genome-wide chromatin interactions, using
Ebf1-/- progenitors that represent the pre-pro-B cell stage (Pongubala et al., 2008) and Rag2-/-
cells that represent the pro-B cell stage. The in situ Hi-C approach is similar to the previously
described dilution Hi-C method (Lieberman-Aiden et al., 2009), except that the reactions:
chromatin crosslinking, restriction enzyme digestion (HindIII), fill-in of 5’overhangs and ligation
of chromatin ends present in close proximity, were performed in intact nuclei (Nagano et al., 2013).
The Hi-C libraries were generated from both pre-pro-B and pro-B cells and then subjected to
paired-end sequencing. Following high-throughput sequencing, the uniquely aligned (reference
genome mml0) raw-reads were extensively filtered to eliminate various systemic biases
originating from experimental procedures and intrinsic properties of the genome (fragment length,
GC content and mappability). For this, we employed hiclib that implements filtering at multiple
levels to determine the corrected contact counts (Imakaev et al., 2012) (materials and methods).
This approach has been known to selectively highlight the specific contacts and to facilitate the
generation of corrected relative contact probability matrices, which are critical for determination
of changes in chromatin architecture between the two different cell types. Thus, in comparison
with similar studies (Lin et al., 2012), our strategy has two major advantages. First, in situ Hi-C
captures specific DNA-DNA proximity ligations compared to dilution Hi-C (Nagano et al., 2013;
Rao et al., 2014). Second, the ICE (Iterative Correction and Eigen vector decomposition
implemented by hiclib) approach significantly reduces the frequency of spurious contacts and

permits fair comparison of chromatin interactome data between pre-pro-B and pro-B cells.

To gain a comprehensive understanding of progressive changes occurring in intra-
chromosomal (cis) interactions between pre-pro-B and pro-B cells, iteratively corrected contact
maps for each chromosome were generated at 1 Mb resolution (Figure 3.1.1). Our analyses
captured many of the previously identified long-range chromatin interactions (Kieffer-Kwon et al.,
2013; Palstra et al., 2003), indicating that the in situ Hi-C approach was performed under optimal

conditions and the captured interactions are valid in vivo (Figure 3.1.2A and B). In line with
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previous studies (Naumova et al., 2013), relative contact probability maps showed an ordered,
dense pattern of varying sized blocks spanning across the diagonal (Figure 3.1.3A; Figure 3.1.1).
The majority of the interactions (60.0%) were limited to a range of 1-3 Mb and the frequency of
such interactions decreased gradually with increasing linear genomic distance. In order to
understand the differences in chromatin interaction patterns between the two cell types, we
implemented Principal Component Analysis (PCA) at 1 Mb resolution (materials and methods).
As expected, these analyses revealed that chromatin is segregated into A or B compartments,
which are defined by enriched or minimal interactions respectively (Figure 3.1.3A; Figure 3.1.1).
A compartments were found to contain a higher number of genes (Figure 3.1.3B) with an increase
(4 fold) in CpG islands than the B compartments. Accordingly, the A compartments were
substantially enriched for active histone modifications (H3K4me3, H3K4mel and H3K9/14ac)
(Lin et al., 2012) (Figure 3.1.3C) and displayed higher transcript levels when compared to the B
compartments (Figure 3.1.3D), indicating that chromatin compartmentalization mirrors gene

activity in both cell-types.

To investigate the possibility that selective changes in chromatin compartmentalization
provide a structural framework for B-lineage gene expression (Kosak et al., 2002; Lieberman-
Aiden et al., 2009), we performed PCA analysis at a higher resolution (100 kb). From these
analyses, we were able to define the chromatin state of a total number of 22,360 common genes
that were captured by in situ Hi-C in both the cell types. Of these, 16,045 genes in pre-pro-B cells
and 16,643 genes in pro-B cells were found to be present in A compartments, whereas 6,315 genes
in pre-pro-B cells and 5,717 genes in pro-B cells were found to be present in B compartments.
Further examination of these common genes between pre-pro-B cells and pro-B cells revealed
three distinct classes, including a common set of genes that are localized in either A (Group I;
68.44%) or B (Group II; 22.25%) compartments in both cell types. Consistent with previous
observations (Lin et al., 2012), although a major fraction (90.69%) of genes remained in the same
compartment (Group I or II) in both cell types, a distinct set of genes (Group III; 9.31%) switched
between A and B compartments. Of these, 1,339 (5.98%) genes transitioned from B to A
compartment, while, 741 (3.31%) genes relocalized from A to B compartment during

differentiation of pre-pro-B cells to pro-B cells (Table 1 and 2). These observations demonstrate
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that B cell developmental progression from a multipotential progenitor to a specified state

encompasses notable changes in chromatin compartmentalization.

In order to test whether the differential chromatin compartmentalization is associated with
B-lineage specific gene expression pattern, we compared the abundance of nascent transcript levels
as determined by RNA-Seq (GSE52450) of Group III genes in pre-pro-B cells and pro-B cells. We
observed that the genes, which switch from the B compartment to the A compartment during
differentiation, displayed higher transcript levels in pro-B cells (Figure 3.1.3E, left panel). For
instance, Satb2 (Figure 3.1.3F), Teadl, Pou2afl and Tlr4 that are essential for B cell development
(Dobreva et al., 2003; Laurenti et al., 2013) are re-localized from the B compartment to the A
compartment during pre-pro-B to pro-B cell transition (Table 1). Likewise, genes that relocate
from the A compartment to the B compartment displayed lower transcript levels in pro-B cells
(Figure 3.1.3E, right panel). Notably, genes that are associated with multipotent progenitors such
as Satbl (Figure 3.1.3G), cKit and Cd34 as well as key alternate lineage determinants such as
Gata3, Zbtb16, Klf4, Vav3 and Sox6 are found to be relocated to the B compartment in pro-B cells
(Table 2). In comparison with pre-pro-B cells, a significant number of genes within the
chromosomes 10, 11 and 16 switch from the B compartment to the A compartment. Similarly,
genes that are located in chromosomes 6 and 7, switch from the A compartment to the B
compartment in pro-B cells (Figure 3.1.4). Interestingly, our studies reveal that majority of
functionally important B-lineage-specific genes (EbfI, Pax5, Foxol, IRF4, IRFS, Cd79a, Cd79b
and Cd19) are localized in A compartments in both cell types. However, some of the key alternate
lineage genes (Gata3, Zbtb16, Kif4, Vav3 and Sox6) switch to the B compartment in pro-B cells.
Thus, these observations indicate that relocalization of alternate lineage genes into B
compartments is closely associated with their transcriptional repression. Collectively, our studies
demonstrate that switching of selective genomic loci between A and B compartments is closely
associated with the B lineage-specific gene expression pattern. However, these studies cannot rule
out the possibility that chromatin relocalization and its associated changes may be a result of

alteration of transcription.
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Figure 3.1.1. Contact count matrices of chromosomes (1-19, X). Iteratively corrected intra-chromosomal contact count
matrices binned at 1 Mb resolution overlaid with PC1 for both pre-pro-B and pro-B cells. Principal Component Analysis (PCA)
is implemented to determine the chromatin state of genomic loci.
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Figure 3.1.2. Validation of in situ Hi-C interactions by 3C analysis. (A) Amplification of a ligation junction
formed by two HindlII restriction sites (separated by a distance of 5kb) in Ercc3 locus, which is a ubiquitously
expressed gene and has been shown to have identical higher order chromatin architecture in all mouse tissues. When
compared to NL (No ligation control), 3C and Hi-C templates have resulted in amplification of specific ligation
product. (B) In pro-B cells, long-range interactions between Myc promoter and its distal putative enhancers (E1,
E2) located 700 kb and 800 kb downstream to the promoter were detected by PCR amplification using 3C template
(+ve= Ercc3 control).
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Figure 3.1.3. Chromatin compartmentalization is closely associated with gene activity. (A) Iteratively corrected intra-
chromosomal contact count matrix of chromosome 2, representing the frequency of interactions at 1 Mb resolution. The first
principal components (PC1) indicate the chromatin state on a linear genomic scale. (B) Distribution of genes in A and B
compartments for both pre-pro-B and pro-B cell types (*""P<0.001). (C) A and B compartments that are defined by PC1 were
integrated with active methylation marks (H3K4mel, H3K4me3 and H3K9/14ac). Normalized heat-maps were generated by
employing Matrix2png. Rows represent individual chromosomes, whereas the columns represent normalized count of
respective methylation mark. (D) Comparative analysis of transcript levels of genes, based on RNA-Seq, present in A and B
compartments (“*P<0.001) for both pre-pro-B and pro-B cells. (E) Comparative analysis of transcript abundance of genes that
relocate from B to A compartment (left panel) and A to B compartment (right panel) during differentiation of pre-pro-B cells
into pro-B cells (¥***P<0.001). (F, G) Iteratively corrected contact count matrices derived from genomic regions comprising
Satb2 (chrl) and Satb! (chr17) for both pre-pro-B and pro-B cells. The PC1 values indicate the chromatin state of respective
genomic loci. Dotted boxes represent genomic regions of Sath2 and Satbl.
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Figure 3.1.4. Percentage of genes that transit between A and B compartments during B cell fate
commitment. Histogram representing percentage of genes that switch from A to B and B to A
compartments in pro-B cells as compared to pre-pro-B cells. For each chromosome, percentage was
calculated based on number of genes that transit from A to B or B to A compartments in relation to
total number of genes captured in respective chromosome.
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Table 3.1.1. List of differentially expressed genes that are switching from B to A compartments during
progression of pre-pro-B cells to pro-B cells.

