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Summary

The complexity of animal organisms is underlain a network of regulatory mech-

anisms that tightly control cellular, tissue and organ functions at different levels

and scales. From a cellular perspective, regulating the chromatin structure and

transcription factor distribution in the nucleus in general and at regulatory re-

gions in particular is an initial, essential step to ensure correct cell type identity.

In this thesis, I explore transcriptional regulation in animals from both a multi-

cellular and an evolutionary angle, taking a genomics approach. Three key results

shed light on this question: first, a detailed analysis of the evolution of CTCF

binding in vertebrates, which demonstrates the role of retrotransposons in shap-

ing the target landscape of this key genome regulator; second, studies on the

CTCF-independent role of the protein complex cohesin in tissue-specific tran-

scriptional regulation of human cell lines; third, in vivo approaches in the fruit

fly brain, which reveal extensive RNA polymerase II binding differences among

tissues, while the histone variant H2A.v is largely tissue-invariant.

In total, this thesis addresses several important aspects of transcriptional regu-

lation through evolutionary and inter-tissue comparisons of protein-DNA bind-

ing locations: (1) the evolution of CTCF binding in vertebrates, (2) a CTCF-

independent role for cohesin in gene regulation of human cell lines and (3) the

constitutive association of H2A.v with transcriptional competence in Drosophila

melanogaster.
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Chapter 1

Introduction

The high complexity of animal organisms is achieved by a multilayered network of regulatory

mechanisms that tightly control how cells, tissues and organs function. At the cellular level,

regulating chromatin structure and transcription factor (TF) distribution in the nucleus in

general and at regulatory regions in particular is a primary, essential step to ensure correct

cell type identity. Transcription initiation is determined by the interplay of several tightly

controlled processes: (1) the recruitment, assembly and structure of RNA polymerase II

(RNA pol II) and the initiating complex that actively transcribes DNA into RNA, (2) the

binding of TFs to proximal and distal regulatory regions, (3) the chromatin architecture of

loci relevant to transcription, at which nucleosome positioning, histone variants and modi-

fications, histone remodelling complexes, DNA methylation, chromatin structural proteins

and enhancer-promoter interactions come into play, and (4) the action of non-coding RNAs

(ncRNAs). All these factors result in highly specific regulatory landscapes, with distinct

characteristics for each cell type. Individual identities are then gradually fixed during differ-

entiation and organismal development.

In the present thesis, I have explored transcriptional regulation in animals from both

a multi-cellular and an evolutionary angle using a genomics approach. Technical advance-

ments, such as the availability of chromatin immunoprecipitation (ChIP) and next-generation

sequencing (NGS), make the genome-wide mapping of any DNA-associated protein or pro-

tein modification feasible, provided enough material and an IP-grade antibody is available.

I thus analysed the distribution and characteristics of a wide range of nuclear factors im-

portant in transcriptional regulation, ranging from RNA pol II, the histone variant H2A.Z

(H2Av in Drosophila melanogaster), several histone modifications, to the ubiquitous nu-
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1. Introduction

clear proteins CTCF and cohesin, as well as the tissue-specific TFs estrogen receptor (ER),

HNF4A and CEBPA. Genome-wide binding patterns were compared both across cell types

and evolutionary time to shed light on important aspects of transcriptional regulation.

Figure 1.1: Transcriptional regulation at the levels of chromatin and TF binding

The cartoon illustrates areas of transcriptional regulation that this thesis focuses on: CTCF
binding at insulator elements and chromatin barriers, cohesin binding at tissue-specific reg-
ulatory regions, localisation of the RNA pol II complex and incorporation of the histone
variant H2A.Z at TSSs. Regulatory regions, such as enhancers (yellow), promoters (orange)
and insulators (red) are displayed as batons.

This introductory section consists of three parts: (1.1) a general overview of the current

knowledge of transcriptional regulatory processes, (1.2) an introduction of the evolution of

transcriptional regulation and (1.3) a brief description of the current methods in regulatory

genomics, focusing on ChIP-seq analysis. The results section consists of three independent

chapters that include projects on the evolution of CTCF binding in vertebrate species, a

CTCF-independent role for cohesin in tissue-specific transcription in human cell lines and

tissue-specific studies on RNA pol II and H2Av distributions in Drosophila melanogaster.

The discussion section encompasses final remarks, conclusions and perspectives on each of

the projects, and also relates the three to one another and provides an outlook on future

research in transcriptional regulation.
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1. Introduction

1.1 Transcriptional Regulation: transcription initiation,

chromatin and TF binding

Transcription initiation is the first major determinant on the complex path from DNA to a

fully functional protein and is subsequently tightly regulated through multiple mechanisms.

A historical first milestone towards understanding gene regulation was the description of the

bacterial Lac operon (6). This model of gene activity introduced concepts such as transcrip-

tional activators and repressors.

Broadly, transcription initiation requires the assembly of the cell-type invariant tran-

scription initiation complex, as well as the recruitment of gene-specific TFs, which together

result in optimal transcription activity levels (reviewed in Fuda et al. (7)). The genomic loca-

tions important in transcription initiation (Figure 1.1) are (1) the core promoter, where the

pre-initiation complex assembles and general TFs bind; (2) the proximal promoter, bound

by tissue-specific TFs and (3) distal regulatory regions, known as enhancers or repressors,

depending on their influence of gene activity. Additional layers of complexity are added by

the accessibility of the RNA pol II complex and TFs to the DNA, which can be influenced

through nucleosome positioning and chromatin structure.

1.1.1 Transcription initiation, RNA pol II and promoter structure

The RNA polymerase II is a large protein complex that transcribes DNA into RNA, and

is responsible for the creation of almost all messenger RNAs as well as a large number of

non-coding, often regulatory RNAs, such as snoRNAs and miRNAs. Other specialised RNA

polymerases, such as RNA polymerase I and RNA polymerase III, are responsible for the

transcription of ribosomal RNAs (rRNAs), of transfer RNAs (tRNAs), as well as other small

RNA molecules (8) (reviewed in Paule et al. (9)). Accurate initiation of transcription mediated

by RNA pol II depends on three groups of factors: (1) RNA pol II itself, (2) five general TFs

(GTFs), known as TFIIB, -D, -E, -F and -H, and (3) coactivators, which are not required

for basal transcription (10) (Figure 1.2). The multi-protein initiating complex assembles at

core promoter regions, where the GTFs help bend the DNA, open the double helix, position

the transcription start site (TSS) into the RNA pol II active center and stabilise initial RNA

synthesis (reviewed in Kornberg et al. (11)).

A second multi-protein complex, known as the “mediator”, is needed for the interaction

3
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Figure 1.2: Assembly of the transcription initiation complex (1)

General TFs (TFIIB, -D, -E, -F and -H) assemble at proximal promoter elements such as the
TATA box and recruit the RNA pol II enzyme. Additional activators bind distal promoter
elements and adjust transcription levels. The mediator complex interacts with RNA pol II
and GTFs to mediate regulation through enhancer-binding proteins.

of the RNA pol II initiation complex with TFs located at distal regulatory regions (12–14).

The mediator protein complex has been shown to enhance basal transcription, promote the

transition from initiating to elongating polymerase and to be important for both positive

and negative regulation of transcription (14). Additional coactivators can interact directly

with RNA pol II and the GTFs, as well as modify histone residues, nucleosome structure

and location (reviewed in Chapter 1.1.3).

Information about the rate-limiting steps of transcription has generally been collected

from detailed studies of individual genes (reviewed in Saunders et al. (15)), as well as more

recently from genome-wide analyses that mapped the distribution of initiating and elon-

gating RNA pol II complexes in yeast (16), fruit fly (17;18) and humans (19). These and others

have shown that RNA pol II pauses and stalls at a large number of locations genome-wide

and often generates short abortive transcripts prior to stable elongation complexes (19–23).

Promoter-proximal pausing has been suggested to act as a way to rapidly activate transcrip-

tion, by creating a nucleosome-free, open chromatin state at highly inducible TSSs (17;18;24).

Several nuclear proteins have been implicated in influencing RNA pol II pausing/stalling and

suggested to act through creating a physical barrier to transcription. The involvement of TFs

in RNA pol II promoter release and active elongation has been documented in macrophages
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and embryonic stem (ES) cells (25–27). More specifically, the ubiquitous proteins CTCF and

Rad21 were shown to localise at RNA pol II stalling and/or pausing sites genome-wide (28–30)

as well as proximal to boundaries of regions rich in RNA pol II and the histone modification

H3K4Me3 (28) (reviewed in Chapter 1.1.3.3). CTCF and Rad21’s roles in transcription are

further reviewed in Chapters 1.1.2.2 and 1.1.2.3 and examined in detail in Chapters 2 and 3.

1.1.2 Transcription factor binding and regulatory regions

1.1.2.1 Proximal and distal regulatory regions

The formation of the RNA pol II complex and the processes associated with transcription

initiation occur identically at every transcribed gene in each cell type, while the binding of

TFs determines cell type specificity. TFs interact directly with the DNA sequence both at

proximal promoter regions and at distal regulatory sites, modulating the transcription levels

of the genes they act upon.

A characteristic feature of vertebrate promoters are CpG islands (CGI), short genomic

regions with approximately 10 times higher CpG frequencies (1CpG/10 bp) and higher GC

content (about 65% vs. 40%) than the genomic average (31–33). These regions usually escape

DNA methylation, a chemical modification of 5’-CG-3’ (CpG) dinucleotides, which consists

of the addition of a methyl group on the 5’-carbon position of the cytosine residue. Methy-

lated cytosines spontaneously mutate to thymine, an endogenous DNA base; unmethylated

cytosines deaminate to uracils, which are not present in the DNA and are removed efficiently

by repair mechanisms. Most CpGs outside CpG islands are methylated, leading to a high

number of C to T transitions and less CpGs than expected in vertebrate genomes.

CpG methylation is involved in various biological phenomena including gene and repeti-

tive element silencing, as well as the stabilisation of chromosome structure (reviewed in Bird

et al. (34)). In general, the methylation of a gene’s promoter is negatively correlated with its

expression, while methylation of a gene’s body indicates active transcription (34). CGI chro-

matin has characteristic features in terms of protein binding and histone modifications. It is

relatively nucleosome-depleted in vivo (35) and reluctant to nucleosome-assembly in vitro, be-

ing accessible to TFs without the need for ATP-dependent chromatin remodelling (reviewed

in Chapter 1.1.3.1). Vertebrate promoters can thus be distinguished based on their associ-

ation with CGIs. In general, CGIs mark broad promoters of strong nucleosome positioning

and low tissue specificity (20). These so-called high CpG-content promoters (HCPs) make up
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about 70% of human promoters (36;37) and have distinct DNA sequence motifs (38;39) when

compared to the low CpG ones (LCPs). They are typically associated with the histone mod-

ification H3K4Me3 (reviewed in Chapter 1.1.3.3) and with RNA pol II binding even in the

absence of detectable transcription (19;40), corresponding to default “ON” state. In contrast,

LCPs generally lack H3K4Me3 (41;42) and they are “OFF” by default. The subset of LCPs

that does carry this modification is highly expressed, so in this promoter class H3K4Me3

appears to mark gene activity rather than a competent state.

Figure 1.3: Distinct modes of transcriptional regulation at high and low CpG promoters in
vertebrates (2)

HCPs are “ON” by default and are typically marked by H3K4Me3 and RNA pol II presence
even in the absence of transcription (Active and Poised states). LCPs require binding of
TFs for activation and are marked by DNA methylation but no histone modifications in the
inactive state.

In fruit flies, promoters have been split into broad and peaked based on CAGE data,

and this distinction was suggested to be intrinsic to the DNA sequence rather than deter-

mined by the chromatin structure of promoters (43). Sharp promoters generally correspond

to genes regulated tightly in a spatial and temporal fashion, while broad promoters corre-

spond to genes performing maintenance functions in every cell. A recent, comprehensive
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study that integrated promoter types derived from CAGE data with histone modification

information and sequence patterns (44), classified both vertebrate and fruit fly promoters into

three categories: (1) narrow peak promoters of mostly developmental/tissue-specific genes,

with focused TSSs that initiate transcription at a single location, with no defined nucleosome

structure, up to two canonical core promoter motifs, such as the TATA-box, little incorpora-

tion of the histone variant H2A.Z (reviewed in Chapter 1.1.3.2) and higher association with

paused RNA pol II; (2) weak peak (WP) promoters of housekeeping genes, with dispersed,

widely distributed TSSs, defined nucleosome positioning, associated with distinct promoter

sequence elements in fruit flies and with CpG islands in vertebrates, as well as with increased

H2A.Z and CTCF presence and (3) broad with peak promoters, which show a preference for

a narrow location but with multiple TSSs, well positioned nucleosomes and increased H2A.Z

and CTCF presence. No major difference of expression among the three classes was detected

by RNA-seq data.

Activating distal regulatory elements, commonly known as enhancers, can range from

50 bp to over 1 kb in length and act independently of their orientation and distance to

the TSS. They are characterised by specific histone modifications, the presence of RNA

pol II and the interaction with sequence-specific DNA-binding proteins and co-activators

such as p300 (reviewed in Visel et al. (45)). More recently, active bidirectional transcription

of short ncRNAs, termed enhancer RNAs, was documented in mouse cortical neurons and

macrophages (46;47).

Other distal regulatory elements include DNA sequences that block enhancer-promoter

interactions, known as insulators (48), and genomic regions that prevent the spreading of het-

erochromatin, commonly referred to as boundary elements (reviewed in Maeda et al. (49)).

Several insulator-binding proteins have been characterised in Drosophila melanogaster, in-

cluding Suppressor of Hair-wing (Su(Hw)), Drosophila sp. CTCF (dCTCF), Boundary Ele-

ment Associated Factors (BEAF-32A and BEAF-32B), Zeste-white 5 (Zw5), GAGA factor

(GAF) (49;50), CP190 and Chromator (51). In vertebrates, the only known insulator protein is

CTCF (52). Research in fruit flies has suggested the existence of so-called “insulator bodies”,

locations where different insulators are grouped together (53).

Ranging from highly tissue-specific factors to ubiquitous ones, TFs are generally charac-

terised by (1) a DNA-binding domain that interacts specifically with regulatory elements,

(2) a trans-activating domain that interacts with other proteins to influence transcription

levels and (3) an optional signal sensing domain that responds to diverse internal or external

7



1. Introduction

stimuli; the latter two can also be located on separate proteins. Some basic TF DNA-binding

domains, such as the helix-turn-helix domain occur all across the Tree of Life and represent

ancient conserved features of the transcription regulatory mechanism (54). Another domain,

the bCys(2)His(2)-type (C2H2) zinc (Zn) finger, is highly widespread in eukaryotes, and

accounts for the majority of vertebrate TFs.

TFs regulate gene expression by forming complexes alongside other TFs, RNA pol II

itself, chromatin remodelling enzymes, histone modification complexes, mediator, RNA

molecules or the nuclear lamina (human TFs were analysed in depth in Vasqueriaz et al. (55)).

Based on their characteristic regulatory role, one can distinguish between constitutively ac-

tive and regulatory TFs (reviewed in Brivanlou et al. (56)). The former are present in the

cell nucleus of all cells at all times and do not change transcription rates directly; they

include Sp1, CCAAT-binding protein and NF1. Regulatory TFs, on the other hand, can

be further split into: (1) developmental/cell-type specific factors, including early embry-

onic factors such as bicoid, homeobox proteins, helix-loop-helix factors controlling muscle

differentiation, GATA and HNF4A, and (2) signal-dependent TFs, including the steroid re-

ceptors, which become activated by steroid entrance into the nucleus and bind the DNA

in the steroid-bound conformation. Generally, the number of TFs found within an organ-

ism is directly proportional to that organism’s genome size and complexity (57), such that in

mammals there are about 2,000-3,000 TFs (58).

The physical interaction between TFs and DNA occurs through a combination of elec-

trostatic and Van der Waals forces in a sequence-specific but not uniform manner. Not all

bases in a TF binding site (TFBS) directly contact the protein, and the strength of individ-

ual interactions varies. Thus, TFs bind a subset of closely related sequences with different

affinities. Computationally, this range of binding specificity has been summarised in the

form of consensus sequences, and position-weight matrices (PWMs) that can be graphically

represented as motif logos (59). The in silico detection of such short motifs is possible, but

fairly inaccurate, due to their low information content (IC), as well as the fact that only a

minority of putative TFBSs is occupied in a certain cell type at a given time point (reviewed

in VanLoo et al. (60), Fredman et al. (61) and Vingron et al. (62)). As TFBSs are fairly short,

a large number of matches can occur purely by chance in large vertebrate genomes. Fur-

thermore, other factors such as chromatin structure, DNA accessibility (reviewed in Chapter

1.1.3.4), availability of cofactors and nuclear TF concentration may prevent target sequences

from being permanently occupied in the cell nucleus.

8



1. Introduction

1.1.2.2 CTCF

A TF that has drawn much attention in the field is the Zn finger CCCTC-binding fac-

tor (CTCF), a protein involved in gene regulation, chromatin organisation, DNA looping,

enhancer-blocking, insulation, host-virus interaction, and various epigenetic phenomena such

as imprinting and X chromosome inactivation (reviewed in Phillips et al. (63)). Unsurprising

in the light of its multiple roles, CTCF has been implicated in various diseases, ranging from

cancer (64–68) to immune response (69) and neurological disorders (70). Since its simultaneous

discovery in 1990 as a repressor at the chicken C-myc gene (71) and at the lysozyme gene

family (72), our understanding of the function of CTCF has grown immensely. Nowadays, the

protein is regarded as an essential player in 3D genome organisation through establishment

of distinct chromatin regulatory domains (63).

Figure 1.4: CTCF structure and DNA-binding motif

(A) CTCF structure with variable C- and N-terminal domains and a central 11-zinc finger
DNA-binding domain (73). (B) Computationally derived CTCF DNA binding motif and
previous consensus in vertebrates (74). (C) Computationally derived CTCF DNA-binding
motif in Drosophila melanogaster (75).

The 11 Zn fingers in CTCF (Figure 1.4A) can bind DNA sequences in multiple con-

formations (Figure 1.4A), as shown using methylation-interference, Zn finger deletion and
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DNase I hypersensitivity assays (65;73;76–83). The protein’s interaction with DNA can bend the

double-helix in various ways, depending on the conformation and the complexes in which

regions outside the central Zn finger domains are engaged (84). CTCF has a 50-60 bp in vivo

footprint, which is interrupted by a DNase I hypersensitive site (DHS) (reviewed in Chap-

ter 1.3.2), recently confirmed by a genome-wide study combining DNase I digestion with

NGS (85). However, despite the large extent of the protected region, only four central Zn

fingers were found essential for the strong binding of a core 12 bp DNA sequence common to

most CTCF sites (reviewed in Ohlsson et al. (86)). The preferred target sequence for CTCF

was first described as CGCG(T/G)GGTGGCAG (87), and subsequent genome-wide studies

have determined a characteristic CTCF motif in vertebrates (20;74) and fruit flies (75) (Figure

1.4B and C).

CTCF has been shown to localise to methylation-free domains genome-wide (88) and to

be protective of DNA methylation and subsequent transcriptional repression at several loci,

including the IGF2/H19 ICR (89;90), the C-myc insulator (91), the Eppstein Barr Virus Q

promoter (92), and the Rb gene promoter (67). A recent genome-wide study in mouse ES cells

reported low DNA methylation at CTCF binding sites, as well as increasing methylation

in adjacent regions (93). By using a recombinase-based targeting approach, Stadler et al. (93)

showed that CTCF binding was necessary and sufficient to create methylation-free regions,

and that single nucleotide polymorphisms (SNPs) that cause differences in CTCF binding

also result in methylation differences.

CTCF also targets various types of repeat sequences, such as tandem repeats, long termi-

nal repeats (LTRs), short-autonomous interspersed elements (SINEs) and long-autonomous

interspersed elements (LINEs) (88;94;95) (reviewed in Chapter 1.1.4). CTCF binding to triplet-

repeats such as CTG, CAG or GAA has been connected to chromatin boundary function

at several loci (96;97). CTCF binds B2 SINE repeat elements (95), as well as B1 retrotrans-

posons (98) in rodents. The latter act as insulators in the presence of active RNA pol II and

RNA pol III transcription (98). In Drosophila, dCTCF is needed for correct rDNA transcrip-

tion. It binds to transposable element (TE) sequences and is essential for nucleolar stability,

as dCTCF reduction results in nucleolar fragmentation and reduced rDNA silencing (99).

CTCF’s importance in gene regulation, be it directly through enhancer-promoter in-

teraction or indirectly through mediating or preventing such interactions as an insulator,

enhancer-blocker or structural protein, has been well documented at several loci in di-

verse organisms. For instance, CTCF acts as transcriptional repressor at the vertebrate
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Myc gene (71;73;77;91), at the chicken lysozyme locus (72;76), at the catalytic telomerase subunit

hTERT (100), as a transcriptional activator at the apolipoprotein β promoter (101) and at the

INK4B-ARF-INK4A locus (102). Depletion of maternal stores of CTCF from a growing mouse

oocyte through transgenic RNAi deregulates hundreds of genes, creates meiotic defects in

the egg, mitotic defects in the embryo, perturbs zygotic gene expression and eventually leads

to apoptosis (103). Conditional deletion of CTCF in developing limbs is lethal, as the protein

directly regulates expression of genes critical for cellular homeostasis (104).

CTCF is the only known vertebrate insulator-binding protein (52), suggested to act both

as an enhancer-blocker and a chromatin barrier element (49). It is enriched at borders of

active and repressive histone modification, as well as DNA methylation domains (105;106).

The protein often overlaps linker regions and is surrounded by well-positioned nucleosomes

enriched in the histone variant H2A.Z (87;107). CTCF’s enhancer-blocking activity was first

documented at the 5’ end of the chicken β-globin locus (108;109). A high number of experiments

showing similar activity at diverse genomic loci have followed: the human β-globin locus,

where the orientation-dependent activity of the LCR was shown to depend on both CTCF

and the developmental stage (110); the CFTR locus (111;112), the VEGF promoter, dependent

on estrogen treatment (68); the chicken α-globin locus (113); the mouse T cell receptor (TCR)

alpha gene (114), as well as the Igh locus (115) and the classic Igf2/H19 imprinting control

region (ICR) (87;90;116–118). In Drosophila sp., dCTCF was shown to cooperate with the gypsy

insulator, to require CP190 for insulator function and suggested to form larger insulator

bodies (50;53;119;120). Finally, large amounts of evidence implicate CTCF in enhancer-blocking

and silencing of viral genomes: CTCF binds latency regions in the herpes virus genome (121),

Epstein-barr virus sequences (82;92), the HIV-1 promoter region (69) and the control region of

the major latency transcript in the Kaposi’s sarcoma-associated herpes virus (122). CTCF

acts ectopically as an insulator when artificially introduced in yeast cells (123). According to

a plasmid based approach (88), the insulator strength of individual CTCF target sequences

is correlated with their in vitro binding affinity for the protein, as well as the presence of

multiple CTCF motifs that could lead to co-operative binding. However, tests done in 15

different open chromatin states with strong CTCF ChIP-seq signals showed no functional

difference for insulator activity in the sites with either strong, weak or absent CTCF sequence

motif. Moreover, CTCF motif deletions rarely abolished insulator function, suggesting that

indirect binding might be a widespread mechanism of action (124).

CTCF plays a critical role in epigenetic regulation, taking part in processes such as
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imprinting and X-chromosome inactivation. For example, together with cohesin, CTCF is

essential for allele-specific gene expression and correct development at the IGF2/H19 gene

locus (89;90;94;116;117;125;126). In terms of X chromosome inactivation, it has been shown that

multiple CTCF molecules bind to the inactivation center (127) and form clusters with the TF

YY1 (128).

CTCF undergoes many post-translational modifications, such as phosphorylation (73)

and poly(ADP-ribosyl)ation (129), which can play a role in the protein’s insulating func-

tion (98;129;130). CTCF also has various protein partners (reviewed in Wallace et al. (52), Zla-

tanova et al. (131) and Weth et al. (132)), including TFs, such as YY1 (128), chromatin regulators,

such as the histone variant H2A.Z (133), and other gene regulatory proteins, such as poly(ADP-

ribose) polymerase (133), as well as the protein complex cohesin. The latter has emerged as

an essential partner for CTCF’s insulating activity at the IGF2/H19 locus (134), the devel-

opmentally regulated cytokine locus IFNG (135), the human and mouse HOXA cluster (136),

as well as in T-cell receptor rearrangement (137).

Together with cohesin, CTCF can form a physical barrier to the passage of RNA pol

II, thus influencing transcriptional speed and potentially inducing RNA pol II pausing and

stalling (reviewed in Chapter 1.1). CTCF bound sites detected at the C-myc oncogene are

known to function as RNA pol II pausing regions (138–141) and the enhancer-blocking activity

of the chicken β-globin CTCF-bound 5’HS4 was reported to lead to RNA pol II accumula-

tion (142). Serial ChIP analysis, a technique that studies the simultaneous association between

two DNA-binding proteins, placed both CTCF and RNA pol II at the β-globin insulator in

proliferating HD3 cells, but not in terminally differentiated HD3 cells (143). Consistent with

this observation, the largest subunit of RNA pol II significantly colocalises with CTCF in

the nucleus and specifically interacts with the protein in vivo and in vitro, likely through

the C-terminal domain in a phosphorylation-dependent manner. In the Kaposi’s sarcoma-

associated herpes virus, glycyrrhizic acid was found to inhibit the transcription of cellular

genes and to alter the enrichment of the RNA pol II pausing complex at a cohesin-CTCF

binding site by blocking an interaction among the cohesin subunits (29). Recently, CTCF

sites that colocalise with RNA pol II were found highly enriched for transcription initiation

RNAs, suggesting ongoing transcriptional activity at these locations (144).

Many of CTCF’s regulatory, enhancer-blocking and insulating activities have been sug-

gested to rely on its ability to mediate 3D DNA looping events (63). For instance, one allele

of the IGF2/H19 ICR on chromosome 7 colocalises with one allele of Wsb1/Nf1 on chro-
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Figure 1.5: Ways of CTCF action

(A-B) Active or inactive forms of CTCF’s enhancer blocking-activity could be mediated by
complex formation, such as dimerisation, by modifications to the regulator itself, such as
poly(ADP-ribosyl)ation, or by changes in the binding site, such as DNA methylation. (C)
CTCF as a direct transcriptional cofactor. (D) CTCF’s role in mediating enhancer-promoter
interactions through DNA looping.

mosome 11 (145); the IGF2/H19 locus has a characteristic conformation, dependent on both

CTCF and cohesin, which promotes the expression of Igf2 on the paternal allele and of H19

on the maternal one (146); cell-type specific interactions occur among CTCF/cohesin sites

ranging to over 2 Mb between the β-globin locus and flanking olfactory receptor genes on

human chromosome 11 (147); the cytokine Ifng locus architecture that promotes Ifng expres-

sion during the naive CD4+ T cells to Th1 transition is orchestrated by CTCF (148); CTCF

and cohesin control V(D)J recombination (149–151). Additionally, CTCF interacts with the nu-

clear matrix (152), copurifies with the nuclear protein nucleophosmin, and interacts with the

matrix-associated TF YY1 (128). Both endogenous (the chicken β-globin HS4) and exogenous
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insulator sequences have been shown to be tethered to the nucleolus in a CTCF-dependent

manner (133). The perinuclear position of subtelomeric D4Z4 repeat has been shown to be

dependent on lamin and CTCF (153). Genome-wide three-dimensional interaction data have

also placed CTCF in the center of genomic organisation (154;155). Proximity maps obtained

through Hi-C experiments (reviewed in Chapter 1.3.2) suggested that nuclear 3D interactions

are non-random and can largely be explained by CTCF binding and action (155;156). Chro-

matin Interaction Analysis by Paired-End Tag Sequencing (ChIA-PET) of CTCF-mediated

3D interactions in ES cells revealed 1,480 cis- and 336 trans-interacting loci (154).

Consistent with its essential and widespread roles, CTCF is ubiquitously expressed and

its genome-wide binding has been described as relatively cell-type invariant. Early ChIP-

chip assays mapped 13,804 CTCF binding sites in primary human fibroblasts (157) and a

comparative genomics approach identified nearly 15,000 conserved CTCF motif instances

across mammalian genomes (158). More recent ChIP-seq based analyses revealed between

20,000 and 60,000 CTCF target sites in various vertebrate cells, including human CD4+

cells, mouse ES cells, embryonic fibroblasts and chicken red blood cells (20;159). The evolution

of CTCF in ten mammals will be explored in detail in Chapter 2.

1.1.2.3 Cohesin

One of CTCF’s binding and functional partners in vertebrates (122;134;160), the cohesin protein

complex, is best known for the essential role it plays in cell division (reviewed in Nasmyth

et al. (161)). In both mitosis and meiosis, cohesin holds the sister chromatids together from

S-phase until anaphase, ensuring their correct segregation. Cohesin is then released during

metaphase by cleavage of the subunit Scc1 through the protease sepharase (162;163). Ad-

ditionally, the complexes’ cohesive properties are employed in DNA repair, where cohesin

accumulates in large domains that surround double-strand breaks and establishes chromatid

cohesion (164;165).

The cohesin protein complex consists of four evolutionarily conserved core subunits:

SMC1, SMC3, RAD21 (also known as Mcd1 or Scc1) and STAG1 or STAG2 (known as SA1

and SA2 in mammalian cells). The SMC1 and SMC3 subunits are members of the structural

maintenance of chromosomes (SMC) family, a highly conserved family of ATPases mediating

higher-order chromosome organisation and dynamics (reviewed in Hirano et al. (166)). SMC1

and SMC3 form a dimer with their coiled-coil and hinge domains. They contact RAD21
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through their ATPase “head” to form a ring-like structure (167;168) that further binds either

STAG1 or STAG2 (169;170) (Figure 1.6). Additionally, a large number of proteins associate

with the complex, including the SCC2/SCC4 adherin complex (Nipbl/Mau-2 in mammalian

cells), which mediates cohesin’s loading onto chromatin (171) and WapI, needed for cohesin

removal (172). Cohesin is thought to trap one or two DNA molecules as a ring-shaped struc-

ture, in what is known as the “embrace model” (167;173). However, alternative structures, such

as the “handcuff model” (174), have also been proposed (reviewed in Nasmyth et al. (175) and

Figure 1.6).