Pre-pro-B cells Pro-B cells
Chr Gene RNA-Seq RNA-Seq
1 ANGPTLI 0 1.06936
1 GM16701 0 2.39649
1 RALGPS2 0.299642 173.374
1 CD55 0.0145898 4.70994
1 9130024F11RIK 0.229238 51.4038
1 SATB2 0.292912 18.2528
1 DST 0.112248 6.17652
1 FAM78B 0.0869397 4.5675
1 BC094916 0.185617 8.45294
1 IF1204 0.258969 9.74153
1 PLXNA2 0.0564396 1.46354
1 4930558J18RIK 0.464516 7.6112
1 PYHINI1 0.902505 12.1828
1 RDHI10 5.3855 60.044
1 DIERTD622E 3.13591 16.4703
1 HSD17B7 6.4267 32.8848
1 3110045C21RIK 0.754319 3.60197
1 PLEKHM3 1.35806 5.07097
1 KIFAP3 9.67066 17.6465
1 1700066M21RIK 6.98649 11.8242
1 POGK 8.43349 13.8726
1 RRP15 12.3287 19.0019
2 ACVRI 0 2.13155
2 PKP4 3.65601 19.2274
2 AURKA 10.583 54.2846
2 DUT 37.2818 188.959
2 FAM98B 6.7997 21.3616
2 TASP1 4.81887 13.7607
2 ARHGAPI1A 20.9767 50.0693
2 RIF1 35.9333 84.1126
2 CCDC34 10.5842 22.8999
2 LNP 10.0846 20.9691
2 SLC30A4 25.4202 50.1709
2 NDUFAF5 5.71713 10.5179
2 BLOCI1S6 11.6369 18.9454
2 EIF3M 79.6491 128.758
2 ZC3H15 45.7782 73.6512
2 DPH6 11.0244 17.2151
2 ARHGAPI5 77.7094 121.093
2 FAM210B 3.19571 4.87643
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2 API5 51.4205 77.4806
3 FREM2 0 1.52605
3 WLS 0.398844 69.5851
3 BCAR3 0.062197 7.65024
3 LHFP 0.0887308 8.87904
3 GRIA2 0.236562 4.27381
3 CAMK2D 31.7348 355.765
3 MAP9 0.440882 3.71019
3 VCAMI 0.145905 1.02924
4 DOCK7 0.069132 8.9707

4 NFIA 0.0267694 1.62087
4 PRKAA2 0.0402403 2.09493
4 FGGY 0.0743661 2.30948
4 AKAP2 0.0948782 1.43187
4 TLR4 3.07086 16.6325
4 SMC2 37.4438 130.426
4 USP1 32.3709 70.0155
4 IFT74 7.24771 13.1577
4 NBN 13.0132 23.061

4 TMEM64 16.7031 28.2296
4 ALG6 9.2245 15.5629
5 9330182L06RIK 0.0275777 6.89013
5 PKD2 0.24846 4.47311
5 TGFBR3 0.128204 1.11655
5 FBXLS5 36.5019 273.865
5 ZFP11 0.446974 2.41646
5 NCAPG 20.3712 104.363
5 RFC3 16.2787 70.2803
5 SMIM20 9.09848 35.7554
5 ABCG3 3.70231 13.686

5 GBP9 2.31449 7.74641
5 HSD17B11 7.99761 24.3505
5 1600023N17RIK 1.3886 3.90296
5 ZCCHC4 4.7281 12.1723
5 SLC2A9 2.44615 6.11988
5 ATP10D 2.51542 5.91666
5 SPP1 3.16974 6.72129
5 CLOCK 5.79372 10.933

5 TBCIDI19 10.9286 19.9124
5 GBP4 4.46603 7.05774
6 ICA1 0 2.8522

6 GLCCIl 0.497737 103.701
6 PON3 0.182468 16.7568
6 MAGII 0.0273598 1.73813
6 A430035B10RIK 0.164879 6.27741
6 VOPP1 0.115307 2.33803
6 FAM188B 0.171605 2.02898
6 PON2 5.81647 36.4301
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6 CXCLI12 0.617593 2.92478
6 CIGALTI1 28.253 122.589
6 FKBP9 0.397581 1.16786
6 MDFIC 4.96495 12.471

6 ACN9 3.73107 9.24041
6 NDUFAS5 73.1752 163.054
6 LANCL2 9.52048 16.4544
7 GP2 0 2.48296
7 UMOD 0.0404613 21.8918
7 TEADI 0.0158901 3.51603
7 APBBI1 0.376543 2.80745
7 LIG1 5.62672 30.8381
7 GAS2 1.89259 7.42244
7 6330408A02RIK 0.561942 1.39736
7 UBA2 56.0173 102.123
7 ZFP667 4.83619 7.68245
8 MFHASI1 0.0624261 1.84316
8 LIG4 1.04098 25.1055
8 CERS4 1.03676 8.08712
8 SHCBP1 13.045 60.0003
8 FRG1 47.6458 87.3816
8 TMEM184C 37.881 62.9321
8 INTS10 18.7447 30.4855
9 MMP10 0 1.28893
9 B430319G15RIK 0 2.64426
9 HMGCLLI 0.0375491 29.9585
9 POU2AF1 1.62648 860.051
9 PLOD2 0.221905 66.9432
9 ELOVL4 0.0154332 2.43243
9 RYK 0.214252 32.0095
9 ACPP 0.0255067 3.3516

9 PLSCR4 0.028257 2.85966
9 TTK 9.72449 62.1997
9 PLSCRI1 0.680931 2.2731

9 BCKDHB 5.87157 15.8775
9 ALKBHS8 12.2273 25.7896
9 ANAPCI3 73.8256 130.131
9 4930579K19RIK 1.81084 3.15536
9 4930526115RIK 1.06918 1.71792
10 PCBP3 0 2.73672
10 BVES 0.0493622 5.50347
10 E2F7 0.764022 9.35019
10 ULBP1 2.05063 20.9842
10 RTKN2 1.56192 11.2687
10 CDK1 17.6828 62.3272
10 BTGI 28.4686 86.3335
10 SNORA33 82.1751 216.023
10 COL6A2 0.953132 2.03543
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10 HACEI1 9.04193 19.2505
10 GOPC 12.6797 26.6895
10 SGK1 2.6293 3.97881
11 PTTGI 15.0717 248.217
11 FAM64A 4.21323 24.5212
11 UBLCP1 1.74732 8.3601

11 FBX048 3.92446 15.0105
11 2810021J22RIK 1.94791 6.836

12 RAPGEF5 0.026154 15.586

12 TRIB2 0.788095 305.568
12 LRRN3 0.0959885 26.9063
12 SGPP1 2.67393 35.394

12 IFI27L2A 10.8232 42.2453
12 ARL4A 10.8625 32.9231
12 FRMD6 0.514077 1.24221
12 TAF1B 13.2909 28.5593
13 RHOBTB3 0.0576545 6.24338
13 FOXC1 0.158433 11.8069
13 GM3604 0.665476 4.41484
13 DIP2C 1.64624 10.7312
13 ATXNI1 0.795994 4.98909
13 NAIP7 0.587153 2.23975
13 ZFP759 4.22391 9.65919
13 GM5141 4.14997 8.02769
13 CCNH 33.4202 59.5897
14 BMPRI1A 0.289121 36.7922
14 FAM213A 0.146767 9.13802
14 IL3RA 0.586168 1.10756
14 PSMD6 63.5297 108.446
15 LRRK2 0.0461664 7.63185
15 DEPTOR 0.172611 1.0442
16 SLC15A2 7.41606 19.8352
16 FSTL1 0.605659 1.3427
16 BC002163 78.7264 163.204
16 CMSS1 6.56424 13.3587
17 MTCLI1 0.00974535 1.36504
17 THBS2 0.201017 2.0761

17 ATL2 15.618 102.186
17 2700099C18RIK 6.84493 36.3958
17 CYPIBI 0.2933 1.52604
17 AGPAT4 0.454192 1.52285
17 GABBRI1 1.72764 4.5136
17 CDC42EP3 28.0787 56.8135
18 4930426D05SRIK 0 2.06263
18 SPINKL 0 60.2009
18 KLHL14 0.0167426 6.18494
18 SPINK11 0.0936119 6.29432
18 ZFP521 0.085086 5.58952
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18 PRELID2 1.51146 87.967
18 CAMKA4 0.0310546 1.78986
18 STARD4 12.0258 35.4951
18 YTHDC2 7.47806 15.6333
19 RNLS 0.259824 1.33555
19 TCF7L2 1.18001 3.73683
19 UHRF2 21.1426 424151
19 MINPP1 9.83711 18.5564
19 FAM204A 18.9646 34.846
19 2700046GO9RIK 0.787547 1.28295
19 FRAI0ACI 11.5442 17.3886
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Table 3.1.2. List of differentially expressed genes that are switching from A to B compartments during
progression of pre-pro-B cells to pro-B cells.

Pre-pro-B cells Pro-B cells
Chr Gene RNA-Seq RNA-Seq
1 MARCO 2.04118 0
1 GM7694 2.29597 0
1 GM16897 2.77609 0
1 IL18SRAP 87.1834 0.147636
1 IL18R1 200.723 0.54607
1 CD34 533.539 1.52474
1 NRP2 12.7006 0.0669168
1 RGS18 135.289 0.744447
1 NOS1AP 1.60549 0.0154627
1 KHDCI1A 1.31913 0.02695
1 AGAP1 2.28352 0.0746374
1 SH3BP4 1.15841 0.0538187
1 TMEMI14A 2.90688 0.504574
2 NFATC2 1.19276 0
2 ITGAS 1.46398 0
2 NOSTRIN 2.30518 0
2 MIR669] 64.3396 0
2 CERS6 29.2159 0.0660073
2 SCN3A 10.2744 0.0413349
2 GATA3 2.64488 0.0392445
2 FMNL?2 3.92034 0.105547
2 LDLRAD3 7.59802 0.807013
2 IFIH1 6.02355 1.27477
2 SSFA2 11.6528 4.71055
2 ARLSA 47.3703 27.4379
3 GUCY1A3 5.16371 0.0085551
3 CPA3 10.4835 0.0295834
3 SLC25A24 10.8942 0.0473313
3 VAV3 7.02558 0.0436874
3 S100A11 71.1198 4.20063
3 SLC22A15 1.80787 0.525387
3 LMO4 62.1199 20.676
3 S100A10 228.8 97.2808
3 TPDS52 23.7815 12.8416
3 TBCK 24.7898 15.6428
4 TMEMS51 11.6976 0.0237655
4 AJAPI 2.80085 0.0152035
4 TNFSF8 5.05116 0.0328927
4 CLVSI1 1.41831 0.04587
4 KLF4 1.89177 0.357962
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5 CPEB2 1.53465 0

5 HS3ST1 7.94804 0

5 CLNK 11.3184 0

5 KIT 107.056 0.377379
5 NIPAL1 3.97433 0.0142303
5 CDS1 6.20893 0.0230933
5 RASGEF1B 4.53638 0.106392
5 FRY 4.51218 0.209581
5 ADAM22 1.8758 0.120937
5 CDK14 1.31599 0.210975
5 SCARB2 49.9996 24.5407
6 KLRC2 1.00817 0