Figure 1.6: Cohesin structure and models for the cohesin-DNA interaction

(A) The cohesin protein complex forms a ring structure that consists of two SMC proteins,
the Scc1 protein and the associated SA1 or SA2 protein. WapI interacts with the complex to
remove cohesin from the chromosomes (176). (B) One strong ring and two different weak ring
models by which cohesin is proposed to embrace one respectively two DNA molecules (177).

Increasing evidence has gathered that cohesin’s role is not restricted to sister chromatid

cohesion and DNA damage repair (reviewed in Seitan et al. (137)). In vertebrate cells, cohesin

is present on chromatin from telophase through to metaphase, and over 90% of cohesin

dissociates from chromosomes in prophase, before its cleavage (170;178;179). There appear to

be two populations of nuclear cohesin, a high-turnover fraction present in both G1 and G2

and a more stable pool with a long residence time, observed only in G2 (179). Cohesin is also

present in post-mitotic mammalian as well as fruit fly neurons that do not divide or establish

cohesion (134;180;181).

Deletions in members of the cohesin complex or its accessory proteins cause aberrant gene

expression and developmental defects in yeast, D. melanogaster, C. elegans, zebrafish and
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humans (reviewed in Dorsett et al. (182)). In humans, a number of developmental disorders

such as Cornelia de Lange syndrome (CdLS) and Roberts/SC syndrome have been linked to

mutations in cohesin subunit genes. CdLS is caused by a reduction of under 30% in the level

of Scc2/Nipbl, which may lead to reduced chromosomal cohesin (183;184). In yeast, mutations

in cohesin subunits lead to changes in transcriptional activity and chromatin characteris-

tics (185;186). In fruit fly, cohesin is important in development and cell differentiation (187–189),

maintenance of active transcription, and heterochromatin demarcation (120;190). In zebrafish,

cohesin subunits regulate the expression of the hematopoietic TF Runx1, as well as C-myc,

P53, and Mdm2 expression (191). Cohesin has been described as a positive regulation of

C-myc gene in multiple other species, including fruit fly, chicken and human (192). The com-

plex is needed at the imprinted IGF2/H19 locus where it acts as an insulator alongside

CTCF (134). Indeed, CTCF directly interacts with the STAG1 subunit (193;194) and recruits

cohesin at its binding sites genome-wide (134;193). However, it does not influence the amount

of cohesin present on chromosomes (193) .

Most interestingly, cohesin plays a central role in mediating long-range chromosomal

interactions, as suggested by chromatin-conformation capture based studies of the Nanog,

Phc1, Oct4, Leftly1 promoters in ES cells (195), the apolipoprotein gene cluster (196), the de-

velopmentally regulated IFNG locus (135), the imprinted IGF2/H19 locus (146), MHC Class

II genes (197), the β-globin locus and flanking olfactory receptor genes (147;198), the HoxA lo-

cus (136), the breast cancer susceptibility locus MCS5A/Mcs5a (199) and the Bcl11b/Arhgap6

loci (200). The complex also has the ability to organise DNA replication factories in human

cells (201). Mutated human proteins that cause cohesinopathies cause several abnormalities

when introduced into fission yeast: disruption of GAL2 transcription and recruitment to the

nuclear periphery, negative impact of the condensation of mitotic chromosomes, aberrant

nucleolar morphology, as well as disruption of tRNA gene-mediated silencing and clustering

of tRNA genes (202).

Thus, cohesin appears to be a central player in both replicative and non-replicative

processes in eukaryotic cells, helping to establish proximity between both sister chromatids

in the context of cell division and distally located elements in the context of gene regulation.

Cohesin’s role in tissue specific transcription is investigated in Chapter 3.
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1.1.3 Chromatin structure

Mammalian genomes are composed of sequences of DNA that stretched out would occupy

about two meters in length if they were not tightly packed as chromatin in the cellular nu-

cleus. Traditionally, chromatin is divided into two microscopically distinguishable and func-

tionally different compartments, euchromatin and heterochromatin (reviewed in Richards et

al. (203)). While euchromatin is gene-dense, largely open and replicates early, heterochromatin

is densely packed, contains few genes, a high number of repetitive elements, and replicates

late.

1.1.3.1 Nucleosomes and histone variants

Chromatin is a long string of the same basic units, the nucleosomes, (204;205), each of them

consisting of 146-147 bp DNA wrapped about 1.7 turns around a complex of two of each

histone proteins H2A, H2B, H3, H4 (reviewed in Kornberg et al. (11)). Such octameric nucleo-

some structures are thought to have evolved as a DNA packing mechanism more than 1,000

MY ago and are present in virtually all eukaryotes. Histones are ultra-conserved, highly

basic proteins, which attract the negatively charged DNA and form a highly stable complex

with it, mediated by multiple protein-DNA contacts. A fifth canonical histone, H1, repre-

sents the “linker” between nucleosomes and helps compact the basic unit into higher order

structures, known as “beads on a string” and even denser 30 nm fibres. Genomic regions of

characteristic folding status reside in specific nuclear compartments.

Wrapping of DNA prevents the initiation of transcription in vitro (207;208) and interferes

with transcription in vivo (209;210). The nucleosome serves as a ubiquitous gene repressor,

ensuring the inactivity of many thousands of eukaryotic genes in the absence of activating

factors (reviewed in Henikoff et al. (211)). Upon transcription, individual histones and nucle-

osomes are believed to be removed or displaced, as observed in vitro (212;213), as well as in

vivo at several genomic loci, such as the interleukin-2 gene during T-cell activation (214), the

Mouse Mammary Tumor Virus promoter during progesterone activation (215) and multiple

heat shock genes in yeast upon heat stress (216;217) (reviewed in Workman et al. (218)). After

activation, nucleosomes appear to be rapidly re-deposited onto DNA behind RNA pol II (219).

Consistent with this connection to transcription, nucleosome turnover varies across eu-

karyotic genomes, being higher at regions of gene activity, as well as in promoter regions,

and at Polycomb group protein (PcG) binding sites (220;221). Genome-wide data have re-
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Figure 1.7: Levels of DNA compaction (2)

Schematic overview of different levels of DNA packaging and organisation, ranging from
modifications of the DNA sequence itself, such as DNA methylation (discussed in Chapter
1.1.2.1) to the compartmentalisation of nucleosome-packaged DNA into inactive regions,
usually associated with the nuclear matrix or highly accessible and transcribed DNA fractions
localised at so-called “transcription factories” (206).

vealed that intergenic regions, in particular promoters, are depleted of nucleosomes relative

to genes (222–227), and functional TFBSs are predominantly nucleosome-free in vivo (222;228). In

yeast, most RNA pol II transcribed genes contain a DNase I hypersensitive nucleosome-free

region of about 200 bp over the TSS, flanked by two well-positioned nucleosomes, which are

enriched in the histone variant H2A.Z (218;226) (reviewed in Chapter 1.1.3.2). Such occupancy

levels from genome-wide data are commonly interpreted as indicative of nucleosome stability.
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Recent studies have suggested that “nucleosome-free” regions could actually be occupied in

vivo, but the core histone complexes are lost during standard chromatin preparation proce-

dures, resulting in apparent depletion (229;230).

It is not clear to which extent nucleosome positioning is determined directly by sequence

or by the action of gene regulatory complexes (231). Biophysical properties of the DNA ap-

pear to influence nucleosome positioning (232–234), and genome-wide data argues for at least

partial sequence-encoding of positioning (235;236). Some TFs, either alone or cooperatively,

and the RNA pol II have been shown to be able to bind the DNA despite nucleosome

presence (237–241). Generally, the access of the transcription initiation and other protein com-

plex(es) to the DNA is controlled by: (1) ATP-dependent nucleosome remodellers (reviewed

in Hargreaves et al. (242)) and (2) histone modifying enzymes. Histone chaperones (reviewed

in Akey et al. (243)), acidic proteins that usually bind histones where these are not in a com-

plex with DNA, are also important for correct nucleosome assembly and for histone eviction

in vivo (219;237). Additionally, the canonical histones have protein variants that can change

the overall nucleosome structure or the affinity of the nucleosome for the DNA, resulting

in different compaction levels and regulatory functions (reviewed in Henikoff et al. (211)).

Such histone variants have been shown to play important roles in DNA repair, cell division,

transcription regulation and chromatin packaging.

Canonical histones are clustered in the genome with their transcription coupled to DNA

replication, while histone variants are placed at single locations in the genome. They are con-

stitutively expressed and differ in their amino acid sequence from their canonical paralogues.

Universal variants have been described to have ancient common functions to all eukaryotes,

and a wide range of lineage-specific variants also exist that have been shown to have much

more specialised roles. Well-known H3 variants are the centromeric H3 variant (CenH3;

CENP-A in humans, Cse4 in yeast and CID in fruit fly), rapidly evolving and essential for

kinetochore assembly (244), as well as H3.3, a high-turnover histone variant associated with

active transcription (220;245). Common H2 variants are MacroH2A1, enriched in facultative

heterochromatin, in particular on the X chromosome, H2A-Bbd (246), present on active X

chromosomes and autosomes and associated with transcriptional activation, H2A.X, abun-

dant in embryos after fertilisation and associated with repression, as well as H2A.Z, prefer-

entially found at transcriptionally active promoters and heterochromatin boundaries (247–249)

(reviewed in Zlatanova et al. (250) and Nashun et al. (251)). The connection of H2A.Z and

transcription is particularly interesting for the numerous studies that have linked this his-
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tone variant to gene activity or euchromatin (reviewed in Raiser et al. (228) and Zlatanova et

al. (250)).

1.1.3.2 H2A.Z (H2Av)

H2A.Z (known as Htz1 in yeast and H2Av in Drosophila sp.) occurs in almost all eukary-

otes, comprises about 10% of major H2A (248;250;252) and is essential in multi-cellular organ-

isms, including Tetrahymena thermophila (253), Xenopus laevis (254), Mus musculus (255) and

Drosophila melanogaster (36). H2A.Z replaces its canonical counterpart at many genomic

regions after replication (reviewed in Eirin-Lopez et al. (256)). In fruit flies, the variant is

present at essentially constant levels in all developmental stages (257). In yeast, H2A.Z is

deposited into a nucleosome either by Swr1, a Swi2/Snf2-related adenosine triphosphatase,

dependent on ATP (258–260) or with the help of the histone chaperone Nap1 (261). Consis-

tent with this integration mechanism, ChIP-chip analysis revealed genome-wide H2A.Z colo-

calisation with Swr1 (256). In humans, H2A.Z deposition at promoters is regulated by the

Swr1 homolog SRCAP (262). Both H2A and H2A.Z are needed for optimal chromatin func-

tion (253;263), and H2A.Z has documented roles in metazoan development (254;255;264), estrogen

receptor signalling (265) and cell lineage commitment (266). Mutations in this histone variant

have also been linked to human disease, such as cancer (267–269).

H2A.Z differs from H2A by substitutions located largely in the self-interaction domain,

which result in differences in nucleosome structure and stability (3;259;270;271) (crystal structure

by Suto et al. (272) and Figure 1.8). H2A.Z can form homodimers, as well as heterodimers

with H2A, the latter suggested to be more abundant in vivo (273). The two have different

structural properties, with homotypic nucleosomes being more resistant to high ionic strength

solutions and refractory to RNA pol II passage (3). In yeast, H2A.Z dissociates easier from

chromatin than H2A (274) and heterotypic nucleosomes (H2A.Z/H2B) are less stable than

those reconstituted with recombinant H2A1 or natural H2A (271;275). This is consistent with

results from studies with purified chicken H2A.Z, indicating that the simultaneous occurrence

of H2A.Z and H2A in heterotypic nucleosomes acts mildly destabilising in the presence of

acetylation, as opposed to homotypic H2A.Z complexes, which exert a stabilising effect

regardless of acetylation (270). H2A.Z-containing nucleosomes are less easily mobilised by

nucleosome remodelling complexes (276). In fruit flies, heterotypic and homotypic H2A.Z

nucleosomes were found to be distributed similarly genome-wide, with a stronger enrichment
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Figure 1.8: H2A.Z structure (3)

(A) Two-dimensional protein structure with annotated regions of high divergence from H2A;
(B) Cartoon representation derived from the crystal structure of an H2A-H2A.Z heterodimer.

of homotypic ones just downstream of active genes, while their heterotypic counterparts were

predominantly located at exon/intron junctions (36). H2A.Z containing nucleosomes were

reported to turn over rapidly in yeast (228;277), with the highest turn-over rate corresponding

to the nucleosomes most proximal to the TSS (228).

In most species, including plants, yeast, fruit fly, chicken and mammals, H2A.Z is posi-

tioned one nucleosome downstream (+1) from the TSSs, and in decreasing amounts down-

stream into the gene body, which is in general depleted of H2A.Z (20;278–283). In S. cerevisiae

and mammals, but not in D. melanogaster and S. pombe, H2A.Z is also enriched upstream

of the TSSs. Strongly positioned, H2A.Z-containing nucleosomes were detected at about

85% of TSSs in fruit fly embryos (281) and at promoter regions of nearly all genes in yeast eu-

chromatin (228;260). K14 acetylated H2A.Z was enriched at the promoters of active genes (284).

However, H2A.Z was also enriched proximal to nucleosome-depleted regions at promoters of

inactive or repressed genes, where it was suggested to ‘poise’ the chromatin for fast activa-

tion (259;260;285). In mammals, H2A.Z was found both at gene starts and at distal regulatory

elements such as enhancers and insulators (20;278), as well as at pericentromeric heterochro-

matin domains (286). In contrast to fruit flies, where the variant was found to be depleted at
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RNA pol II pausing sites genome-wide (36), human H2A.Z was present at similar levels on

actively transcribed and paused promoters (287). More recently, H2A.Z was associated with

dispersed promoters alongside well positioned nucleosomes and increased CTCF presence in

both fruit flies and mammals (44).

Several studies have implicated H2A.Z in gene regulation, without clearly establishing a

universal mechanistic basis of its function (263;280;288;289). In the plant Arabidopsis thaliana,

a direct role for H2A.Z in protection from DNA methylation at promoter regions has been

described (282). In yeast, H2A.Z was shown to decrease nucleosome stability (259), position

nucleosomes (285), mediate RNA pol II recruitment (288;290), maintain active genes close to

the nuclear periphery (291) and restrict the formation of heterochromatin at telomeric loca-

tions (292). In mammals, H2A.Z was found to regulate P53-mediated expression (280), activa-

tion by estrogen (265) and glucocorticoid (293) receptors, as well as RNA pol II recruitment (287).

A model was proposed by which H2A.Z nucleosomes are acetylated by multiple complexes

such as NuA4 and/or SAGA (284;294;295) and are partially displaced from promoters during

gene activation (218). The eviction of H2A.Z upon transcriptional activation is consistent with

the fact that the variant can prevent elongation-associated modification and remodeling at

promoters (259;296). H2Av’s role in epigenetic regulation of the fruit fly genome is discussed

in detail in Chapter 4.

1.1.3.3 Histone tail modifications

Histone tails are commonly chemically modified through acetylation, methylation, phospho-

rylation, ubiquitination, citrullination, SUMOylation, and ADP-ribosylation (reviewed in

Kouzarides et al. (297) and Figure 1.9). Different histone modifications have been suggested

to dictate the gene regulatory states through a ‘histone code’ (298–301). More likely not repre-

senting a code per se, the histone modifications can serve as ‘markers’ of genomic regions and

compartments. Consistent with this hypothesis, recent ChIP-seq based studies have associ-

ated particular modifications with gene activation and repression, as well as various genomic

features, including promoters, transcribed regions, enhancers and insulators (19;20;41;302–304).

Machine learning algorithms have been developed to partition the genome in regions of dif-

ferent transcriptional activity using a wide range of chromatin marks (305;306). One study

used a pattern-finding algorithm to identify classes of histone modifications present at regu-

latory loci, exons, and repressed genomic regions (305). A multivariate Hidden Markov Model
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(HMM)-based tool was used to classify the genome into distinct states based on histone mod-

ifications (306). Some of the states corresponded largely to biologically meaningful locations,

such as known enhancers or promoters. Another HMM-based study analysed combinatorial

patterns of 18 histone modifications in Drosophila melanogaster S2 and BG3 cells, provid-

ing a chromatin-centric annotation of the fruit fly genome (307). All these represent just a

few examples of a large number of experimental and computational efforts directed towards

the collection and integration of vast amounts of data related to chromatin state and func-

tion (308–311).

Figure 1.9: Histone modifications and transcriptional regulation

(A) Schematic overview of histone modifications and proteins binding different genomic
domains, including marks of active and inactive genes as well as enhancer marks (2). (B)
Distribution of histone modifications at vertebrate genes and their correlation with tran-
scription (312).

1.1.3.4 Chromatin domains

The traditional division of chromatin into repressive and active domains is based on DNA

compaction differences observable under the microscope. Over the years, substantial effort

has been directed towards understanding the mechanistic basis of distinct chromatin types,

including heterochromatin, PcG proteins-mediated repressive domains and open chromatic

regions.
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Gene silencing is highly important in development. As cells differentiate into an increas-

ingly specialised state, in which large portions of the genome must be stably repressed. There

are three major steps in heterochromatin formation: (1) decision-making, in which silenc-

ing complexes are targeted to the genomic regions that are to be silenced, (2) chromatin

structuring, where RNA pol II or other transcriptionally competent enzymes are excluded

from the silenced region, and (3) the propagation of the silent state through cell division.

Genes ectopically placed in heterochromatic regions tend to be repressed (313–316), suggestive

of the ability of heterochromatin to spread over large genomic domains. Large regions of

heterochromatin, enriched for the repressive histone modification H3K9Me2 localise at the

nuclear lamina (317;318).

A distinct repressive system highly important in multi-cellular organisms is represented

by polycomb group (PcG) proteins. Initially discovered as repressors of Hox genes, the main

PcG repressive complexes PRC1 and PRC2 are essential for the maintenance of correct

tissue-specific gene expression (reviewed in Simon et al. (319) and Cavalli et al. (320)). Even

though PcG deletions have no impact at embryonic stage, they are required for cellular

epigenetic memory and affect later development by loss of cell-type-specific repression at

tightly regulated genomic locations, such as for instance the Hox cluster.

In fruit flies, the complexes are recruited by sequence-specific DNA-binding proteins and

ncRNAs proteins to PhoRC binding sites that can act over a long distance (321). PRC1

binds chromatin both independently or at H2K27Me3 locations, ubiquitinates the histone

H2A and inhibits RNA pol II elongation. In mammals, large GC-rich elements depleted

of activating TF motifs have been suggested to mediate PRC2 recruitment (322;323). PcG

can also mediate long range chromatin contacts, however these are usually driven by in-

sulator binding proteins, such as CTCF, GAGA factor, Su(Hw), and CP190, rather than

the PcG themselves (324). Several epigenetic processes that involve long-distance interac-

tions such as imprinting and X chromosome inactivation, require both PcG components and

CTCF (216;325;326). More globally, PcG repressed chromatin is believed to be organised into

PcG bodies, 3D clusters of silenced genes observable by imaging and in situ hybridisation

in humans and flies (reviewed in Sexton et al. (327)).

Euchromatin is in general defined by either the presence of activating/permissive histone

modifications or variants, including H2A.Z (292;328), histone acetylation such as H4K16Ac

(reviewed in Calestagne-Morelli et al. (329)); methylation of H3K4 (330;331) and H3K79 (331;332),

or by a state of “openness“ that can be assayed through experimental techniques such as

24



1. Introduction

DNase I digestion (333) (reviewed in Elgin et al. (334)).

Open chromatin harbours all active genes, as well as multiple occupied TFBSs. DHSs are

likely depleted of canonical nucleosomes, and thus readily digested by nuclease. However,

they might still be bound by altered nucleosomes or histones variants (reviewed in Workman

et al. (218)). Using genome-wide techniques, such as DNase-seq, FAIRE-seq and Sono-seq

(reviewed in Chapter 1.3.2), numerous studies have created maps of open chromatin in

diverse cell types, demonstrating that such regions are enriched in both ubiquitous and

cell-type specific regulatory regions (124;335–337). Most recently, over 870,000 open chromatin

regions were characterised in seven different human cell-types, corresponding to nearly 9% of

the genome (124). Confirming expectations based on single-gene analyses and other genome-

wide studies, open chromatin common to different cell types tends to be located near TSSs

and CTCF binding sites, while cell-type unique open chromatin regions correspond to distal

regulatory regions bound by tissue-specific TFs (124).

1.1.4 Repetitive elements

A large portion of eukaryotic genome consists of repetitive elements, DNA sequences that

have the ability to copy and move to different genomic locations, first described by Barbara

McClintock in maize (338). Their abundance can vary widely from genome to genome (339)

and can be a major determinant of genome size within taxa (340–342). Transposable elements

(TEs) are a major class of mobile genetic elements, traditionally split into two categories: (1)

Retrotranposons (Class I repetitive elements), which use an RNA intermediate and spread

by a copy-and-paste mechanism (reviewed in Kidwell et al. (343) and Wicker et al (344)) and (2)

DNA transposons (Class II repetitive elements), which move via single or double-stranded

DNA intermediates, mostly by a cut-and-paste mechanism (345). Additionally, one can dis-

tinguish between autonomous TEs that code for all the proteins needed for transposition

and non-autonomous TEs, which use either the cellular machinery or proteins provided by

other TEs for transposition.

Eukaryotic DNA transposons are further divided into (i) classic cut-and-paste trans-

posons, containing a transposase and terminal inverted repeats (346), (ii) Helitrons, which use

a mechanism related to rolling-circle replication (347), and (iii) Mavericks, which likely use

a self-encoded DNA polymerase for replication (348). DNA transposition can lead to gene

duplication. Horizontal DNA TE transfer is believed to be an important mechanisms for
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TE families maintenance and has so far been documented between different taxa, but not

between eukaryotic supergroups (346).

Retrotranposons spread in the genome by means of RNA intermediates which are reverse

transcribed and inserted in new locations. They comprise Long Terminal Repeat (LTR) ele-

ments and non-LTR elements. The former include endogenous retroviruses and are remnants

of viruses that cannot re-infect cells and are reversely transcribed in cytoplasmic virus-like

particles, while non-LTR elements are reversely transcribed at their integration site in the

nucleus. In the human genome, retrotransposons, in particular the autonomous LINEs and

non-autonomous SINEs, are most abundant (58). LINEs account for about 18% of the human

genome and are transcribed by RNA pol II, while SINEs are transcribed by RNA pol III, and

comprise along with SVA elements about 13% of the genome (58). Retrotransposons are the

only active mobile elements in primates, including humans. Nearly 100,000 DNA transposon

copies from 40 families and four different super-families have integrated during the primate

radiation (349).

TEs are viewed in two opposing ways, either as self-propagating selfish parasites, which

owe their survival to their ability to replicate faster than the host that carries them (350;351),

or as living in a certain symbiosis with the host organism, a necessary evil for organism com-

plexity, a motor for evolutionary change and innovation (reviewed in Kidwell et al. (343) and

Werren et al. (352)). Indeed, TEs can have deleterious roles on genomes by insertion-mediated

deletions of functional sequences (353) by promoting ectopic homologous recombination, which

can lead to duplications, deletions, and genome rearrangements (354), or by the large costs of

transcription and translation of large numbers of TEs (355). However, there is growing evi-

dence that repeat element insertions are drivers of evolutionary change and innovation, and

that their dynamic turnover and accumulation have exerted a strong influence on lineage-

specific genome evolution (41;95;106;346;356;357) (reviewed in Chapter 1.2.4).

The recognisable presence of a TE in a genomic region is dependent on its integration

site; many active TEs have a short residence time, while others are being maintained over

long evolutionary time frames because of their localisation to a “safe haven” in the genome.

Such locations have either reduced fitness costs to the host or are regions of low turnover. An

example is the presence of R1 and R2 TEs in highly conserved segments of rRNA genes (352).

The insertion of retroelements is however not random, as regions of active chromatin that

are accessible in the germline are generally more common targets. Additionally, about 1,000

>10 kb long regions that do not tolerate TEs insertions have been described in the human
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genome, situated in orthologous locations to mouse and even opossum, but without high

sequence conservation (358). These regions comprise mainly non-protein coding DNA, but are

frequently associated with regulatory genes.

Tight mechanisms regulate TE expression in the germline, as well as somatic cells. Among

these are DNA methylation, premature termination of transcription, alternative splicing,

RNA interference, and short nuclear RNAs known as piRNAs. The typical defence mech-

anism against germline TE expression begins with piRNA production in response to TE

expression, selective amplification of piRNAs based on sequence homology to active TEs

and TE inactivation through post-transcriptional mRNA degradation. In somatic cells, TE

sequences are targeted by DNA methylation and/or histone modifications that result in a

repressive chromatin environment and transcriptional silencing (359). However, several ex-

amples of somatic expression of retrotransposons have been described (355). Low levels of

LINE-1 (L1) retrotransposition occurs in primary fibroblasts and hepatocytes when L1 is

delivered through an adenoviral system (360) as well as in blastocysts from transgenic mouse

and rat models expressing a human L1 element (361). Interestingly, MeCP2-mediated L1

retrotransposition in brains might contribute to neuronal plasticity (362;363).

1.1.5 Other factors important for transcriptional regulation

Recently, it has become widely accepted that both long and short ncRNA molecules play

a central role in transcriptional regulation (reviewed in Mattick et al. (364) and Clark et

al. (365)). Increasing numbers of ncRNAs have been detected in the human genome, ranging

up to 4,000 (366). A subset of these has been associated with important epigenetic processes

such as X chromosome inactivation and transcriptional silencing. Further, the 3D nuclear

architecture may also be relevant to gene regulation. Enhancer-promoter interactions, rang-

ing up to a megabase from their target gene (367–369), are mediated through 3D contacts and

are essential for productive transcription. The nuclear matrix appears to be the site of ongo-

ing transcription, and euchromatin genes are placed in defined positions in internal nuclear

positions. Highly active genes have been suggested to migrate to nuclear compartments

with high concentrations of TFs and transcriptional activity, called “transcription facto-

ries” (206). Silenced genes, on the other hand, have been found to associate with centromeric

and telomeric heterochromatin or the nuclear periphery. Most markedly, the inactivated X

chromosome is anchored to the periphery. More recent genome-wide assays have revealed
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a hierarchical nuclear organisation in both fruit flies and humans (51;155;370), where genes are

grouped together into 10-500 kb large chromosomal domains, which are delimited by DNase

sensitive insulator regions. Inactive domains appear highly condensed and confirmed to chro-

mosomal territories, while active domains as well as PcG-repressed domains, are suggested

to reach out of the territory and form multiple intra- and interchromosomal contacts. The

importance that information about the 3D DNA interactions is likely to play understanding

transcriptional regulatory processes is discussed in Chapter 5.4.

1.2 Evolution of Gene Regulatory Regions

Over 150 years after Charles Darwin formulated the main principles of evolution - natural

selection, heredity, and variation (371) - we are able to efficiently use comparative genomics to

understand both biological function and molecular history from an evolutionary perspective.

We can now address the mechanisms determining processes such as the enlargement of the

beak in Darwin’s large ground-finch, brought about by variation in regulation of the TF

Bmp4 (372).

Conceptually, physiological differences between species can be explained by changes in

both the coding and non-coding DNA fractions (373). However, based on several lines of evi-

dence including high conservation of coding elements, studies on gene regulation in develop-

ment, evolutionary analysis of developmental genes and regulatory proteins, quantification

of mutations and gene duplications, the evolution of anatomy appears to occur primarily

through alterations in gene regulation (reviewed in Wray et al. (374) and Carroll et al. (373)).

1.2.1 Evolutionary principles of morphological development and

comparative genomics

In the 1960s-70s, it was suggested for the first time that evolution of anatomy occurred pri-

marily by changes in gene regulation rather than in protein sequences (6;375). At about the

same time, the concept of gene redundancy was born, according to which the duplication

of regulatory genes and their transcriptional control regions contributed greatly to the ver-

tebrate evolution (376). Early comparison of morphological and protein divergence between

humans and chimpanzees revealed that the level of protein divergence could not account for

the extensive anatomical differences between the two species (377). A few years later, Jacob
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formulated the model of evolutionary tinkering, where he maintains that most novelty in

evolution is brought about by recycling already available parts. This phenomenon can apply

to both reshuffling of protein domains and recomposition of gene regulatory domains (378).

Figure 1.10: The developmental “hourglass” model of evolution

Gene expression, sequence and morphological divergence at different stages in vertebrate
development. Early and late developmental stages show higher differences than a central,
“phylotypic stage” at which the oldest genes are expressed in a highly correlated manner
leading to high morphological similarity among distantly related vertebrate species (379).

A lot of our current understanding of vertebrate evolution comes from developmental

biology, ranging from early embryonal studies to the more recent evolutionary developmental

biology field. In 1828, the german biologist Karl von Baer reported the high morphological

similarity in early embryos of distant species, and later the german embryologist Ernst

Haeckel formulated the evolutionary law “ontogeny recapitulates phylogeny”, which states

that each organism goes through its evolutionary past as it grows. Subsequent morphological

studies established that at early and late embryonic development stages organisms tend to

have highly divergent morphological appearances, unlike a middle stage of high similarity.

This lead to the “hourglass” model of development, which formulates high conservation

in morphology, sequence and expression at the “phylotypic stage”, during which the basic

body plan of a given animal group is determined (380;381). This high conservation could
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be either due to a high amount of essential interactions between genes and developmental

networks that make even small changes deleterious through their vast consequences (381) or

due to the need for precise coordination of growth and patterning, as observed at vertebrate

Hox genes (380). Large amounts of morphological (382;383), sequence (384–386), and genome-wide

expression (387;388) evidence for this model has been gathered over the years. In particular

two recent studies revealed that in zebrafish, fruit fly, mosquito and nematodes, genes of

different evolutionary origins are expressed at different time points, with the phylotypic stage

being marked by the expression of the evolutionarily oldest transcriptome in a conserved

manner (379) (Figure 1.10).