6 KLRAI0 1.06938 0

6 KLRA23 1.21279 0

6 KLRI1 1.26621 0

6 PRSS2 1.4639 0

6 ST8SIA1 1.71074 0

6 KLRA13-PS 2.22611 0

6 TES 54.3555 0.0687901
6 KLRK1 4.56162 0.0136367
6 KLRI2 12.979 0.0735156
6 KLRCI1 7.1269 0.0582266
6 BCL2L14 1.61588 0.0142404
6 GPRIN3 28.6496 0.84163
6 EPHB6 2.1558 0.0765372
6 7YX 20.5025 0.926055
6 HPGDS 6.41161 0.468624
6 PLEKHAS 8.5933 3.6728
6 TPK1 11.5343 5.29055
7 MRGPRAI 1.24768 0

7 NCRI 1.89567 0

7 MCTP2 51.9241 0.118911
7 CDI163L1 40.4187 0.13421
7 5830411NO6RIK 154.707 0.656541
7 SIGLECH 54.2745 0.235825
7 ADAMTS17 1.06831 0.0060798
7 PLEKHAL 58.0944 0.383194
7 TSHZ3 14.1182 0.105217
7 SOX6 2.66652 0.0449762
7 PTPRE 81.3402 1.81641
7 PRCP 18.6812 3.54021
7 TUBGCPS 81.9667 25.7299
7 1600014C10RIK 32.7068 11.89

7 PEPD 14.4153 8.14617
8 KBTBDI1 7.69045 0.0134392
8 NRPI 17.0582 0.135697
8 ZFHX3 4.03586 0.0582646
8 RNF150 8.95391 0.183406
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8 CDYL2 10.5227 2.36429
9 TMEMI158 1.77939 0

9 EOMES 9.95832 0.0248923
9 ZBTB16 15.8803 0.0407465
9 KCNIJ1 13.5733 0.0385854
9 DMXL2 2.34928 0.0309904
9 OAF 11.4225 0.411411
9 SLC9A9 34.0744 1.63487
9 PIK3CB 2.51959 0.195365
9 EEPDI1 5.47207 0.439633
9 ANXA2 8.00882 0.912337
9 SIAE 33.0719 5.02867
9 MORF4L1 4.37126 0.753983
9 CRTAP 12.9342 3.63079
9 SLC35F2 4.80676 1.37065
9 TBC1D2B 6.50961 2.0249

9 STT3B 92.3649 31.3096
9 GLB1 24.4183 8.83434
9 RAB39 2.67286 1.00051
9 TMPPE 6.36963 3.8339
10 4930444F02RIK 1.09358 0

10 LILRB4 3.17261 0

10 PPMIH 8.75861 0.0136044
10 SLC16A7 6.08008 0.0213333
10 PERP 4.11309 0.0283578
10 HMGA?2 44.0214 0.327775
10 ESR1 2.27757 0.0409784
10 GP49A 2.78555 0.0567702
10 CEPS5L 16.4446 0.819036
10 SYNEI1 16.5741 2.15255
10 EPM2A 2.09075 0.286647
10 NHSLL1 2.76631 0.994897
11 TTYH2 8.21671 0.151304
11 SLC39A11 6.771 1.91315
11 SLC36A1 3.92703 1.78595
11 DOCK2 83.581 51.9097
12 9130015A21RIK 1.87208 0

12 NRCAM 2.24995 0

12 AHR 11.671 0.11327
12 ARHGAPS 27.1824 0.696551
12 EGLN3 13.7683 0.45998
12 HPCALI1 7.7666 0.489471
12 DAAMI1 4.39215 1.14916
12 ADCKI 9.97327 3.74789
13 GM5086 1.23085 0

13 GZMK 2.38646 0

13 HSPB3 2.45689 0

13 LY86 36.3733 0.0380619
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13 AOAH 16.1628 0.0307039
13 F13Al1 9.72704 0.0265659
13 GCNT2 21.9358 0.138282
13 ESM1 3.05482 0.0222662
13 ITGA1 9.11274 0.0942137
13 EMB 94.7284 1.21409
13 CDK20 1.85404 0.0484605
13 CTSL 58.156 4.38644
13 AAEDI 41.0997 3.50703
13 SNX18 22.129 4.98811
13 PELO 6.43427 1.9051
13 CDYL 13.3558 4.77256
13 ZFP369 33.5559 17.5875
13 ZFP65 11.6495 6.88813
13 ZFP738 14.3576 8.60192
13 A530054K11RIK 13.0466 7.86326
14 DOCKS5 3.3284 0.0639458
14 ATP8A2 1.3262 0.0408612
14 FLNB 15.6466 2.17661
15 FAM134B 57.4188 0.112818
15 FYB 8.10207 0.0413415
15 TRIO 10.8631 0.873173
15 OXR1 80.3601 33.2368
15 LRP12 5.78029 2.70821
15 ANGPTI1 3.15486 1.72543
15 FAM84B 38.7744 23.8794
15 ZFP622 21.8074 14.0309
16 GM4827 1.17068 0

16 ZDHHC23 2.48371 0

16 DOPEY?2 4.52294 0.41575
17 KCNK12 1.16267 0

17 SLC22A3 18.5143 0.0459131
17 SATBI1 198.831 1.9932
18 SETBP1 6.61077 0.110675
18 PPIC 5.64475 0.376841
18 MPP7 13.3922 6.3315
19 MPEGI 44.7289 0.204605
19 HECTD?2 6.08728 0.0286052
19 GCNT1 30.3873 0.377118
19 DTX4 6.11693 0.431718
19 PIP5K1B 5.26781 0.895916
19 ATRNLI1 6.07981 1.85466
19 TJP2 4.21562 1.52531
19 TMEM2 7.10639 2.64035
19 SORBSI 7.35667 3.55583
19 RFK 20.461 12.6326
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3.2 Global analysis of topologically associating domains (TADs) during B cell specification
At sub-megabase level, A and B compartments of chromatin are organized into dense and
contiguous self-interacting regions termed topologically associating domains, TADs (Dixon et al.,
2012). These chromatin domains have been proposed to be stable and conserved across cell types,
yet their intrinsic chromatin interactions were found to be varying (Dixon et al., 2015). This raised
a possibility that changes in the interaction patterns within TADs may serve as a framework for
differential gene activity and contribute to the developmental progression of the cell. In order to
capture the changes in chromatin structure within these domains in pre-pro-B and pro-B cells, we
employed domain caller software (Dixon et al., 2012) to identify TADs from iteratively corrected
relative contact probability matrices generated at 40 kb resolution. Our analyses revealed that the
genome of pre-pro-B cells is partitioned into a total of 2,008 TADs, whereas the genome of pro-B
cells comprised of 1,810 TADs with a total genomic occupancy of 90.74% and 89.50%,
respectively. Strikingly, we found that the median TAD size is higher in pro-B cells (920 kb) as
compared to pre-pro-B cells (800 kb). Collectively, these studies provide the first indication that
the structural organization of TADs may be subjected to alterations during developmental

transition from pre-pro-B to pro-B cell stage.

To gain further insights into changes in structural organization of the chromatin at the sub-
megabase level, we cross-compared the TADs between two cell types (pre-pro-B and pro-B cells)
based on their linear genomic position. In line with the previous reports (Dixon et al., 2012), a
substantial number of TADs, 1,023 (pre-pro-B cells: 50.9%, pro-B cells: 56.5%) were found to be
stable, in both cell types (Figure 3.2.1A). The remaining TADs (pre-pro-B: 985, pro-B: 787)
exhibited re-organization in terms of their genomic positions and were categorized as ‘dynamic’.
It is possible that the stable TADs may maintain persistent chromatin interactions and thus account
for uniform gene activity between two cell types. Alternatively, chromatin regions within these
stable TADs may be subjected to epigenetic modifications and concomitant changes in intra-
molecular interactions, resulting in cell-type specific gene expression pattern. To investigate these
possibilities, we have compared the transcript levels of genes present within the stable TADs
between pre-pro-B and pro-B cells and observed significant differences in their activities. This
differential gene expression pattern may possibly be due to alterations in intrinsic chromatin

interaction landscape. To examine this, we have calculated Aggregation Preference (AP), a
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parameter that quantitatively measures interaction patterns of TADs (Wang et al., 2015). During
this analysis, the local high-frequency chromatin interactions, violating the distance-dependence
decay principle, were measured and segregated according to their spatial aggregation by
employing DBSCAN. The weighted density of clustered groups, defined as Aggregation
Preference (AP), was used to quantitatively measure interaction patterns within each TAD. As
expected, we found that TADs with higher AP values were comprised of high density chromatin
interaction blocks in both cell types. Accordingly, TADs with higher AP values were enriched
with active methylation marks (H3K4mel, H3K4me2 and H3K4me3) and displayed higher
nascent transcript levels. On the other hand, TADs with low AP values displayed sparse chromatin
interactions and were found to be depleted with active epigenetic marks (Figure 3.2.1B).
Furthermore, permissive TADs displayed higher AP values as compared to repressive TADs
(Figure 3.2.1C). Thus, AP values define transcriptional status and may serve as an appropriate

measure of functional activity of TADs.