Gene regulatory networks are formed by the interactions of regulator proteins and the

regulatory elements on the DNA level. Evolutionary pressures have modelled the genomic

DNA over hundreds of millions of years, resulting in highly complex patterns of gene regu-

lation. Despite this daunting complexity, some principles of gene regulatory evolution have

emerged during the past years and were recently synthesised (389). This theory of develop-

mental gene regulation is centred around a genetic toolkit consisting of a small fraction of

an organism’s genes that control its development. The main components of this theoretical

framework are: (1) “mosaic pleiotropy”: developmental regulatory proteins act in several in-

dependent developmental pathways and body structures; (2) “ancestral genetic complexity”:

a large number of body-building and patterning genes as well as signalling pathways, are

more than 500 MY old and were existent in the bilaterian ancestor; (3) “functional equiv-

alence of distant orthologs and paralogs”: many of the deeply shared proteins such as Hox

proteins or TFs, exhibit functionally equivalent activities in vivo when substituted for one

another despite their independent evolution in animal lineages; (4) “deep homology”: similar

sets of genes and regulatory circuits guide the formation of morphologically very different

structures among phyla, such as eyes, limbs and hearts; (5) “infrequent toolkit gene dupli-

cation”: duplications of pleiotropic deeply shared genes were rare in animal diversification,

possibly due to negative effects on gene dosage-sensitive developmental processes; (6) “het-

erotopy”: morphological changes are brought about by modifications in the spatio-temporal

regulation of toolkit genes and their targets during development; (7) “modularity of cis-

regulatory elements”: CREs of toolkit genes tend to be larger and of a higher complexity

than those of cell-type-specific proteins; (8) “vast regulatory networks”: single regulatory

proteins bind to thousands of genomic locations, and small changes in binding sites influence

target expression levels that result in individual morphological feature modifications.
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To sum up, morphological changes are brought about by altering the expression of func-

tionally conserved proteins through mutations in the cis-regulatory regions controlled by

pleiotropic developmental regulatory genes. These principles are summarised along with

questions and computational challenges derived from them in a study by Fuellen et al. (390).

1.2.2 Genomic function and conservation

One of the reasons regulatory sequence evolution is highly challenging is the difficulty in

distinguishing meaningless and functional changes, and more fundamentally functional from

non-functional DNA. As an example, TFBSs can now be routinely catalogued by chromatin

immunoprecipitation(ChIP)-based techniques (reviewed in Chapter 1.3) but the obtained

catalogues of binding sites are not fully descriptive of regulation of gene expression. Current

ways of inferring functionality are tedious and thus limited to a few genomic locations (re-

viewed in Wray et al. (391)). The only definite functional assay is the modification of a TF

binding sequence by nucleotide substitutions, deletions or alterations and subsequent assay

of transcription in vivo by transient or stable transformation with a reporter gene (374). To

assess the regulatory output of a larger regulatory region, such as a promoter in vivo, one

analyses the expression under normal biological conditions through in situ hybridisation,

RNA gel blots, or quantitative PCR (374).

As the majority of the mammalian genome is transcribed and many mammalian genes

have extensive regulatory regions, a very high portion of the genome could actually be

functional. However, very few approaches of estimating this fraction have been described (392).

One assumption that has proven instrumental in this process is the expectation that regions

functionally important for multiple organism separated by millions of years of evolution

should be conserved.

The availability of complete vertebrate genome sequences has made possible the esti-

mation of the fraction of conserved base-pairs at a given evolutionary distance. Initial

comparison of mouse and human suggested that about 3-8% of 50-100 bp segments were

under purifying selection (393), while over 2/3 of these regions are non-coding (58). However,

this and similar estimates depend on the arbitrary setting of several parameters as well as

the choice of a background set of neutrally evolving sequences, which can be lineage-specific

non-exonic sequences, pseudogenes, synonymous sites in protein-coding genes or alignable

ancestral transposon-derived sequences. Unfortunately, none of these different assumptions
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completely hold true, leading to imperfect estimates of neutrality (reviewed in Pontig et

al. (392)). In particular the use of ancient repeats could be misleading, due to the fact that

annotated and alignable repeat elements likely correspond to a constrained subset as the

other regions may be beyond detection, and also because some TEs are actually under neg-

ative selection (reviewed in Pheasant et al. (394)).

Since 2003, several other studies have estimated the fraction of DNA bases under con-

straint in the human genome, placing it from 2.6% to 12%, with an average of about 6.4% (392).

The most complete study of mammalian genomes at the time of this writing surveyed 29

mammals and found that at least 5.5% of the human genome has undergone purifying se-

lection, and located constrained elements covering about 4.2% of the genome (395). Taking

turnover into account, it has been estimated that the extent of functional sequences in the

human genome may be twice as large as that estimated from sequence conservation alone (396).

However, the true relationship between conserved, functional and bound TFBSs in a par-

ticular genome is still largely unknown, and could be one of the three possibilities shown in

Figure 1.11 (390).

Figure 1.11: Relationship between TF binding, conservation and functionality

The relationship between TF binding, conservation and functionality is currently unknown
and could conceptually be one of the three possibilities shown in A-C (390).

Multiple genome-wide alignments of vertebrate genomes have also revealed thousands of

highly conserved sequences located outside coding regions (CNEs) (397–400) that can function

as enhancers in vertebrate organisms: zebrafish (399;401;402), medaka (403), mouse (368;404;405),

chicken (406) and frog (407). Many of these sequences are proximal to genes coding for TFs and
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signalling proteins involved in vertebrate development (397–399;408), consistent with the expec-

tation that the core regulatory network of vertebrate development is under strong purifying

selection. The availability of more genomes has made the discovery of extreme conservation

of some non-coding regions possible, extending the species range to Chondrichthyes (sharks,

rays and chimaeras) (405), to the cephalocordate amphioxus (409;410), or even lamprey, the ear-

liest diverging extant vertebrate lineage (411), corresponding to over 600 MY of evolution.

None of these sequences were traced back to invertebrate genomes, supporting the hypothe-

sis that these CNEs represent a key defining characteristic of the ancestral vertebrate body

plan (399). A rapid expansion very early in vertebrate evolution can explain the presence

of these conserved blocks of CNEs (411). Consistent with the fact that the early vertebrate

genome was shaped by large-scale/whole genome duplication events (409), a small fraction of

CNEs in the human genome is duplicated and found in the vicinity of paralogous genes (401).

1.2.3 Evolutionary turnover of cis-regulatory regions

Comparative genomics has also been extensively used to aid in the genome-wide in silico de-

tection of gene regulatory elements. Relying on the idea that conservation suggests functional

relevance and reversing it into the assumption that nucleotides within functional TFBSs are

likely to be evolutionary conserved, “phylogenetic profiling” (412) has greatly improved the

detection of cis-regulatory elements (CRE) (404;413–416) (reviewed in Fuellen et al. (390)). How-

ever, serious limitations of this method come from: (a) the fact that species-specific binding

sites can still be functional even though they are not conserved, (b) transcription can be

maintained despite binding site turnover, (c) functionality does not have to be sequence-

specific (e.g. in protein or DNA spacer sequences), and (d) a small number of nucleotides

could be conserved purely by chance (390;392;394).

Indeed, genome-wide comparative studies suggested that the fraction of bases under se-

lection corresponds to a minimum of the functional genome: “many functional elements

are seemingly unconstrained across mammalian evolution” (304). TFBSs have been shown to

evolve rapidly in yeast (417) as well as vertebrate species (95;396;418–425). The turnover described

in the majority of these studies is consistent with estimates of turnover rates for func-

tional, noncoding sequences (396;426). However, it is possible the that binding of TFs is more

conserved at certain developmental stages, as suggested by studies in fruit flies (427), where

the structurally and functionally highly conserved protein Twist was mapped at matched
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developmental stages in multiple Drosophila species (427;428). Further, the most conserved

regulatory regions are often in proximity of developmental genes (399;404;405) and are depleted

in enhancers of highly specialised tissues, such as heart (429). Such findings are consistent

with both the developmental hourglass model, and the expectation that deeply conserved

developmental processes are under extensive evolutionary constraint (389).

Despite the widespread use of conservation information to help TFBSs prediction, few

efforts have been directed towards modelling the evolution of gene regulation at the DNA

level. Broadly, CREs evolve by random mutations in existing CREs leading to gain, loss

or alteration of TFBSs, or by means of TE insertions that can increase the pool of TF-

BSs. Bourque et al. (95) proposed that short TFBSs can be more easily generated by random

mutations, while long ones rely on the pool of repetitive elements with sequences that are

already much closer to high affinity binding sites; subsequent mutations lead to the gener-

ation of new binding sites, which selection can act upon (430–433). In general, bound repeat

instances tend to have stronger motifs than unbound ones, supporting this model of bind-

ing (95). Alternatively, cis-regulatory elements can be already present in the TE at the time

of insertion, and they become functional either immediately upon insertion or after changes

in the surrounding environment. Results on the evolution of CTCF, including TE-mediated

binding site expansions and comparisons with evolutionary patterns of tissue-specific TF

binding are presented in Chapter 2.

1.2.4 Evolution of regulatory elements through repeat elements

TEs were first proposed to be a major source of functional CREs in animal genomes (375;434;435)

soon after their discovery by Barbara McClintock in maize (338). Ever since, a large body of

studies has illustrated the many ways by which TEs can directly influence the regulation

of nearby gene expression, both at the transcriptional and post-transcriptional levels (357)

(Figure 1.12 A). Classical examples include the utilisation of the non-LTR retrotransposons,

HeT-A and TART, for telomeres in fruit flies (436), as well as the evolution of the V(D)J

recombination machinery from transposable elements (437;438).

Several regulatory DNA proteins such as PAX6 (involved in sensory development), CEBP-

B (centromere binding protein), Bric-a-Brac (tissue development in insects), BEAF-32 (fruit-

fly insulator protein that connects chromatin to the nuclear matrix) appear to have evolved

from the DNA binding domains of TEs (352). Among the regulatory elements identified in
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active TEs are signals needed for their own expression such as RNA pol II or III pro-

moters, enhancers, insulators, splice sites and polyadenylation signals as well as TFBSs

(reviewed in several studies (106;431;439–443)). TF that target transposable elements include

NRSF/REST (444), CTCF (95), STAT1 (445), p53 (106). The spreading of such elements can con-

tribute to the regulation of adjacent genes and can draw multiple genes into the same regu-

latory network (357) (Figure 1.12 B). In support of this hypothesis, TEs have been important

for the evolution of key functional innovations, such as acquired immunity in vertebrates (446)

and placentation in mammals (447–449).

Figure 1.12: Impact of repeat elements on gene regulation

(A) Exaptation of repeat elements for diverse genomic functions, in both transcriptional and
post-transcriptional gene regulation (357). (B) Different levels at which repeat elements can
act to rewire of gene regulatory networks (357).

In recent years, the availability of genomic alignments has provided an opportunity to

estimate the amplitude of TE exaptation in mammalian species by estimating the fraction of

TE-derived sequences that have been under selective pressure for an extended period of time.

However, detecting ancient repeat elements is problematic, as TEs that have diverged more

than about 30% from their consensus sequence can not be identified (450;451), leading to an

underestimate of the number of ancient TEs that contributed to gene regulation. Generally,
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TE-derived sequences that have retained functionality over tens of millions of years are

rare, covering up to 1 Mb of the human genome (452). Over a thousand TE insertions were

reported near developmentally regulated human genes, many of which are functional and/or

under purifying selection (451;452). Comparisons of the genomes of the marsupial Monodelphis

domesticus with several eutherian species (human, dog, mouse and rat) revealed that over

15% of eutherian-specific CNEs were of TE ancestry and likely to play a role in lymphocyte

gene regulation (453). Some CNEs could be unambiguously traced back to individual TE

families (158;454–457). Interestingly, there appears to be an enrichment among members of

the SINE family, which might reflect a higher likelihood of these elements to be recruited

for cellular function. SINEs are non-autonomous TEs (458) (reviewed in Chapter 1.1.4) that

consist of three regions: a 5’ tRNA-like region with binding sites for RNA pol III, central

tRNA-unrelated region, and a 3’ end recognised by the reverse transcriptase of partner

LINEs during retrotransposition (459). The most widespread SINEs are the CORE-SINEs

found in bilaterians (460), V-SINEs in vertebrates (461), DeuSINEs in deuterostomes (456), and

CephSINEs in cephalopods (462).

As almost half of the human genome is made up of TEs (58), a high impact of TE pres-

ence on genome function and in human evolution (463) is not surprising. Since the split from

chimpanzees, humans have accumulated about 7500 TE copies (464), mostly (95%) belonging

to L1, the Alu element (a SINE), and the SVA element. Approximately 25% of human

promoters (465), 150 human genes (58;466) and about 10% of human miRNAs (467) have been

suggested to be derived by TEs. Additionally, one-quarter of DHSs in human CD4+ T

cells overlap with annotated mainly primate-specific TEs (468), whose insertion likely con-

tributed to lineage-specific gene expression patterns (468). In total, over 50 disease-causing

retrotransposon (L1, SVA and Alus) insertions have been documented in humans (469).

In summary, TEs appear to provide a great tinkering mechanism for evolution and thus

have the potential to play a central role in the evolution of regulatory elements, which relies on

tinkering and reorganisation of pre-existing networks (374;389). Going further, Zeh et al. (470)

proposes an “epi-transposon” hypothesis, suggesting that under environmental pressure,

organisms fail to epigenetically suppress TEs, which leads to extensive transposition and

extremely rapid adaptive shifts. This hypothesis is in accord with the theory of punctuated

equilibria, which states that evolution happens in alternating stages.
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1.3 Methods in regulatory genomics

The findings presented in this thesis would not have come about without the availability

of two key experimental methodologies: next-generation sequencing (NGS) and chromatin

immunoprecipitation. In this section, I will give a brief introduction into NGS, putting it

into historical perspective and focusing on the Solexa/Illumina technology employed here.

I will discuss the way NGS has revolutionised regulatory genomics, and give an overview

of its diverse applications in the study of regulatory processes in the nucleus. Finally, I

will outline a typical ChIP-seq experiment and describe computational techniques for the

analysis of such experiments.

1.3.1 Next-generation sequencing

The importance of biological sequences became apparent in the middle of the past century,

after seminal discoveries such as the fact that proteins consisted of linear polypeptides of

amino acid strings (471–473) and most importantly, the DNA structure (474). It took more than

10 years before the first nucleic acid molecule was sequenced (475), and even longer for the first

sequence of DNA (476) to be experimentally determined. Of pivotal importance was the dis-

covery of type II restriction enzymes, making it possible to cleave long DNA molecules into

shorter, separable pieces that could be analysed individually (476). Soon after, the first regula-

tory regions were sequenced, in the E. coli lac operon (477) and a phage lambda repressor (478).

Next, the genome of the bacteriophage φX174 was completed (479), and the availability of its

sequence triggered the need to implement the first ever computer program to analyse DNA

sequences (480). The Sanger sequencing method, based on chain-terminating nucleotide ana-

logues to cause base-specific termination of primed DNA synthesis, subsequently dominated

biology for several decades. Developments tried to improve the throughput of sequencing,

first by the use of semi-automated sequencers (481;482), and then by full automation through

capillary array electrophoresis. These enabled the processing of multiple sequences at the

same time and culminated in the completion of the human genome sequence (58;483) (for a

review on Sanger sequencing see Hutchison et al. (484)).