Interestingly, of the 1,023 stable TADs, a majority (867, 85%) of them displayed similar
AP values (<0.2) between pre-pro-B and pro-B cells, indicating that the cumulative number of
chromatin interactions with these TADs are comparable. Thus the differential gene expression
pattern observed within stable TADs between the two cell types may possibly be attributed to the
combinatorial changes in their promoter and cis-regulatory interactions. To test this, we first
identified statistically significant (P<0.05) chromatin interactions in both cell types by
implementing the spline-fit model (Ay et al., 2014) (materials and methods). Next, these
significant interactions were integrated with genome-wide epigenetic marks (H3K4me3,
H3K4mel and H3K4me?2) to identify potential promoters and cis-regulatory interactions (Lin et
al., 2010). Only those promoters located within close proximity (+ 2.5 kb) of transcription start
sites (TSS) (Figure 3.2.2) and the cis-regulatory elements located >1 kb away from putative
promoters, were considered for further analysis. In total, we have identified 30,150 and 46,263
potential interactions involving promoters and cis-regulatory elements in pre-pro-B and pro-B
cells, respectively. We have mapped these promoter-cis-regulatory interactions to the stable TADs
(867, 85%) with similar AP values. From these analyses, we found that 6,678 and 9,468 cis-
regulatory interactions were associated with stable TADs in pre-pro-B and pro-B cells,

respectively. Of these interactions, 1,715 promoters were found to be common in pre-pro-B and

42



Results

pro-B cells, whereas 1,147 (48.8%) and 952 (57.1%) promoters were found to be unique in pre-
pro-B and pro-B cells, respectively. The majority of these promoters (common and unique) were
found to interact with developmental stage-specific enhancers (Figure 3.2.3A). For instance,
Polg2, which is highly expressed in pre-pro-B cells and Cd79b, which is induced at pro-B cell
stage, are both located in a stable TAD with similar AP values. Interestingly, we observed that
Polg?2 interacts with multiple enhancers (3) in pre-pro-B cells, whereas no such promoter and cis-
regulatory interactions were captured in pro-B cells. Conversely, Cd79b promoter interacts with
multiple enhancers (4) in pro-B cells, while only one such interaction was observed in pre-pro-B
cells (Figure 3.2.3B). These results suggest that although a substantial number of TADs are stable
with respect to the genomic position, their intrinsic chromatin interactions involving cis-regulatory
elements are dynamic. These intrinsic changes in chromatin interactions may have a limited effect
on the structural maintenance of the TAD, but may be critical for sustaining the cell type-specific

gene expression pattern.
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Figure 3.2.1. Aggregation preference is closely associated with chromatin state. (A) Line graph representing the number
of TADs conserved between pre-pro-B and pro-B (blue) as well as mESC and cortex cells (orange). The X-axis indicates the
percentage of genomic overlap between TADs in two different cell types, whereas Y-axis indicates the number of stable TADs.
(B) Structural and functional analysis of TADs with variable AP values in pre-pro-B (upper panel, Chr1:55.24-57.320 Mb and
57.36-58.40 Mb) and pro-B cells (lower panel, Chr7:122.16-123.48 Mb and 123.48-125.40 Mb). TADs were mapped with
active methylation marks (H3K4me3, H3K4mel and H3K4me2) as determined by ChIP-Seq. Genes that are transcriptionally
active are highlighted by red boxes. TADs are demarcated by dotted lines. (C) Box plots showing the relation between
aggregation preference (AP) and chromatin state of respective TADs in both pre pro-B and pro-B cells (***P<0.001).
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Figure 3.2.2. Genomic distance between transcription start site (TSS) and in situ Hi-C captured
promoter elements. Distribution plot representing genomic distance between in situ Hi-C captured promoter
elements and their respective transcription start site (TSS). Majority of the captured promoter elements
(~90%) are located within + 1.0 kb of their TSS. Nevertheless, promoters that are located with maximum
distance of + 2.5 kb from transcription start site were considered for further analyses. Promoters are identified
by integrating in situ Hi-C interactome with ChIP-Seq data of H3K4me3. Transcription start sites are
retrieved using UCSC genome browser.
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Figure 3.2.3. Figure 2. TADs are dynamic and undergo structural reorganization during early B cell development.
(A) Venn diagram indicating the number of promoters interacting with cis-regulatory elements that are present in the stable
TADs with similar AP values in both pre-pro-B and pro-B cells. The pie chart represents the number of common promoters
tethered to same (grey) or cell type-specific (blue) enhancers. (B) Comparative analysis of promoter-cis-regulatory
interactions between stable TADs with similar AP values spanning a genomic region (106.04—107 Mb) of chromosome 11.
TADs are mapped with active epigenetic marks, H3K4me3 (enriched at promoter regions), H3K4me1 and H3K4me?2 (enriched
at enhancers) as determined by ChIP-Seq in both pre-pro-B and pro-B cells. TADs were defined by domain calling approach
and are highlighted by dotted lines. The genomic positions of promoter-cis-regulatory interactions within the TADs are
represented by arcs. Polg2 (black) and Cd79b (blue) interactions are highlighted.
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3.3 Structural reorganization of TADs corresponds to changes in cis-regulatory interaction
landscape

While a substantial number (1,023) of TADs are constant in both pre-pro-B and pro-B cell
types, a considerable number of TADs (pre-pro-B:985, pro-B:787) were found to be altered as
indicated by changes in their genomic positions. We classified these altered TADs into two groups:
unique and merged. Unique TADs are defined as those present in pre-pro-B cells but not in pro-B
cells and vice versa. We propose that unique TADs (pre-proB:100, pro-B:65) may have been
generated as a result of increased local genomic interactions to facilitate cell type-specific gene
expression pattern (Supplementary Table S3 and S4). Consistent with this assumption, key
alternate lineage genes like Ccl3, Serpinil and Vav3 that are highly expressed in multipotent
progenitors, were found to be associated with TADs in pre-pro-B cells. On the contrary, in pro-B
cells, these genes are located in the boundary regions (Figure 3.3.1A). Besides the unique TADs,
we observed that few larger TADs in pre-pro-B cells (110) partitioned into two or more minor
TADs in pro-B cells. Conversely, two or more minor TADs in pre-pro-B cells coalesce into a
larger ‘merged’ TAD in pro-B cells (183). We propose that merged TADs may have been formed
as a result of increased inter-TAD interactions in pro-B cells. Accordingly, the normalized contact
frequency of inter-TAD regions of minor TADs in pre-pro-B cells is significantly lower as
compared to the counter regions of merged TADs in pro-B cells (Figure 3.3.1B). These
observations are in line with increased median TAD size (920kb) of pro-B cells, as compared to
the size of pre-pro-B cells (800kb). Correspondingly, we observed a significant increase in the
number (pre-pro-B cells: 30,150, pro-B cells: 46,263) as well as in the median distance (pre-pro-
B cells: 298kb, pro-B cells: 330kb) between promoter-cis-regulatory interactions in pro-B cells.
This raises the possibility that inter-TAD promoter-cis-regulatory interactions may contribute for
re-organization of TADs. To test this, we have mapped promoter-cis-regulatory interactions of
merged TADs in pro-B cells and compared to their counter TADs in pre-pro-B cells. We found a
significant increase in inter-TAD promoter-cis-regulatory interactions (2,600) in pro-B cells as
compared to those (1,570) in pre-pro-B cells (Figure 3.3.2). Taken together, these analyses
provide insight into the dynamic re-organization of TADs which is closely associated with changes
in the cis-regulatory interaction landscape during developmental transition from pre-pro-B to pro-

B cell stage.
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To rigorously demonstrate the dynamic organization of TADs observed between pre-pro-
B and pro-B cells, we employed two distinct strategies. First, we used Directionality Index (DI),
which quantitatively measures the ‘interaction bias’ of'a given genomic region (Dixon et al., 2012),
as a parameter to detect the structural variations of TADs between the two cell types. Comparative
DI analyses revealed that stable TADs display significantly higher correlation as compared to the
dynamic TADs (merged and unique) (Figure 3.3.3A). These observations suggest that, unlike
stable TADs, dynamic TADs display dramatic structural alterations. Second, we built 3D models
of merged and stable TADs to determine the changes in position order of chromatin using
AutoChrom3D (Peng et al., 2013). Compared to conventional 3D modeling methods (Barbieri et
al., 2012; Duan et al., 2010; Hu et al., 2013; Kalhor et al., 2012), AutoChrom3D employs a novel
sequencing-bias-relaxed parameter to derive 3D chromatin models. Next, we compared the spatial
distance between start and end regions of merged TADs in pro-B cells with their counter regions
in pre-pro-B cells. We reason that, in pro-B cells, the ends of a merged TAD should be in close
spatial proximity compared to their counter regions in pre-pro-B cells. Consistent with this
supposition, we found that the spatial distance was significantly lower in pro-B cells as compared
to pre-pro-B cells (Figure 3.3.3B, left panel; Figure 3.3.4A-D). In contrast, no significant
difference in the spatial distance was observed for stable TADs (Figure 3.3.3B, right panel;
Figure 3.3.4E). Collectively, these analyses demonstrate that 3D models reflect the changes in 2D
interaction maps. To validate these results, we performed 3C-qPCR (Chromosome Conformation
Capture) for a merged TAD (Chr12:69720000-71160000) found in pro-B cells formed as a result
of coalescence of three minor TADs in pre-pro-B cells. The spatial distance between start and end
of this TAD is found to be lower in pro-B cells (2.41A) compared to pre-pro-B cells (8.00A) as
shown by AutoChrom3D. Correspondingly, our 3C experiment using primers close to start
(+1,615 bp) and end regions (-7,004 bp) of merged TAD revealed higher cross-linking frequency
in pro-B cells than pre-pro-B cells (Figure 3.3.5) (Supplementary Table S5). These results
support our hypothesis that TADs undergo dynamic structural alterations as a result of changes in

chromatin interaction patterns that may be important for transcription regulation.

To investigate if our findings could be extrapolated to other cell types, we compared the
structural organization of TADs in mESC and cortex cells using publicly available data (Dixon et

al., 2012). Similar to what we have observed with our cell types, the total number of TADs (mESC-
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2085, cortex-1519) as well as their median size (mESC-880 kb, cortex-1.3 Mb) differed between
mESC and cortex cells. Moreover, the comparative analysis of DI and relative contact probabilities
suggests that TADs undergo structural reorganization between mESC and cortex (Figure 3.3.6A
and B). In concordance with our data for pro-B cells, we noticed that cortex cells have more
number of merged TADs (269) than the mESCs (95). In comparison with the pluripotent cells
(pre-pro-B and mESC), the observed increase in number of merged TADs and the associated
increase in the average size of TADs in differentiated cells (pro-B and cortex) can be attributed to
their compact chromatin organization (Gorkin et al., 2014; Meshorer et al., 2006). These findings
are further supported by an increase in long-range interactions in pro-B cells compared to those in
pre-pro-B cells. Consistently, a recent study suggests that the increase in TAD size as well as long-
range interactions in sperm cells may be due to the dense packaging of its genome (Battulin et al.,
2015). Collectively, these findings demonstrate that the differences in the TAD organization
between various cell types are dependent on the differences in their long-range interactions and

chromatin compaction.
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Figure 3.3.1. TADs undergo structural reorganization during early B cell development. (A) 2D
interaction map of unique TAD (Chr3:75.2-76 Mb), present in pre-pro-B cells but not in pro-B cells, as
defined by domain caller. Unique TAD is highlighted by the dotted line. (B) Comparative analysis of
normalized contact frequencies between inter-TAD regions of minor TADs in pre-pro-B cells and their
counter regions of merged TADs in pro-B cells (***P<0.001).
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Figure 3.3.2. Structural reorganization of TADs is closely associated with changes in Promoter-cis-regulatory
interactions. Comparative analysis of promoter-cis-regulatory interactions between merged TAD (pro-B cells) and its
counter TADs (pre-pro-B cells) spanning the genomic region (112.20-115.64 Mb) of chromosome 5. TADs are
demarcated by domain calling approach and highlighted by dotted lines. TADs are mapped with active epigenetic marks,
H3K4me3 (enriched at promoter regions), H3K4mel and H3K4me2 (enriched at enhancers) as determined by ChIP-
Seq in both pre-pro-B and pro-B cells. Promoter-cis-regulatory interactions are represented by blue arcs.