At the same time, alternative sequencing strategies were developed, increasing the num-

ber of sequence reads obtained from a single experiment by several orders of magnitudes

and reducing the cost enormously. The fast, comparatively low-cost availability of previ-

ously unthinkable amounts of biological sequences completely revolutionised genomic re-
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Figure 1.13: Overview of the Illumina sequencing technology

search. Various commercially available technologies are now available, such as Roche/454,

Illumina/Solexa, Life Technologies/SOLiD and Helicos BioSciences (reviewed in Metzker

et al. (485) and Kircher et al. (486)). These instruments differ in their strategies of template

preparation, sequencing, imaging and data analysis. Generally, template preparation in-

volves random sharing of the DNA into smaller fragments which are then attached to a

surface and go through simultaneous sequencing reactions. Usually, there is a requirement

for the amplification of the template by PCR.

Illumina/Solexa was the most widespread technology at the time of writing (485) and was

the one used for sequencing all short-read data included in this thesis. The method works

by attaching small fragments to a solid surface called a flow cell followed by solid-phase

bridge amplification of the DNA templates. The single DNA molecules are attached to the

surface through an adaptor and bend over, hybridising to complementary adaptors; they
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thus provide the template for the synthesis of the complementary strand. The amplification

results in a flow cell with over 40 million clusters, each containing about 1000 clones of the

initial template. Sequencing then occurs in a massively parallel fashion through a DNA

sequencing-by-synthesis approach, similar to that used in Sanger sequencing, using dye ter-

minator nucleotides and special DNA polymerases that can incorporate these terminators

into growing oligonucleotide chains. The colour at each successive nucleotide addition step

indicates the sequence at each template position. The machine can reportedly produce 1

billion reads of up to 100 bp length in a single run, but these technical values change fairly

fast in time.

The advantages that the Illumina technology provides compared to other available tech-

nologies are (a) its effectiveness at sequencing homopolymeric stretches and (b) a low insertion-

deletion error rate. However, the limited read length can lead to difficulties in assessing

repetitive regions, and the employment of dye terminators and special polymerases leads to

a high portion of substitution errors, in particular after a ‘G’ base. Under-representation

of AT-rich and GC-rich regions has been described, probably related to amplification bias

during template preparation. The GC content bias is likely due to different melting tem-

perature of double-stranded DNA in ligation sequencing, to PCR amplification bias in the

sample preparation or bridge amplification in cluster generation step (487;488).

1.3.2 Methods in regulatory genomics

An NGS experiment will typically render millions of short read sequences, which have to

either be aligned to a known reference sequence or assembled de novo (489;490). For functional

genomic applications in species with already sequenced genomes, reads will be aligned to the

genome or transcriptome of the corresponding organism, in order to reveal information about

both the location and the quantity of the sequenced fragments. Among the challenges of the

mapping process are speed, accuracy, handling of multiple mapping locations and detection

of technological biases/anomalies. A number of short read aligners have been developed

in the past years, including ELAND (491), Maq (492), BWA (493) and Bowtie (494). They are

generally based on reference indexing to speed up their retrieval of best match per sequence

in large genomes, such as vertebrates. The indexing strategy of two of the most popular

programs, Bowtie and BWA, is based on the Burrows-Wheeler transform, which reduces the

memory used by over 20-fold compared to a spaced seed index.

39



1. Introduction

By combining several traditional biochemical methods with high throughput sequencing,

it is possible to obtain genome-wide information on chromatin state, nucleosome position-

ing, TF binding, DNA methylation, transcription and even 3D nuclear interactions. The

accessibility of stretches of DNA by proteins and RNA molecules can be inferred by DNase

I-seq (335), a technique based on digestion with the enzyme DNA nuclease I which cleaves

accessible regions of the minor groove (495–497), generally corresponding to regions where the

DNA is unpacked and accessible. FAIRE-seq (336) and Sono-seq (sequencing of sonicated

DNA fragments) (337) are complementary methods that can also reveal regions of looser DNA

packaging. In contrast to DNase-seq, the FAIRE-seq protocol does not require the permeabil-

isation of cells or isolation of nuclei and can thus be applied to any cell types. The repeating

units of a nucleosome (mono-, di-, trinucleosomes, ...) can be obtained by controlled digestion

with micrococcal nuclease (MNase), which preferentially cuts the linker DNA region (498;499).

The NGS scale-up of this technique, MNase-seq (227;308), can reveal genome-wide nucleosome

positioning patterns.

DNA methylation can be mapped genome-wide at single base-pair resolution by whole-

genome (500) and reduced-representation bisulphite sequencing (501), techniques based on the

conversion of non-methylated CpGs to uracils. Other, lower resolution methods for detect-

ing methylated DNA have also been developed, such as Medip-seq (502–504), where methy-

lated DNA is isolated by immunoprecipitation (IP) against a methyl-DNA binding protein,

methylation-specific digestion, making use of the property of some restriction enzymes to

recognise and cut at specific methylated or unmethylated regions (505;506), or the fractiona-

tion of genomic DNA fragments based on their CpG density (507;508) (reviewed in Bock et

al. (509)).

Three-dimensional chromatin interactions can be mapped through techniques based on

capturing chromosome conformation (3C) (510) and scale-up modifications of this technology,

such as 4C, 5C and finally Hi-C (reviewed in de Wit et al. (511)). 3C can detect kilobase-scale

regulatory chromatin loops between two genomic loci (512–515), 4C can map all chromatin in-

teractions of a specific bait locus (516–521) and 5C can map multiple interactions with multiple

loci (522;523). Hi-C, the largest up-scale of the 3C technique, is based on proximity-ligation,

restriction-enzyme digestion and NGS and has been applied to globally map chromatin con-

tacts in humans (370) , yeast (524;525), and Drosophila sp. (51). Finally, ChIA-PET combines

ChIP with proximity-ligation and can detect all genome-wide interactions involving a spe-

cific protein against which an antibody is available (154;526).
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Quantitative estimates of known and novel transcripts can also be obtained through the

NGS of RNA molecules (RNA-seq) (reviewed in Wang et al. (527)). RNA-seq is based on

the isolation of an RNA population which can be (a) total or (b) fractionated by PolyA

selection and/or (c) ribosomal depleted, the preparation of a library of cDNA fragments

with adaptors at both ends and subsequent sequencing of either one or both of the fragment

ends. Unlike microarrays and tiling arrays, RNA-seq is not limited to previous knowledge

of the genome/transcriptome, it provides information on transcription boundaries down to

single base-pair resolution and can be used to detect sequence variants in the transcribed

region. RNA-seq reads can be used to build gene models de novo (such as Cufflinks (528),

Scripture (529) and ABySS (530)), however, this a challenging problem, so reads are usually

aligned to either a known genome or a transcriptome. Alignment to the transcriptome

is simpler, and standard algorithms for alignment of genomic DNA can be used. On the

other hand, when aligning to the genome provisions must be made for gapped alignment

(e.g. when a read spans an exon-exon junction), which requires more specialised algorithms

(such as ERANGE (531), Tophat (532), gsnap (533)). Regardless of the alignment or de novo

assembly strategy, obtaining transcription level estimates from the raw count data can be

challenging, especially given the extent of alternative exon usage typical for mammals, so

methods which model expression at the transcript level have been developed for this purpose

(such as Cuffinks (528), mmseq (534) and Scripture (529)).

Finally, by ChIP-based methods and NGS, it is possible to systematically identify inter-

actions in the cell of both protein-DNA (ChIP-seq) and protein-RNA (HITS-CLIP, CLIP-

seq) (535;536).

1.3.3 ChIP-seq analysis: experimental and computational work-

flow

Chromatin immunoprecipitation, an invaluable methodology for the identification of in vivo

protein-DNA interactions, goes back to the late 1980s (537) and has been scaled-up to ChIP-

chip (538) and with the advancement of NGS (443) to ChIP-seq. A variety of computational

analysis methodologies for ChIP-seq have been reviewed in several publications (4;5;539–541).

Briefly, the goal of a ChIP-seq protocol (542) is to obtain a pool of DNA fragments that

is significantly enriched for the binding sites of the immunoprecipitated protein (or other

molecule). This is achieved by crosslinking the DNA with the proteins it bound by, shearing
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Figure 1.14: Experimental workflow of a ChIP-seq experiment (4)

Overview of the main steps in a ChIP-seq experiment, including crosslinking, sonication,
immunoprecipitation, reverse crosslinking and DNA purification.

(typically by sonication) the crosslinked chromatin and isolating the obtained fragments with

a protein-specific antibody. Next, the crosslinking is reversed and the fragments of interest

are sequenced by NGS. The resulting millions of short sequence tags are then typically

aligned to the genome they are derived from. The enrichment profiles reveal the locations of

the protein-DNA interactions (see Figure 1.14). Important elements of a successful ChIP-

seq experiment include sufficient enrichment of protein-bound chromatin compared to non-

specific chromatin (background) and sufficient sequence complexity of the library. Therefore,

high quality antibodies with very high specificity are essential.

Globally, ChIP-seq experiments either (1) compare ChIP sample with control experiments

(naked DNA or immunoprecipitation with and nonspecific antibody) to obtain regions of

significant enrichment, or (2) compare ChIP samples to detect significant differences between

conditions, cell types or species. This includes the comparison of TF binding profiles across
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different conditions such as different developmental time points (543;544), cell types (545;546) or

species (425;427).

1.3.3.1 Pre-processing and visualisation

The computational analysis of a ChIP-seq experiment starts with so-called fastq files, which

contain an associated per-nucleotide quality score Q that is an estimation of the −10∗ log(p),

where p is the probability that the corresponding base call is incorrect. The pipeline involves

quality assessment by plotting base qualities and frequencies per sequencing cycle, alignment

to the genome, duplicate filtering of alignments, removal of low complexity regions and

transformation of the aligned data to coverage vectors. Duplicate analysis is required, as a

high number of copies of the same read is usually an indication that the sample has gone

through a PCR bottleneck; normally about 80/90% unique reads are expected in a successful

experiment. Coverage vectors contain the read depth at each single base-pair and can be

visualised in genome browsers, such as UCSC, Ensembl, IGV and others (547–549).

Optionally, reads can be extended to the original average length at which the sample

DNA was sheared, which will smooth out the shape of the peaks prior to visualisation. The

extension of reads is necessary to estimate the original protein-DNA fragments, as only ends

of the size-selected fragments are sequenced. The protein-DNA interaction protects an area

from sonication, so no fragments will map exactly over the interacting site (Figure 1.3.3.1).

This leads to a bimodal distribution of mapped reads that can be corrected either by shifting

their locations 3’ by one half of the fragment length or by read extension. The fragment length

can be estimated either based on the gel at size-selection or computationally, by maximising

the correlation between + and - strand. In case of paired-end data, the fragment is easily

read as the mean between the mate-pairs.

1.3.3.2 Peak calling

The next step is determining the regions of significant ChIP enrichment, commonly known

as “peaks”. A large number of methods have been developed over the past five years, which

employ both different computational and statistical frameworks to distinguish between true

IP signal and noise (reviewed (540;541) and benchmarked (550;551)). Generally, the algorithms are

based either on detecting overlaps/clusters of reads termed “islands” or using a (smoothened)

sliding window approach to discretise the data points into intervals or alternatively on hidden
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Figure 1.15: Computational workflow of a ChIP-seq experiment (5)

(a) ChIP-seq: from raw reads to genomic regions of high ChIP enrichment. (b) The genomic
position sequence ChIP-seq tags are expected to map to. (c) ChIP-seq tag densities at one
protein-DNA interaction site used to illustrate the shift between tags mapping on + and -
strand. (d) The strand cross-correlation coefficient with respect to the relative strand shift;
the strand shift can be estimated based on maximising the cross-correlation.

Markov models (HMM). Most often thresholding is applied to determine regions of significant

ChIP enrichment compared to the control inside the set of regions chosen. The control is used

to correct for issues such as a non-random background, chromatin structure and sequence

differences compared to the reference genome, and can be obtained by fixating chromatin

with no IP, fixating chromatin and immunoprecipitation with a non-specific antibody, or in

silico through computational simulations. Thresholds are set either on peak height or by

taking several factors into account such as peak shape, read depth and directionality. The

peak shape is an important criteria for distinguishing true bound regions from false positives,

as TF-DNA interactions are expected to leave a characteristic footprint in terms of strand

shift, due to the nature of the experiment (see Figure 1.3.3.1b). Peak-callers deal with this

issue either by peak extension or by peak shifting and the fragment length can be either

experimentally or computationally derived, as described above. The employed thresholds

can be ad hoc, either fixed or left for the user to decide, or set against a background which

is modelled by different distributions and parametrised from the ChIP or control samples.

Among the distributions used to model ChIP-seq data are conditional bionomial, negative

binomial, Poisson, local Poisson and diverse mixture models (550;551). Finally, empirical false

discovery rates (FDR) are usually estimated by swapping sample and controls.
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Popular ChIP-seq peak-callers include MACS (552), PeakSeq (553), Useq (554), QuEST (487),

SPP (307), SISSR (555), CisGenome (556), F-seq (557), PICS (558) and CCAT (559), as well as the EBI

in-house tool SWEMBL, developed by Steven Wilder (see Appendix .1). The majority of the

methods (apart from CCAT) have been specifically developed for punctuate transcription

factor binding. A recent evaluation of ChIP-seq methods suggested that overall, there is no

single tool that performs optimally on all datasets in any organism and that the choice of

method should be motivated by the specifics of a study’s data and goal (550). The evaluation,

which was based on (1) reproducibility, (2) overlap with high-scoring sequence motifs and (3)

available true and false positives based on independent qPCR experiments suggested that

the binding sites detected by all algorithms were significantly enriched in their respective

sequence motifs, and that the peaks of high enrichment were correctly recognised by all

methods across experiments. However, there were large differences in peak calls for the

regions of median and in particular low enrichment, in which cases substantial differences

across datasets were apparent.

In the present thesis, I have explored three peak-calling methods, based on overall pop-

ularity and performance in benchmarking studies, establishment of the methodology in our

research group, resolution and applicability to both TF binding and histone modification

data. MACS was likely the most widely used method at the time of writing, a parametric

model based on a local Poisson distribution parametrised from control data, which estimates

FDR by control switch. MACS can be used for the analysis of both punctuate TF-DNA

interactions and fairly localised histone modifications, as long as the parameters are adjusted

to correspond to the nature of data. As intervals detected by MACS are fairly large, common

practice is to split broad regions that incorporate several individual peaks to increase the

resolution (560). SWEMBL, on the other hand, a tool optimised for mapping of TF binding,

performs particularly well for punctuate data and determines the most likely protein-DNA

interaction point, the so-called “peak summit”, with high accuracy. CCAT is one of the few

tools flexible enough for good performance on both broad histone modifications and sharp

TFBSs, it is based on an iterative algorithm that estimates the noise rate using the Poisson

distribution, a control library and the central assumption that the ChIP sample is a linear

combination of true signal and noise. Multiple options of significance scores are supported,

including Bayesian FDR rates, which account for different library sizes among IP and control

through random sampling (561). The authors demonstrated higher sensitivity in the detection

of H3K4me3 and H3K36me3 then previously obtained with other methodologies, and also
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confirmed the high specificity of the detected enrichments through qPCR experiments.