51



Stable TADs
600 JPearsonr =063
) . =040
]
o
@ 300
=
[=8
1=
a o
=
L)
8
< -300
B
[=}
6001, : e
-400 -200 0 200 400
DI of stable TADs in pre-pro-B cells
Unique TADs in pre-pro-B cells
. 600 JPearsonr = 0.34
] =012
o
m
& 400
a
=
(2]
c
o
(=)
1]
g
c
“ -200 :,
o .
300 -200 -100 0 100 200 300
DI of unique TADs in pre-pro-B cells
*x
149 — m Merged TADs in pro-B cells
E B Counter regions in pre-pro-B
127 ! ! cells
—_ I 1
<104 | !
() I 1
o |
5 81
2
o
o 64
(3]
o
I 1
] 1
ey i
e e .

Figure 3.3.3. Comparative analysis of structural organization of TADs between pre-pro-B and pro-B
cells. (A) Pearson’s Correlation Coefficient for directionality index (DI) calculated for stable as well as
dynamic TADs (merged and unique) between pre-pro-B and pro-B cells. (B) Genome-wide comparative
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both pre-pro-B and pro-B cells (n.s. = not significant) (right panel).
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Figure 3.3.4. 3D models reflect the changes in 2D interaction maps. Comparative analysis of 2D interaction maps and 3D
models of merged TADs between pre-pro-B and pro-B cells (Chr5: 112.20-115.64 Mb (Fig. A), Chr9:62.8-64.12 Mb (Fig. B),
Chr11:111.52-115.04 Mb (Fig. C), and Chr15:32.8-34.48 Mb (Fig. D)). 3D models are generated by AutoChrom3D and each
minor TAD in pre-pro-B cell is marked with distinct color and same color code is given for corresponding genomic regions of
merged TAD in pro-B cells. The start and end regions of merged TAD in pro-B cells and its counter regions in pre-pro-B cells
are highlighted by green and red, respectively in the back bone 3D structure and the spatial distance between these regions is
shown in yellow color. TADs are demarcated by domain calling approach and highlighted by dotted lines. 3D models are
generated at 8 kb (Chr5 and 15) or 16 kb (Chr 5 and 11) resolution. (E) Comparative analysis of 2D interaction maps and 3D
models of a stable TAD (Chr2:73.56-74.68 Mb) between pre-pro-B and pro-B. 3D models are generated by AutoChrom3D.
The start and end regions of TADs are highlighted by green and red respectively in the back bone 3D structure and the spatial
distance between these regions is shown in yellow color. TADs are demarcated by domain calling approach and highlighted
by dotted lines. 3D models are generated at 8 kb resolution.
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Figure 3.3.5. Validation of TADs reorganization by 3C analysis. Comparative analysis of 3D spatial distances and
promoter-cis-regulatory interactions between merged TAD (pro-B cells) and its counter TADs (pre-pro-B cells) spanning the
genomic region (69.72-71.16 Mb) of chromosome 12. 3D models generated by AutoChrom3D are colored distinctly based on
minor TADs in pre-pro-B cells and the same color code is given for corresponding genomic regions of merged TAD in pro-B
cells. The start and end regions of merged TAD in pro-B cells and its counter regions in pre-pro-B cells are highlighted by
green and red respectively in the back bone 3D structure and the spatial distance between these regions is shown in yellow
color. 3D models are generated at 8 kb resolution (upper panel). TADs are demarcated by domain calling approach and
highlighted by dotted lines. TADs are mapped with active epigenetic marks (H3K4me3 specific for promoters where as
H3K4mel and H3K4me2 specific for enhancers) as determined by ChIP-Seq in both pre-pro-B and pro-B cells. Promoter-cis-
regulatory interactions are represented by horizontal lines (middle panel). 3C analysis of interaction frequency between ends
of merged TAD (Chr12: 69.72-71.16 Mb) in pro-B cells and its counter regions in pre-pro-B cells. HindIII restriction sites are
shown above the 3C plots. The location of primers used for measuring cross-linking frequency is indicated by red arrows
(lower panel).
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Figure 3.3.6. Comparative analysis of normalized contact frequency and DI between mESC and cortex cells. (A) Box
plot representing normalized contact frequency of inter-TAD regions of minor TADs in mESC and their counter regions of
merged TADs in cortex (¥***P<0.001). (B) Correlation coefficient analysis of directionality index (DI) for stable as well as
dynamic TADs (merged and unique) between mESC and cortex.
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3.4 TADs constitute structural frameworks for coordinated gene expression

Next, we sought to determine the relationship between the structural organization of TADs
and the differential gene expression pattern in pre-pro-B and pro-B cells. For this, we integrated
TAD regions with PC1 values at 100 kb resolution to assess their chromatin state. Interestingly,
we found that majority of the TADs are either transcriptionally permissive or repressive. However,
a small percentage of TADs are comprised of both permissive and repressive chromatin regions
and are referred as uncharacterized (Figure 3.4.1A). As expected, genes present in permissive
TADs, displayed higher nascent transcript levels compared to those in repressive TADs (Figure
3.4.1B). These observations suggest the possibility that TADs serve as structural frameworks for
coordinated regulation of genes. To rigorously demonstrate this, we calculated Pearson’s
correlation coefficient (PCC) for all possible gene pairs, using publicly available genome-wide
expression data sets for pre-pro-B and pro-B cell types (Heng et al., 2008). PCC for pre-pro-B
cells was calculated by comparing microarray measurements of hematopoietic stem cells (HSCs)
and CLPs as they mimic pre-pro-B cells. Likewise, for pro-B cells, PCC was calculated using
microarray measurements of CLPs and pro-B cells (pro-B.FrBC.BM). These analyses revealed
that in both pre-pro-B and pro-B cells, genes within a given TAD exhibit significantly higher
correlation values (P<0.001) in relation to the genes that are present in other TADs, indicating that
TADs represent co-regulated sub-units of the genome (Figure 3.4.1C and D). We note that such
coordinated regulation of genes within the TADs facilitate activation/repression of gene clusters
in a cell type-specific manner. For instance, the HOXA gene cluster (Chromosome 6), which is
localized in a single stable TAD is transcriptionally active in pre-pro-B cells, whereas the same
cluster is found to be transcriptionally inactive in pro-B cells; suggesting that TADs not only serve
as fundamental sub-units for coordinate regulation of genes, but they also provide a framework to

sustain lineage-specific gene expression pattern.
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Figure 3.4.1. TADs represent chromatin subunits of coordinate gene expression. (A) Boxplots
representing transcript levels of genes present in repressive and permissive TADs for both pre-pro-B and
pro-B cells. The chromatin state of the TADs is defined by PC1 values. The transcript levels as measured
by RNA-Seq were significantly higher (***P<0.001) in permissive TADs as compared to repressive TADs
in pre-pro-B and pro-B cell types. (B) Histogram representing chromatin state of TADs as defined by
Principal Component Analysis (PCA). (C) Comparative analysis of Pearson’s correlation coefficient (PCC)
for gene-pairs present in the same TAD against gene-pairs present in other TADs ("P<0.05, *"P<0.001) in
pre-pro-B and pro-B cells. PCC is calculated by considering microarray measurements of hematopoietic
stem cells (HSCs), common Lymphoid Progenitors (CLPs) and pro-B cells (pro-B.FrBC.BM). (D)
Representation of Pearson’s correlation coefficient for gene-pairs present in two different TADs spanning
genomic region (53.96-55.92 Mb) of chromosome 17 and (57.88-61.56 Mb) of chromosome 18 for pre-pro-
B and pro-B cells respectively. Blue represents positive correlation whereas red represents negative
correlation. Each dotted box represents an individual TAD.
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3.5 The cis-regulatory interaction landscape undergoes rewiring during B cell fate
commitment

Although, it is well established that promoter-cis-regulatory interaction landscape
determines a lineage-specific gene expression pattern (Carter et al., 2002; Hatzis et al., 2002),
much less is known about the genome-wide composition of these interactions during B cell
development. From in situ Hi-C analyses, we identified a total of 31,190 and 47,711 potential
promoter-tethered interactions in pre-pro-B and pro-B cells, respectively. As expected, genes
whose promoters are involved in cis-regulatory interactions showed significantly higher
expression levels than the genes that are not involved in any such interactions (Figure 3.5.1A).
The majority of the promoter-cis-regulatory interactions (83.5% in pre-pro-B cells and 79% in pro-
B cells) are within the range of 1Mb with a median value of 298 kb and 330 kb in pre-pro-B and
pro-B cells, respectively (Figure 3.5.1B). We have classified these promoter-tethered interactions
into three basic groups: intergenic (promoter-promoter), extragenic (promoter-enhancer) and
intragenic (promoter-gene body). We observed 8,410 and 10,556 intergenic interactions in pre-
pro-B and pro-B cells, respectively. Similarly, we have captured 1,040 and 1,448 intragenic
interactions in pre-pro-B cells and pro-B cells, respectively. Strikingly, we observed a significant
increase in promoter-enhancer interactions in pro-B cells compared pre-pro-B cells. We found a
total number of 21,740 promoter-enhancer (extragenic) interactions involving 8,096 promoters and
10,637 enhancers in pre-pro-B cells, wherein each promoter on average interacts with 2.68
enhancers. In the case of pro-B cells, 35,707 promoter-enhancer (extragenic) interactions involve
about 9,424 promoters and 14,904 enhancers, wherein each promoter on average interacts with
3.79 enhancers. Among 9,424 promoters captured in pro-B cells, 6,331 (67.2%) promoters were
also captured in pre-pro-B cells. Interestingly, 5,101 (80.5%) of common promoters were found to
interact with cell type-specific enhancers and only 1,230 (19.5%) promoters share common
enhancers (Figure 3.5.1C and D). These results reveal that during B-lineage specification, the
promoter-enhancer interaction landscape undergoes extensive rewiring. We also note that in pre-
pro-B cells, nearly 13.3% of enhancers interact with more than three promoters. Likewise, in pro-
B cells, almost 19% of enhancers were found to interact with more than three promoters (Figure
3.5.1E and F). These observations support the assertion that multiple genes interacting with the