1.3.3.3 Downstream analyses: enrichments, genomic intervals and motif dis-

covery

After peak-calling, downstream analyses of a ChIP-seq experiment typically include the

calculation of overlaps among factors, samples, genomic annotation and other functional

features, including genes and transcripts, repetitive elements, CpG islands and DNA methy-

lation. Such genomic overlaps are typically determined by counting peaks at a certain dis-

tance of the region of interest compared to more distal locations and comparing the extent

of this overlaps with random expectations. Plotting average ChIP-seq profiles relative to

genomic features such as TSSs, TESs, peak summits or oriented motifs can also be revealing

of the genomic positioning and relationship of different factors to one-another or transcrip-

tional activity (5). For determining peak-gene associations, more complex methods, such as

the probabilistic assignment of TF binding events to genes have recently been developed (562).

Individual peaks can be classified based on items such as the intensity of their ChIP sig-

nal, the proximity to other factors (cis-regulatory module analysis) or the characteristics of

the underlying genomic sequence (5;539;540). With respect to the latter, a typical problem is

the discovery of the binding specificity of TFs, also known as motif discovery (reviewed in

Tompa et al. (563)). In the present thesis, two wide-spread methods based on optimising a

probabilistic mixture model using an expectation maximisation algorithm (564) and a nested

sampling approach reported to perform with high sensitivity (565) were employed.

Often, one is interested in differential binding or histone modifications between different

cell types, developmental stages or even organisms. Two strategies can be applied in such

circumstances: (1) a discrete, binary one, in which a threshold is set at the peak-calling

step and regions that overlap with a given number of base-pairs are called “common” while

all others will be differential; (2) a continuous threshold, in which the ChIP enrichment is

compared inside a certain interval and significantly different regions are selected (566). For

the latter, a model of the distribution of the ChIP data is needed as well as replicate infor-

mation in order to estimate the biological variability and provide a confidence measure for

the detected difference. Several methodologies using the negative binomial distribution for

comparison of short read count data have been developed (567;568). Such methods, although

primarily developed with RNA-seq data in mind, are applicable to ChIP-seq analysis as well,
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as demonstrated in recent implementations (569;570).

1.3.3.4 Comparative analyses

The final step of genome-wide ChIP-seq analysis for multiple species is the comparative

analysis of the data sets within local or genome-wide multiple sequence alignments (MSAs).

The goal of MSAs is to group together bases that share a common ancestor, however, this is

a highly challenging problem, especially when it comes to large DNA alignments of distant

species (see Durbin et al. (571) for the general problem of MSA and Notredame et al. (572) for

a review of available methodologies). Consistency-based alignment algorithms have been

recently proposed (573;574) and constructed through ongoing exchange of information from

sets of pairwise comparisons, which increases the chance of producing optimal solutions.

Genome-wide MSAs such as the ones included in Ensembl Compara builds are consistency-

based and use the information from large sets of vertebrate genomes to produce homology

maps that allow the conversion of each genome into any of the others (575).

In this thesis, the Ensembl Compara PECAN pipeline was used for vertebrate alignments,

and the EPO for mammalian and primate alignments. PECAN provides whole-genome align-

ments over the vertebrate space using a two-step pipeline, where first a synteny map between

genomes is built and then a consistency-based alignment is created between the syntenic re-

gions. EPO, a three step pipeline, is applied to both mammalian and primate MSA and

ancestor reconstruction and consists of (1) finding collinear segments from all genomes, tak-

ing into account rearrangements, deletions and duplications, (2) aligning the segments with

the same consistency-based multiple sequence aligner as in the PECAN pipeline, and (3)

creating genome-wide ancestral sequence reconstructions (576). By using PECAN and EPO,

each single base-pair in any genome included in the alignment space can be mapped to any

other genome of that space, making the comparative analysis between discrete sets of inter-

vals straightforward, which is of great use for the study of ChIP-seq data sets across multiple

species. All comparative analyses described in Chapter 2 use the ENSEMBL Compara MSA

framework.

1.3.4 The R environment and the Bioconductor project

From a technical perspective, the vast majority of analyses described in this thesis have

been implemented using the open-source R language and software environment, as well as
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the open-source Bioconductor project (577). R was developed for statistical computing and

graphics and provides functionality for performing numerical calculations, effective data

handling, storage, analysis and visualisation. Importantly, a large number of statistical

techniques have been implemented in R in the form of packages, including linear and non-

linear modelling, classical statistical tests, classification and clustering. Additionally, R has

vast graphical capabilities, and the user has extensive control over the design of a broad

array of plotting utilities. In particular, specifically developed packages, such as rtracklayer

provide functionality to in- and output genome browser tracks and create UCSC browser

screenshots directly from the R environment.

Based on R and designed for computational biology purposes, Bioconductor is an open

development project that contained over 500 software specialised packages at the time of

writing. Such packages facilitate the analysis of data generated by various high-throughput

biological experiments, including DNA microarrays, NGS, flow cytometry and genotyping.

Several workflows for the analysis of NGS data have been implemented such as quality as-

sessment, ChIP-seq, differential expression and RNA-seq. Moreover, specific packages such

as Biostrings allow biological string manipulation, enabling fast operations such as motif

matches and discovery. Of particular great use in the analyses presented here were recently

developed data structures for representation of information on chromosomes/contigs: (1)

RangedData, containing intervals and associated data and (2) RleList, containing coverage.

By reading in aligned short read fragments into R using the ShortRead package and trans-

forming them into these two data structure types, a wide range of high speed functionality

was available for data manipulation. Among the statistical tests widely used throughout the

thesis are parametric and non-parametric comparisons of population means (paired Student’s

t-test and Wilcoxon signed-rank test); the calculation of Spearman’s rank correlation coeffi-

cient to assess the statistical dependence between two datasets and more specifically obtain

a measure of the similarity between different ChIP samples (among others); the Fisher’s

exact test and/or the binomial test to evaluate the significance of the association between

different datasets/genomic features; linear regression techniques and so on.

Finally, one of Bioconductor’s main strengths is its vibrant developers and user com-

munity, that make it highly dynamic. New research-driven packages appear at a fast pace,

keeping up with the rapid development of new experimental methodologies.
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Chapter 2

The evolution of CTCF binding in

vertebrate species

2.1 Summary

CTCF is a ubiquitous zinc-finger protein that plays essential roles in domain insulation,

nuclear architecture and transcription regulation within vertebrates. We experimentally

determined the genome-wide occupancy of CTCF in livers of six mammalian species and

lymphoblastoid cell lines (LCLs) of seven primates by ChIP-sequencing, and found: (1) high

conservation of CTCF binding, (2) a larger sequence specificity of CTCF-DNA contacts

than previously detected, and (3) evidence for repeat-mediated expansion of CTCF binding

in multiple lineages, as well as in the mammalian ancestor.

As opposed to canonical TFs that show rapid turnover of their genomic binding, we

found that up to 60% of CTCF-bound regions are shared along primate and rodent lineages,

while as much as 10% are common to all study species. Shared regions are evolutionarily

conserved at the sequence level and show high ChIP enrichment and stability. A subset

of binding events contain a second sequence motif, located at a preferred and conserved

spacing with respect to the canonical one; this suggests that CTCF contacts the DNA over

a larger region than previously described in genome-wide studies, consistent with previous

experimental results at single loci. The frequency at which individual motif sequences (motif-

words) are bound also tends to be conserved across species, with a few highly bound motif-

words corresponding to deeply shared regions of high ChIP enrichment. However, some motif
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instances are restricted to certain species and represent motifs embedded in lineage or species-

specific repeat elements. We also collected evidence for ancient repeat element expansions;

over a hundred binding events shared across all placentals contain traces of repeat elements

that were active in the placental and/or mammalian ancestors. Functionally, we detected

no difference among deeply-shared, repeat-associated and the remaining CTCF binding sites

with respect to their genome-wide barrier and insulator activity.

Our data suggests a model by which intermittent waves of CTCF motif expansions,

mediated by repeat elements, created a pool of putative bound elements that can assume

roles in chromatin structure and transcriptional regulation. As selection pressure acts on

the newly created sites, important ones are maintained and can be detected as shared events

along branches of a species tree.

2.2 Introduction

CTCF is an essential nuclear protein, with important roles in genetic and epigenetic reg-

ulation in vertebrates (reviewed in Chapter 1.1.2.2). Due to its involvement in long-range

chromatin interactions and chromatin domain insulation, as well as due to its influence on

transcription activation and repression, CTCF has been portrayed as the “master weaver”

of vertebrate genomes, a protein with the ability of integrating 3D organisation of nuclear

DNA and transcription regulation (63). This central role appears to be tightly connected to

vertebrate traits and evolution. CTCF’s 11 zinc-finger domain and its core DNA-binding

motif are highly conserved from human to chicken. CTCF binds multiple highly conserved

non-coding elements (CNEs), some of which are proximal to genes important in vertebrate

development, or to TFs that encode genes associated with human diseases. Moreover, CTCF

binds multiple imprinted loci and plays a central part in this eutherian-specific epigenetic

process, as illustrated at the well-studied IGF2/H19 locus (reviewed in Chapter 1.1.2.2). It

is necessary for both X chromosome inactivation and escape from inactivation at specific

genomic regions; it is indispensable for the mammalian immune defence system, by mediat-

ing V(D)J recombination as well as by interacting with viral genomes and influencing viral

transcription.

The evolution of the genome-wide binding of such a crucial player in vertebrate gene

regulation and genome organisation is bound to provide new insight into our evolutionary

past and present. Several studies have addressed the evolution of TF binding over the
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past ten years. TFBSs generally evolve by random mutations or alternatively by means of

repetitive elements (95;423;454) (reviewed in Chapter 1.2.3). TF binding has been shown to turn

over fast in yeast (417), vertebrate livers (421;425), ES cells (423), as well as in other mammalian

tissues (304;418). Only studies in fruit fly embryos have suggested that a high proportion of

TF binding is evolutionarily conserved (427;428).

Limited investigations using DNA sequence comparisons (74;158) as well as human, mouse

and chicken cell-line comparisons (95;159;423) have suggested a relatively high conservation of

CTCF binding. In this project, we investigate the binding of this highly important TF

in multiple species spanning over 300 MY of vertebrate evolution, as well as short evolu-

tionary distances inside the primate and rodent lineages in both livers and LCLs. Such an

ample dataset provides new insight into CTCF’s (1) exceptionally conserved binding, with

more than 5,000 CTCF binding events shared between human, macaque, mouse, rat and

dog; (2) composite binding specificity, explaining differences between previously described

target sequences; (3) conserved hierarchy of bound sequences, where frequently used words

underlie CTCF binding events that are most conserved, stable and tissue-invariant; (4) bind-

ing expansion through lineage-specific SINE repeats independently in multiple mammalian

lineages, including the mammalian ancestor.

2.3 Results

2.3.1 The genetic sequence is the major determinant of CTCF

binding in vivo

Comparative analysis of TF binding is only possible if the environment does not have a promi-

nent effect on the steady state of transcriptional regulation compared to the role played by

the genetic sequence. However, CTCF has been implicated in many epigenetic phenomena

such as imprinting and X chromosome inactivation, and its binding has been shown to be in-

fluenced by DNA methylation (reviewed in Chapter 1.1.2.2). Using the aneuploid TC1 mouse

strain, which contains a human chromosome that is stably passed through the germline, we

assessed the impact of the environment on CTCF binding. The TFs CEBPA and HNF4A

have previously been shown to largely bind to the same locations on the ectopic chromosome

as in the wild-type human liver (425;578). Similarly, CTCF predominantly recapitulates the

human binding in the mouse environment, confirming that the genetic sequence is the major
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determinant of stable DNA-protein binding locations (Figure 2.1).

Figure 2.1: CTCF binding is mainly directed by the human sequence in the mouse environ-
ment

(A) Genome tracks displaying CTCF binding proximal to the liver-expressed gene CLDN14
in human (Hs-chr21), TC1 mouse (TC1-Hs-chr21) and wild-type mouse (TC1-Mm-chr16).
(B) Read profiles on human chromosome 21 in human liver, TC1 mouse liver and the or-
thologous regions on mouse chromosomes 16, 17 and 10. 10 kb windows centred on human
CTCF binding events were ordered based on the presence of syntenic CTCF binding events
in mouse liver.

2.3.2 High conservation of CTCF binding in vertebrates

To assess the conservation of CTCF binding, we analysed both distant vertebrates and more

closely related species of the primate lineage. We performed ChIP-seq against CTCF in

livers isolated from human, macaque, mouse, rat, dog and opossum. The same antibody

was used for all placentals. A custom antibody against the opossum CTCF protein sequence

was generated, as the epitope used by the initial antibody was not conserved in marsupials

(Figure 2.2A). We validated the antibody’s specificity by showing high co-occupancy with
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cohesin (Spearman’s rho=0.62 and Figure 2.2), a highly conserved protein known to bind

alongside CTCF at the majority of genome-wide CTCF interaction sites (reviewed in Chapter

1.1.2.2 and shown in Chapter 3.

Figure 2.2: Validation of the custom anti-CTCF antibody employed in opossum

(A) Alignment of the targeted fragment of CTCF’s protein sequence in multiple mammals;
the peptides used to generate the commercial (placentals) and custom (opossum) antibodies
are highlighted. (B) Genome-wide tracks displaying CTCF and cohesin (STAG1/SA1) bind-
ing in opossum liver at the APP locus. The binding event highlighted with a star is in the
orthologous location of the human binding event used for DNase I footprinting (80). (C) Vio-
lin plots of two CTCF and one cohesin replicate in opossum (D) Scatter and Bland-Altman
plots comparing the opossum CTCF and cohesin.
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Additionally, we used cohesin as a proxy for CTCF in chicken livers, where no antibody

against CTCF was available. On a genome-wide scale, cohesin is present at the vast ma-

jority of CTCF binding sites (134;579) (reviewed in Chapter 1.1.2.2), as well as alongside TFs

at tissue-specific genomic regions (579). As CTCF does not generally co-bind with master

regulators, shared CTCF-cohesin sites are expected to be a good indication for CTCF bind-

ing at those locations. Moreover, cohesin binding is not sequence-specific, so the presence

of a CTCF motif at a cohesin binding site is highly suggestive of CTCF binding. Also,

we performed ChIP-seq using the commercial CTCF antibody in LCLs isolated from seven

primate species, covering hominids and old and new world monkeys: human, chimpanzee,

gorilla, orangutan, macaque, baboon and marmoset.

The identified binding locations were compared using genome-wide multiple sequence

alignments available in the Ensembl Compara database (see Chapter 2.5.2). We first com-

pared CTCF binding conservation in human, mouse, and dog with published data for the

liver master regulators HNF4A and CEBPA (425), and found that CTCF binding is much

more conserved than the binding of the two liver-specific TFs. This includes locations prox-

imal to liver-specific target genes such as APOA2, where HNF4A and CEBPA binding has

diverged substantially, while CTCF binding events are shared among all three mammals

(Figure 2.3A). Over 20% of the regions bound by CTCF in the human genome are shared

with both mouse and dog, while this is the case for less then 5% of CEBPA or HNF4A

binding sites. CTCF sites that are bound in at least two distinct placental lineages are more

likely to be bound in a third one, as opposed to CEBPA and HNF4A sites, for which the

addition of any species to the comparison decreases the number of shared regions (Figure

2.3B).