same enhancer may be co-expressed (Chepelev et al., 2012).
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Furthermore, our data revealed that in pre-pro-B cells, nearly 25.4% of promoters interact
with only one enhancer, while remaining promoters interact with two or more enhancers. Likewise,
in pro-B cells, the majority of the promoters (81.1%) were found to interact with two or more
enhancers (Figure 3.5.1G and H). To test whether transcriptional activity of a promoter depends
on the number of its cis-regulatory interactions, we assessed the transcript levels of the
corresponding genes. Interestingly, these studies depicted a positive correlation between gene
expression and a number of cis-regulatory interactions in both cell types (Figure 3.5.2A). Next,
we sought to determine if loss or gain of these interactions induce differential gene expression
patterns. For this, we compared the cis-regulatory interaction landscape of genes that show + 10
fold differential expression between pre-pro-B and pro-B cells. The analysis showed that the
expression pattern is closely associated with an increase in the number of cis-regulatory
interactions (Figure 3.5.2B). For instance, Cd24a, which is highly induced in pro-B cells, interacts
with 13 cis-regulatory elements, whereas, it is involved in only four such interactions at pre-pro-
B cell stage, where its expression is considerably low (Figure 3.5.2C). Correspondingly, the
genes: Flt3 and Ccl3, that are important for maintenance of MPPs and differentiation of T-cells,
respectively, are transcriptionally active at the pre-pro-B stage. These genes were found to be
involved in more number of cis-regulatory interactions (F/¢3:6, Ccl3:8) in pre-pro-B cells as
compared to pro-B cells (FIt3:1, Ccl3:0) (Figure 3.5.2D). The examples depicted here demonstrate
the prevalence of dynamic promoter-cis-regulatory interactions across B cell developmental
stages. To rigorously validate these findings, we carried out 3C (Chromosome Conformation
Capture) analysis of promoter-enhancer interactions of Cc/3 locus in pre-pro-B and pro-B cells
(materials and methods). We observed that the interaction frequency between the Ccl3 promoter
and with its upstream enhancer (located 64 kb away) was higher in pre-pro-B cells compared to
that in pro-B cells (Figure 3.5.3A). Correspondingly, the quantitative RT-PCR analysis revealed
thirty-fold higher Cc/3 transcript levels in pre-pro-B cells as compared to the levels in pro-B cells
(Figure 3.5.3B). These analyses confirm that reinforcement of lineage-specific gene expression is
contingent upon specificity and frequency of interactions between promoters and their cis-

regulatory elements.
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Figure 3.5.1. Cis-regulatory interaction landscape undergoes considerable changes during lineage specification. (A) Box
plots showing the expression levels (FPKM) of genes whose promoters are associated with (blue) and without (red) cis-
regulatory interactions (***P<0.001). Transcript levels of genes are measured by RNA-Seq. (B) Violin plots showing genome-
wide distribution of promoter-cis-regulatory interactions (promoter-promoter and promoter-enhancer) in pre-pro-B and pro-B
cells. Majority of the promoter-cis-regulatory interactions (83.5% in pre-pro-B cells and 79% in pro-B cells) are within the
range of 1Mb. Promoter-cis-regulatory interactions are identified by integrating in situ Hi-C interactome with ChIP-Seq data
of various epigenetic marks (H3K4me3, H3K4mel, H3K4me2 and H3K9/14ac). (C) Venn diagram representing number of
promoters captured in pre-pro-B cells (left), pro-B cells (right) or in both cell types (middle). The pie chart below represents
the number of promoters tethered to same (orange) or different enhancers (blue). /n situ Hi-C interactome is integrated with
ChIP-Seq data of various epigenetic marks to identify promoter (H3K4me3) and enhancer (H3K4mel, H3K4me2) elements.
(D) Conservation of promoter-enhancer interactions between pre-pro-B and pro-B cells. Bar graph representing the percentage
of promoters that share 0%, 20%, 40% etc., of their interactions with enhancer elements, in pro-B cells as compared to pre-
pro-B cells. (E) Histogram representing the percentage of enhancers interacting with the number of promoter elements (1 to
>3) that are determined by in situ Hi-C in pre-pro-B and pro-B cells. (F) Representation of enhancer elements of Notchl and
Cadm4 that are interacting with multiple promoters in pre-pro-B (top) and pro-B cells (bottom) respectively. /n situ Hi-C
interactome is integrated with ChIP-Seq data of epigenetic marks to identify promoter (H3K4me3) and enhancer (H3K4mel,
H3K4me?2) elements. Promoter-enhancer interactions are represented by blue arcs. (G) Histogram representing the percentage
of promoters interacting with the number of enhancer elements (1 to >3) that are determined by in situ Hi-C in pre-pro-B and
pro-B cells. (H) Representation of promoter elements of Cd/01 and Vav?2 that are interacting with multiple enhancers in pre-
pro-B (top) and pro-B cells (bottom) respectively. /n situ Hi-C interactome is integrated with ChIP-Seq data of epigenetic
marks to identify promoter (H3K4me3) and enhancer (H3K4mel, H3K4me2) elements. Promoter-enhancer interactions are
represented by blue arcs.
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Figure 3.5.2. Cis-regulatory interaction landscape determines differential gene expression pattern. (A) Box plots
showing the relation between the number of cis-regulatory elements that are interacting with promoters and their
expression levels, in pre-pro-B and pro-B cells. Transcript levels of genes are measured by RNA-Seq. (B) Boxplots
representing comparative analysis of promoter-cis-regulatory interactions for a set of genes with > 10 fold differential
expression in pre-pro-B cells (right panel) and in pro-B cells (left panel) (**P<0.001). (C, D) Circos plots showing
promoter-cis-regulatory interactome of Cd24a gene (Chr11:43.3-44.1 Mb) and FIt3 gene (Chr5:14.68-14.89 Mb) in
pre-pro-B (left panel) and pro-B cells (right panel). Black arcs inside circos plot represent promoter-cis-regulatory
interactions.
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Figure 3.5.3. Validation of promoter-enhancer interactions by 3C analysis. (A) Cc/3 locus, overlaid with various
epigenetic marks, H3K4me3 (enriched at promoter regions), H3K4mel and H3K4me?2 (enriched at enhancers) as
determined by ChIP-Seq in both pre-pro-B and pro-B cells (upper panel). 3C-qPCR analysis of interaction frequency
between promoter region of Cc/3 and its distant putative enhancer located 64 kb upstream of promoter in both pre-pro-
B and pro-B cells (lower panel). Data are representative of two independent biological experiments (Error bars, S.E.).
(B) Relative transcript levels of Ccl3 as measured by quantitative RT-PCR in pre-pro-B cells and pro-B cells. Hprt was
used as endogenous control and values are normalized against pro-B cells as reference control. Data are representative
of two independent biological experiments (Error bars, S.E.).
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3.6 Ebf1 coordinates B cell specific cis-regulatory interaction landscape

A major goal of this study was to understand the molecular relationship between chromatin
architecture and differential transcriptional cascade. It has been shown that Ebf1 is essential for
induction of early B lineage gene expression program and targeted inactivation of Ebf1 results in
a complete block prior to B cell commitment (Lin et al., 1995; Pongubala et al., 2008). This raises
a possible role for Ebfl in chromatin relocalization and establishment of B lineage-specific cis-
regulatory interaction landscape. To test this, we scanned for highly specific and significant Ebfl
binding sites in cis-regulatory regions of genes that switched to A or B compartments in pro-B
cells, using publicly available databases (Jasper, Homer, and Uniprobe). From these analyses, we
observed that Ebfl and/or Pax5 bind to cis-regulatory sequences of differentially switched genes
(65.3%). Although a subset of genes undergoes differential compartmentalization, this may not
solely account for the induction of B lineage expression program. We propose that activation of B
lineage-specific genes may be regulated at multiple levels including binding of lineage-specific
transcription factors (E2A, Ebfl, Foxol and Pax5) to their target promoter-cis-regulatory
interacting elements. To examine this, we integrated promoter-cis-regulatory interactions that are
captured in pro-B cells with binding events of these factors. Importantly, we found that in pro-B
cells, Ebfl binds either alone or in combination with Pax5 to 5,390 (57.2%) promoters and 7,629
(51.2%) cis-regulatory elements that are involved in long-range interactions as defined by in situ
Hi-C (Figure 3.6.1A). Consistent with these observations, binding of Ebf1/Pax5 at cis-regulatory
elements of their target genes is positively correlated with increased expression levels (Figure

3.6.1B and C).

To rigorously demonstrate the induction of B lineage genes in response to Ebfl and/or
Pax5, we carried out genome-wide expression analysis following restoration of Ebfl or Pax5 in
Ebf1-/- progenitor cells (materials and methods). As expected, Ebfl and/or Pax5 induced a
spectrum of genes associated with B cell identity, including those that are involved in pre-B and
B cell receptor signaling, antigen presentation, DNA recombination, and repair. Conversely, Ebfl
and/or Pax5 repressed a subset of genes that are involved in the development and function of
natural killer (NK), dendritic, and T cells (Figure 3.6.1D and E). Integration of in situ Hi-C
interactome (promoter-cis-regulatory interactions) with microarray data sets revealed that the

genes that are upregulated (>2 fold) in response to Ebfl (124, 39.7%) or Pax5 (231, 44%) or both
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(37, 72.5%) are involved in long-range interactions (Figure 3.6.1F). We note that activation of
these genes could be due to direct binding of Ebfl and/or Pax5 to their respective promoter or
distant regulatory elements that are brought in close proximity by looping-out of intervening DNA
sequences. To determine this, we scanned the promoter and their corresponding cis-regulatory
elements that are upregulated in response to Ebfl (161) and/or Pax5 (268) for their binding. De
novo motif analyses revealed that Ebfl binds to either promoter regions (17.6%) or distant cis-
regulatory elements (45.3%) or both (36.9%). Similarly, Pax5 binds either at promoter regions
(19.2%) or distant cis-regulatory elements (54.1%) or both (26%) (Figure 3.6.1G). We note that
both Ebfl and Pax5 co-bind to a number of key B lineage genes such as Cd19, Cd24a, Socs3 and
Dix1. Taken together, in situ Hi-C analyses in combination with genome-wide expression analysis
and DNA occupancy studies, we demonstrate that activation of B lineage-specific genes is
associated with changes in long-range interactions and many of these genes are potentially

regulated by lineage-specific transcription factors, Ebfl and Pax5.
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Figure 3.6.1. Ebf1 regulates B lineage specific gene expression pattern in part by binding at cis-regulatory interacting
elements. (A) Venn diagram representing the motifs of the transcription factors (Ebfl and Pax5) binding at the promoters and
respective cis-regulatory elements. (B) Boxplot representing genome-wide comparative analysis of transcript levels of genes
with or without Ebfl/Pax5 binding sites in the promoter-cis-regulatory interacting elements (*""P<0.001). (C) Heat maps
showing correlation between transcript levels of genes and Ebfl and/or Pax5 binding events in the promoter-cis-regulatory
interacting elements. (D) Heat maps showing the genome-wide expression patterns of B-lineage-specific genes (fold change>2;
P value <0.05) obtained by microarray analysis of pre-pro-B cells (EbfI-/- progenitors) transduced with Ebfl or Pax5. (E)
Venn diagram indicating the number of genes that are regulated by Ebfl and/or Pax5. Up headed arrow represents activated,
down headed arrow represents repressed genes. (F) Venn diagram representing the percentage of upregulated targets of Ebfl
and/or Pax5 that are involved in cis-regulatory interactions in pro-B cells. (G) Venn diagram representing the percentage of
Ebfl or Pax5 target genes containing Ebfl and/or Pax5 binding sites within the cis-regulatory sequences that are involved in
long-range interactions.
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Precise and coordinated control of gene expression is important for the cell fate determination of
multipotent progenitors (Bickmore et al., 2013; Gibcus et al., 2013; Gorkin et al., 2014; Misteli,
2007). Recent studies indicate that structural organization of the genome in 3D nuclear space is
closely associated with modulation of transcriptional activity and establishment of cell type-
specific gene expression program, indicating a potential relationship between nuclear architecture
and mechanistic control of transcription. 3C-based studies indicate that genome is organized in a
hierarchical manner: folding of chromatin loops, TADs, and large-scale compartments (Dixon et
al., 2015; Dixon et al., 2012; Gibcus et al., 2013; Lieberman-Aiden et al., 2009; Lin et al., 2012).
However, the comprehensive understanding of how multilayer organization of chromatin regulates
cell-type-specific transcriptional activity remains unclear. Specifically, the following questions
arise: Does chromatin relocalization precedes lineage commitment? Do chromatin domains
undergo structural reorganization? What are the roles of lineage determinants during chromatin
reorganization? We have attempted to address these questions by integrating genome-wide
chromatin interaction data with epigenetic landscape and transcription profiling of cells that
represent two distinct stages (pre-pro-B and pro-B) of B cell development. In line with previous
reports, our in situ Hi-C analyses revealed that chromatin is non-randomly organized into A and
B compartments (Gibcus et al., 2013; Lieberman-Aiden et al., 2009). We identified that a distinct
set of genes switch between A and B compartments during the developmental transition from pre-
pro-B to pro-B cell stage. For instance, genes that are important for B cell development including
Satb2, Teadl, Pou2afl and Tir4 switch from the B to A compartment during the pre-pro-B to pro-
B transition. Likewise, genes such as Gata3, Klf4, Satbl and Zbtb16 that are important for
disparate lineage differentiation programs localize to B compartment in pro-B cells, where they
are silenced. In contrast, the majority of the downstream targets of these master regulators were
found to be in A compartments in both cell types. These studies suggest that sequestering master
regulators of alternate lineages into B compartments may ensure lineage specification. These
observations are further supported by a previous study (Hewitt et al., 2004) wherein Th2-specific
regulator, GATA3, was found to be localized in the nuclear periphery in a transcriptionally inactive
state in Thl cells. However, the downstream targets of GATA3 (IL-2, IL-3, and IL-4) were
retained in the permissive compartment in both Thl and Th2 cells. Thus selective relocalization
of lineage determinants appears to play an important role during developmental transition from a

progenitor to lineage-committed state. However, the mechanistic details of how the genomic loci
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switch between A/B compartments is unclear. We propose that binding of transcription factors
along with chromatin activation complexes enable the genomic loci to relocate from B to A
compartment, whereas binding of polycomb group (PcG) proteins enable the loci to relocate from

A to B compartments.

Our findings show that, although, a substantial number of TADs are stable between pre-
pro-B and pro-B cells, chromatin interaction patterns particularly promoter-cis regulatory
interactions within these TADs remodel to facilitate cell type-specific gene expression pattern.
Strikingly, in addition to the stable TADs, we found a number of TADs that are dynamic and
display structural alterations during B cell developmental transition. Specifically, we uncovered a
set of unique TADs that are exclusively present either in pre-pro-B or pro-B cells, which contain
genes that are selectively expressed at these stages. Additionally, we found a distinct set of merged
TADs in pro-B cells, which were generated by coalesce of contiguous TADs present in pre-pro-B
cells. This may account for the presence of fewer TADs with an increase in average TAD size and
the corresponding gain of promoter-cis-regulatory interactions in pro-B cells as compared to pre-
pro-B cells. We propose that the merging of TADs is due to an increase of inter-TAD interactions
that are associated with epigenetic modifications and regulation of lineage-specific transcription
factors. However, the precise molecular mechanisms that regulate the merging of TADs remains
to be elucidated. A recent study (L1 et al., 2015), in drosophila cells demonstrates a dramatic
increase in inter-TAD promoter-cis-regulatory interactions upon heat shock treatment, which was
shown to be associated with a corresponding redistribution of architectural proteins from borders
to inside of TADs. Moreover, we show that genes that are present in a given TAD exhibit higher
correlation of expression compared to genes present in other TADs, supporting the notion that
TADs provide a structural framework for coordinated gene regulation (Nora et al., 2012). Thus the
studies presented here, provide new insights into the structural organization of TADs and their

propensity to undergo alterations during developmental progression.

In this study, we provide a comprehensive map of long-range interactions between
promoters and their corresponding cis-regulatory elements in pre-pro-B and pro-B cells. We found
a significant expansion in promoter-cis-regulatory interaction landscape during the developmental

transition from pre-pro-B to pro-B stage is evidenced by not only an increase in a total number of
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promoter-enhancer interactions, but also by the average increase in the ratio of promoters to
enhancers. Additionally, we show that the transcript levels are positively correlated with the
number of cis-regulatory interactions in both cell types, indicating that enhancer usage dictates
transcriptional output. These studies corroborate the observations that modulation of gene activity
is regulated by the enhancer landscape (Kieffer-Kwon et al., 2013; Thurman et al., 2012).
Furthermore, our studies reveal that a significant number of promoter and enhancer elements that
are engaged in long-range interactions contain Ebf1 and/or Pax5 binding sites. Many of these cis-
regulatory elements are important for expression of developmentally regulated genes during B cell
fate commitment. Accordingly, Ebf1 targeted genes displayed high levels of gene expression in
pro-B cells. These results are further strengthened by the fact that, a subset of Ebf1 targeted genes,
activated upon complementation of EbfI-/- progenitors with Ebfl or Pax5 were found to be
involved in long-range interactions. Our analyses revealed novel molecular functions of Ebf1 and
its potential role in the establishment of cis-regulatory interactions and activation of B lineage-
specific genes. Nevertheless, the molecular mechanisms by which Ebf1 regulates these interactions
remains to be understood. Binding of Ebfl has been shown to recruit chromatin remodeling
complexes like SWI-SNF to the Cd79a promoter there by increasing local chromatin accessibility
for subsequent activation (Hagman et al., 2012). Similar mechanisms may also operate for the
establishment of long-range interactions, wherein binding of key lineage-determining transcription
factors like Ebfl to cell type-specific enhancers recruits a distinct combinatorial set of factors,
thereby positioning the enhancers in close proximity to their target promoters. This raises the
exciting possibility that Ebfl may mediate lineage-specific long-range interactions crucial for B
lineage gene expression program. Collectively, our studies demonstrate that dynamic alterations
of chromatin organization associated with changes in cis-regulatory interactions that are regulated
by lineage determinants impinge on the induction of lineage-specific gene expression. As our
understanding of the detailed molecular mechanisms that govern the dynamics of higher-order
chromatin organization continues to expand, the relationship between the 3D organization of the

genome and lineage-specific gene expression will be better understood.
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Summary and conclusions

Recent studies suggest that 3D organization of the genome is inextricably linked to the cell-type
specific gene expression pattern (Bickmore et al., 2013; Gibcus et al., 2013; Gorkin et al., 2014;
Misteli, 2007). The advent of chromosome conformation capture (3C) based techniques, have shed
new light on three-dimensional organization of chromatin, with increased resolution and
throughput (Dekker et al., 2002; Dostie et al., 2006; Dryden et al., 2014; Fullwood et al., 2009;
Hughes et al., 2014; Kalhor et al., 2011; Lieberman-Aiden et al., 2009; Ma et al., 2015; Nagano et
al., 2013; Rao et al., 2014; Simonis et al., 2006). These studies have demonstrated that within the
nucleus chromatin is organized as hierarchical structures, such as compartments, TADs and
chromatin loops (Dixon et al., 2015; Dixon et al., 2012; Gibcus et al., 2013; Lieberman-Aiden et
al., 2009; Lin et al., 2012). However, the multilayer organization of chromatin and its association
with lineage-specific gene expression pattern during B-cell fate commitment poorly understood.
By integrating genome-wide chromatin interactome, with epigenetic landscape and transcription
profiling, we have attempted to comprehensively analyze the fundamental relationship between
nuclear reorganization and transcriptional regulation that orchestrates B cell fate commitment
(Boya et al., 2017). To capture the genome-wide chromatin interactome, we have performed in
situ Hi-C using EbfI-/~- progenitors which represents pre-pro-B cells and Rag2-/- cells that
represent pro-B cells. Consistent with previous reports, principal component analysis analysis
(PCA) revealed that chromatin is organized into A (permissive) and B (repressive) compartments
(Lieberman-Aiden et al., 2009; Lin et al., 2012). A compartments are enriched with active
methylation marks (H3K4me3, H3K4mel and H3K9/14ac) and displayed higher transcriptional
activity as compared to B compartments. Comparative analysis of chromatin state during
differentiation of pre-pro-B cells into pro-B cells, revealed that although a major fraction (90.69%)
of genes remained in the same compartment in both cell types, a small percentage (9.31%) of genes
switch between A and B compartments. We found that the genes that relocate from B compartment
to A compartment during differentiation displayed higher transcript levels in pro-B cells as
compared to compared to pre-pro-B cells. This group comprised of genes that are essential for B
cell development such as Sath2, Teadl, Poulafl and Tir4. On the other hand genes that switch
from A compartment to B compartment displayed lower transcript levels in pro-B cells as
compared to pre-pro-B cells. Particularly, genes that are encoding for key alternate lineages
determinants such as Gata3, Zbth16, Klf4, Vav3 and Sox6 are found to be relocalized from A

compartment to B compartment. However, majority of the downstream targets of these master
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regulators were found to be localized in A compartments in both cell types. Thus we propose that
sequestering the genes encoding for master regulators of alternate lineages into B compartments
may ensure lineage specification during B cell fate commitment. Further, we found that majority
of the B lineage-specific genes (Ebf1, Pax5, Foxol, IRF4, IRF8, Cd79a, Cd79b and Cdl19) are
localized in A compartments in both cell types. Collectively, these studies indicate that chromatin
relocalization has contributory but not deterministic role in the regulation of gene expression

pattern.

At sub-megabase level, A and B compartments are organized as highly self-interacting
domains known as topologically associated domains (TADs). These chromatin domains were
found to be invariant across various cell types (Dixon et al., 2015; Dixon et al., 2012). Cross-
comparison of TADs between pre-pro-B and pro-B cells revealed that although a substantial
number of TADs (pre-pro-B cells:50.9%, pro-B cells:56.5%) were stable, a considerable number
of TADs undergo re-organization in terms of their genomic position and were categorized as
‘dynamic’. Interestingly, comparison of transcript levels of genes within these stable TADs
between pre-pro-B and pro-B cells revealed significant differences in their activities. Thus, we
propose that the differential gene expression observed within stable TADs can be attributed to the
changes in intrinsic chromatin interactions. Integration of promoter-cis-regulatory interactions
with stable TADs revealed that cis-regulatory interaction landscape undergoes rewiring within
these TADs to sustain lineage-specific gene expression pattern. Dynamic TADs are categorized as
unique and merged TADs. Unique TADs are defined as those that are present only in one cell type
but not in other cell types. In pro-B cells, merged TADs are generated as a result of coalescence
of two or more minor TADs in pre-pro-B cells. We propose that merged TADs are formed as result
of increased inter-TAD interactions in pro-B cells. As expected our analysis revealed that the
normalized interaction frequency of inter-TAD regions of minor TADs in pre-pro-B cells is
significantly lower as compared to their counter regions of merged TADs in pro-B cells. These
results are in line with the increased median TAD size (920 kb) in pro-B cells as compared to pre-
pro-B cells (800 kb). Comparative analysis of inter-TAD promoter-cis-regulatory interactions
between minor TADs of pre-pro-B cells and merged TADs in pro-B cells, revealed a significant
increase in the cis-regulatory interactome in pro-B cells as compared to pre-pro-B cells. These

results indicate that dynamic re-organization of TADs is closely associated with changes in cis-
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regulatory interaction landscape. To rigorously demonstrate the dynamic organization TADs, first,
we have performed directionaly index (DI) analysis and found that stable TADs display higher
correlation as compared to altered TADs (merged and unique). Second, by employing
AutoChrom3D, we have generated 3D models of merged and stable TADs. Then, we have
measured the spatial distance between start and end regions of merged TADs in pro-B cells and
compared to their counter regions in pre-pro-B cells. In line with our proposition, our analysis
revealed that spatial distance was significantly lower in pro-B cells, compared to pre-pro-B cells.
On the other hand, no significant difference in the spatial distance was observed for stable TADs.
Taken together, these results demonstrate that during B cell fate specification, TADs undergo
dynamic structural re-organization as result of changes in chromatin interaction patterns.
Furthermore, we have demonstrated that TADs serves as structural frameworks for coordinate

gene expression.

By integrating in situ Hi-C interactome with genome-wide epigenetic marks (H3K4me3,
H3K4mel and H3K4me?2), we have identified promoter-cis-regulatory interactions in both pre-
pro-B and pro-B cells. We have observed a significant increase in the promoter-enhancer
interaction landscape during differentiation of pre-pro-B cells to pro-B cells. Interestingly, we
found that in both pre-pro-B and pro-B cells, majority of the common promoters as well as unique
promoters interact with developmental stage-specific enhancers. These results reveal that during
B-lineage specification enhancer landscape undergoes extensive rewiring. Further, we show that
gene activity is positively correlated with the number of cis-regulatory interactions. We also show
that gain or loss of these interactions determine the differential gene expression pattern during B-
lineage specification. Although much is known about the molecular functions of Ebf1, during B-
cell fate commitment, its role in the regulation and establishment of promoter-cis-regulatory
interactions remains poorly understood. Our studies reveal that a significant number of promoter
and enhancer elements that are involved in long-range interactions contain Ebfl and/or Pax5
binding sites. Binding of Ebfl and/or Pax5 at cis-regulatory elements is positively correlated with
the expression levels of their cognate genes. These findings are further reinforced by the fact that,
a subset of genes that are activated by Ebf1 and/or Pax5 as measured by microarray analysis, were
found to be involved in long-range interactions. These observations demonstrate that activation of

Ebfl may facilitates the establishment of cis-regulatory interactions to promote the expression of
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B-lineage genes. Collectively, our studies demonstrate that during B cell fate commitment,
chromatin undergoes dynamic re-organization to induce of lineage-specific gene expression

pattern.

Conclusions:

» Sequestration of lineage inappropriate genes in repressive compartments ensures B cell
fate commitment.

» Although a majority of TADs are stable, a significant number of TADs undergo extensive
structural reorganization during developmental transition from the pre-pro-B to the pro-B
cell stage. These structural changes of TADs are closely associated with alterations in cis-
regulatory interactions.

» Promoter-cis-regulatory interaction landscape undergoes extensive re-wring during B
lineage-specification. The specificity and frequency of interactions between promoters and
their cis-regulatory elements dictate transcriptional output.

» Ebfl regulates differential gene expression pattern at least in part through establishment or

stabilization of long-range interactions between promoter and cis-regulatory elements.
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ABSTRACT

Genome organization in 3D nuclear-space is impor-
tant for regulation of gene expression. However, the
alterations of chromatin architecture that impinge on
the B cell-fate choice of multi-potent progenitors are
still unclear. By integrating in situ Hi-C analyses with
epigenetic landscapes and genome-wide expression
profiles, we tracked the changes in genome architec-
ture as the cells transit from a progenitor to a com-
mitted state. We identified the genomic loci that un-
dergo developmental switch between A and B com-
partments during B-cell fate determination. Further-
more, although, topologically associating domains
(TADs) are stable, a significant number of TADs dis-
play structural alterations that are associated with
changes in cis-regulatory interaction landscape. Fi-
nally, we demonstrate the potential roles for Ebf1 and
its downstream factor, Pax5, in chromatin reorgani-
zation and transcription regulation. Collectively, our
studies provide a general paradigm of the dynamic
relationship between chromatin reorganization and
lineage-specific gene expression pattern that dic-
tates cell-fate determination.

INTRODUCTION

It is increasingly evident that the assembly of higher-order
genome structures and their associated sub-nuclear com-
partments are intimately linked with transcriptional activ-
ity (1,2). Recent advances in high-throughput Chromosome
Conformation Capture (3C)-derived methods have enabled
quantitative measurement of physical interactions of chro-
matin in 3D nuclear space (2-6). These studies have demon-
strated that chromatin is organized into transcriptionally
permissive (A) and repressive (B) compartments indicat-
ing that chromatin positioning in 3D nuclear space may be

associated with gene activity. For instance, B cell specifi-
cation is associated with relocalization of Igh alleles from
the nuclear periphery (a repressive compartment) towards
center of the nucleus (an active compartment), where they
undergo long-range interactions and subsequent rearrange-
ments (7-9). These findings provide a functional link be-
tween sub-nuclear localization of the chromatin and gene
activity. Recent studies indicate that chromatin compart-
ments are further organized into varying sizes of dense
and highly self-interacting regions, known as Topologically
Associating Domains (TADs). These chromatin domains
have been found to be stable and conserved across vari-
ous cell types (10). In mammalian cells, insulator binding
protein, CTCEF, is found to be enriched in TAD bound-
aries (10). The deletion of boundary regions results in an
increase in inter-domain interactions indicating the struc-
tural and functional role of insulators in maintenance of
discrete, functional chromatin domains (11,12). Further it
was demonstrated that loss of CTCF results in dose de-
pendent insulation defects at most of the TAD bound-
aries (13). However, recent studies suggest that depletion
of cohesin-loading factor Nipbl, but not CTCF, results in
genome-wide disappearance of TADs, reinforcing the criti-
cal role of cohesin in the formation of TADs by loop extru-
sion mechanism (Schwarzer et al., 2016; Kubo et al., 2017,
Unpublished). Although TADs are invariant, the intrinsic
interactions within these TADs were found to be varying
(10,14). Moreover, several studies show that the cell type-
specific gene expression is regulated through interactions
between promoters and distantly located cis-regulatory el-
ements, particularly enhancers, by looping out of inter-
vening DNA sequences (15-18). These long-range inter-
actions were found to be associated with changes in his-
tone modifications and DNA methylation (19-21). Further-
more, the transcriptional output is controlled by a combi-
natorial binding of transcription factors at cis-regulatory el-
ements (22-25). Thus, a number of molecular mechanisms
contribute to the precise regulation of gene expression pat-
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