Next, we looked at closely related species inside the primate and rodent lineages and found

that species pairs such as mouse-rat or any two primates share over 50% of CTCF binding

events. This fraction does not change substantially with the addition of more species inside

the lineage: over 30% of human CTCF-bound regions are also bound in six other primate

species (Figure 2.4D). The closest species pair such as human-chimpanzee and human-gorilla

overlap in about 70% of their bound regions. Thus, the divergence increases with the evo-

lutionary distance between any two species, in both mammalian livers and primate LCLs

(Figure 2.4A-B).

Finally, we used all the liver datasets to determine placental, mammalian and vertebrate-

shared binding sites. Over 10,000 orthologous positions were bound by CTCF in all analysed
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Figure 2.3: High conservation of CTCF binding compared to CEBPA and HNF4A

(A) Genomic occupancy of HNF4A, CEBPA and CTCF is shown around the liver gene
APO2 in human, mouse and dog. Grey lines connect orthologous regions between species.
(B) Fraction of CEBPA, HNF4A, and CTCF binding events that occur in one, two, or three
of the placental species.

primate LCLs. A core set of over 5,000 CTCF binding events were shared by all five placentals

(Figure 2.4C). Almost 1,500 of these were also shared with opossum, likely representing a

slight underestimation of the degree of conservation due to the lower enrichments obtained

with the custom opossum antibody. Finally, based on the chicken cohesin data, we estimated

that over 800 binding sites are invariant across all vertebrates.

2.3.3 Functional conservation of CTCF binding

Among the locations with deeply shared CTCF binding we noticed the HOX gene clus-

ters (580), developmentally essential genomic regions that determine the characteristic seg-

mental patterning of the vertebrate body plan. Hox regions are highly conserved both in

sequence and genomic organisation (581), and CTCF has been suggested to tightly regulate
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Figure 2.4: CTCF binding is highly conserved in placental livers and primate LCLs

(A) The total number of CTCF binding sites found in orthologous locations between each
pair of placental species is shown as row-column intersections. The right-most numbers for
each species represent all alignable CTCF binding peaks (total peaks are in parentheses).
Percentages are percentage-averages between pairwise species (see Chapter 2.5.2). (B) Five-
way comparison of CTCF binding in all placentals revealed a shared set of 5,251 CTCF
binding events. (C) Analogous to A, showing overlaps in primate LCLs; (D) CTCF binding
events shared across Hominidae (blue), Hominidae and Old World Monkeys (green) and all
primates (grey). Numbers shown in brackets include gorilla in the comparison.
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the latter (582). We find remarkably high CTCF binding conservation at all Hox clusters

compared to other genomic locations (almost 7-fold difference) (Figure 2.5A), as illustrated

at the HOXB region (Figure 2.5 B).

Figure 2.5: CTCF binding is highly conserved at regions important in organismal develop-
ment such as the Hox cluster

(A) Genome browser view of the HOXB region, showing mammalian conservation of CTCF
binding. (B) The fraction of five-way shared CTCF binding events located in HOX gene
clusters or other genomic regions.

In order to further explore the properties of CTCF binding sites with different evolu-

tionary histories, we employed both our liver and LCL multi-species data. We categorised

the CTCF-bound regions into (1) human; (2) Hominidae; (3) primate; (4) placental and

(5) vertebrate-specific. In these categories, we analysed ChIP enrichment characteristics,

CTCF motif occurrence and score, tissue-invariance, distance to annotated TSSs, to the TF

YY1 (previously shown to interact with CTCF and to localise at insulator elements in the

human genome (131;583)) and to RNA pol II, localisation in CpG islands, as well as resistance

to changes in the nuclear concentration of CTCF. To asses tissue-invariance, we collected

CTCF datasets in diverse cell lines from the ENCODE consortium (584), and created a set of

27,312 ubiquitously bound regions. To determine binding stability, we identified how sensi-

tive individual CTCF binding events were to the overall protein concentration by performing

ChIP-seq in MCF-7 cells before and after RNAi-mediated CTCF knockdown. Almost half
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(38,688) of the 73,984 CTCF-bound regions in MCF-7 cells were still present after reducing

the levels of CTCF through RNAi (585).

Figure 2.6: Evolutionarily shared CTCF binding events show distinct ChIP enrichment,
motif content and association with protein partners

Regions bound by CTCF in human LCLs were split into (1) human, (2) Hominidae, (3)
primate, (4) placental, and (5) vertebrate-specific. Different sets of properties, including
peak-related measures (first row), motif match (second and third row) and overlaps with
other genomic annotations and factors such as TSSs, RNA pol II, the TF YY1, CpG islands,
and repeat elements are displayed as densities of fractions of associated regions.
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We found that binding events shared across multiple placental or vertebrate lineages show

stronger ChIP enrichment over larger regions, a higher occurrence and score of the CTCF

motif, high tissue-invariance, an enrichment in CpG islands, as well as high resistance to

knockdown (Figure 2.6). Over 99% of the genomic regions bound by CTCF in the LCLs of

all seven primates were also bound in human livers, and over 70% of them were bound in

all analysed ENCODE cell lines. Placental-shared binding sites were nearly always resistant

to knockdown; however, this was the case for only 40% of the human-specific binding events

(Figure 2.6). This result indicates that shared events are less susceptible to the absolute

concentration of CTCF protein in the nucleus, and thus more likely to represent highly

stable protein-DNA interactions with a potential functional role.

We found no difference between species-specific and shared sites with respect to TSS

localisation or overlap with RNA pol II binding, suggesting that there is no evolutionary

pressure on the CTCF-RNA pol II relationship or on the distribution of CTCF binding sites

with respect to genes. In contrast, deeply shared binding events colocalised more often than

species-specific ones with the TF YY1. The majority of multi-species CTCF binding sites

overlapped YY1 bound regions, while this was not the case for either human nor Hominidae-

specific sites. This result suggests an evolutionarily conserved function of CTCF alongside

YY1 (discussed in Chapter 5.1).

2.3.4 Relationship between IC, length and conservation of TFBSs

The sequence specificity of TF-DNA interactions vary greatly with respect to both length

and strength of the interaction with individual base pairs. To explore whether there is

a simple rule based on the TFBS characteristics that determines the conservation of TF

binding, we used multi-species in vivo binding data for CTCF, HNF4A and CEBPA, as well

as single-species binding data and sequence conservation for a collection of TFs available

through the ENCODE project (584). The multi-species TF binding data suggests that broadly,

conservation increases with length and information content of a factor’s DNA-binding motif

(Figure 2.3A-B). However, comparative binding data for a wider range of factors would be

needed to confirm this trend. In the absence of such data, we used human binding for 11 TFs

with highly diverse motif characteristics and compared their median genomic evolutionary

rate profiles (GERP), used as a measure of the sequence conservation of individual motifs.

As a control, we analysed the relationship between motif length/IC and median bound
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region conservation. All these GERP scores were in the range of (-0.5,0.5) and did not show

any dependence on motif information content or length, suggesting that the median motif

conservation is a good proxy for selection pressure on the specific TFBSs (see Figure 2.7).

Figure 2.7: Relationship between length, IC and sequence conservation of TFBS

Median conservation versus motif IC (A) and length (B) of factor-bound PWM-matches.
(C-D) show a control that uses median conservation of the entire TF bound regions.

We found that the median motif sequence conservation was correlated with the motifs’

length and IC. However, after a closer inspection, we discovered that the two TFs CTCF

and NRSF/REST (Figure 2.7A-B) were driving this relationship. When the two factors

were excluded from the analysis, the correlation almost entirely disappeared. None of the

correlations were statistically significant (see Chapter 2.5.2). We conclude that while there

appears to be increased conservation for some TFs with very long motifs such as CTCF and

NRSF/REST, there is not a clear linear relationship between motif length and conservation
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of the target sequence.

2.3.5 DNA sequence specificity of CTCF binding

A large number of studies have analysed the DNA binding specificity of CTCF in detail,

either at individual loci or genome-wide (reviewed in Ohlsson et al. (586) and in Chapter

1.1.2.2). The protein’s canonical binding motif comprises approximately 20 bp, with a core

sequence of about 12 bp, corresponding to the bases with the highest IC. Most CTCF binding

events have been reported to contain one consensus motif, in contrast to many other TFs

that bind regions with multiple motif copies (555). CTCF’s DNA binding domain could in

principle target a longer DNA sequence, as individual Zn fingers usually interact with 2-3 bp.

Consistent with this theoretical consideration, methylation-interference, Zn finger deletion

and DNase I digestion assays have revealed a protected area of up to 50 bp, interrupted

by a DNase I hypersensitive site (DHS). This profile has also been recognised genome-wide

recently (85).

We detected the previously described CTCF motif (M1) (74) by performing de novo dis-

covery in a 50 bp region centred around the CTCF peak summit in each of our genome-wide

datasets (results in mammalian livers are shown in Figure 2.9A). Approximately 80% of the

bound regions contained this canonical CTCF motif in both primates and mammals (2.10

A). The majority of regions included a single motif that aligned between multiple species, re-

vealing a highly conserved regulatory architecture (Figure 2.8). These results are in contrast

to the behaviour of the tissue-specific TFs CEBPA and HNF4A, which usually bind regions

containing multiple motifs (Figure 2.8A), and for which binding events shared in multiple

species are more likely to contain multiple aligned motifs (425).

De novo motif discovery also revealed a second 9 bp motif in all study species (Figure

2.9A). This newly identified motif (M2) was located at a consistent spacing of 20 to 21 bp

with respect to M1, creating a 33/34 bp long two-part binding profile (Figure 2.9B-C) at 10-

20% of all CTCF-bound regions (Figure 2.10A). Both halves of the greater motif are virtually

identical across 180 MY of evolution, consistent with the high conservation of CTCF’s DNA

binding domain (Figure 2.2A).

To explore the properties and consequences of the presence of M2, we analysed ChIP

enrichments, conservation and resistance to RNAi-mediated CTCF-knockdown of bound

regions containing only M1 or both M1 and M2 motifs. Peaks containing full length M1-M2
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Figure 2.8: Most CTCF-bound regions contain precisely one motif aligned among multiple
placentals

(A) HNF4A, CEBPA and CTCF motif distribution in the regions bound by the respective
factors according to a stringent and lenient PWM match cutoff. (B) Number of CTCF motifs
aligned between 0, 1 and >2 species in regions bound by CTCF in 2, 3, 4 or 5 species.

motifs were generally larger and showed overall higher read counts than M1-only binding

sites (Figure 2.10B). Averaged ChIP-seq read profiles revealed an offset of the binding peak

from the center of the M1 motif, consistent with CTCF binding a downstream region centred

on the full 33/34 bp motif. Indeed, in cases where the M2 motif was clearly present, this

effect was slightly stronger (Figure 2.10C). Bound locations containing M2 were almost twice

as likely to be shared across five species than M1-only regions, and were significantly more

resistant to RNAi (Figure 2.10D).

We also enquired whether purifying selection was acting on the newly identified motif as

an indication of its functional importance. We identified binding events shared among five
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Figure 2.9: De novo motif discovery reveals both the canonical CTCF motif and a novel 9
bp motif at a conserved spacing

Results obtained in mammalian livers showing (A) motifs discovered de novo in a 50 bp
regions centred on the CTCF peaks summits, (B) distributions of the distances between the
M1 and M2 motifs, and (C) complete 33/34 bp long CTCF motif containing both M1 and
M2.

mammals that contain both the M1 and M2 motifs and searched for evidence of positional

sequence conservation of M2. We first plotted the frequency for all unchanged bases in

the MSA, revealing that the bases under evolutionary constraint were those associated with

both M1 and M2 and that for both motifs, the IC of each single position was proportional

to the number of times the base was found identical over a large evolutionary distance

(Figure 2.11A). We further confirmed this result using GERP scores as a second measure of

evolutionary conservation (Figure 2.11A).

To ensure that CTCF itself was binding the second motif directly, we turned to previ-

ously published locus-specific experiments on CTCF binding specificity. Quitschke et al. (80)

described a 39 bp-long CTCF footprint interrupted by a DHS (at position 23 from the start

of M1) at the APP promoter using both purified CTCF from HeLa cells and recombinant

63



2. The evolution of CTCF binding in vertebrate species

Figure 2.10: Characterisation of the newly discovered M2 motif

(A) Numbers of CTCF-bound regions, as well as regions with an M1, an M1-M2 and an M1-
M2 motif at 20/21 bp spacing. (B) Distributions of read counts and length of CTCF-bound
regions. (C) Normalised read profiles centred around the M1-M2 motif (when present). (D)
Fractions of five-way shared binding and regions resistant to CTCF knockdown.

expressed and purified CTCF from Pichia pastoris. We performed motif analysis of the

footprint’s sequence and detected the presence of both M1 and M2. The non-informative

bases of the composite motif overlapped the DHS (Figure 2.12A). The full M1-M2 motif

was present in all species, including opossum, with observed insertions, deletions and single

base mutations occurring in non-disruptive areas of M1-M2. For example, a 1 bp deletion

in mouse and rat within the non-informative bases of the composite motif resulted in the

second preferred spacing of 20 bp; a 7 bp insertion in dog and opossum was located outside

M1-M2. The protection of the M2 motif was lost when CTCF’s C-terminal Zn fingers were

deleted, suggesting direct interaction of these sub-domains with the M2 motif.

Secondly, Filipova et al. (77) used methylation interference analysis to show that CTCF
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Figure 2.11: High sequence conservation of both M1 and M2 motifs bound in five mammalian
species by CTCF

GERP scores (A) and fraction of unchanged bases in the five-species MSA (EPO) displayed
as a motif logo (B) at five-way shared CTCF-bound regions that contain both M1 and M2
motif matches.

interacts with 30-40 bases of the human C-myc fragment A and only about 20 bases of

chicken C-myc fragment V, shown in Figure 2.12B. Motif discovery revealed that fragment

A included a M1-M2 motif, while fragment V only contained M1. Mutation experiments

carried out with the in vitro translated DNA binding domain of CTCF showed that three

bases of fragment A, which correspond to high information content positions in M2, were

critical for CTCF binding. Moreover, Filipova et al. (77) demonstrated that, when bound to

CTCF, fragment A protects more Zn fingers of CTCF from proteolytic degradation than

fragment V. This suggests that additional fingers are used to bind fragment A but not V.

Further in vitro experiments determined that CTCF’s C-terminal Zn finger (number 11) is

necessary to bind fragment A whereas fragment V is sufficiently bound by Zn fingers 1-7

only.

Taken together, these results provide evidence for a direct interaction of CTCF with

M1-M2, and more specifically that CTCF’s C-terminal Zn fingers are directly interacting

with M2. The variable presence of the shorter and less information-rich motif suggests that

CTCF may have multiple binding modalities. The high evolutionary conservation detected

at sequence levels for both M1 and M2 is likely due to the importance of these various
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Figure 2.12: Direct interaction of CTCF with M2 confirmed by DNase I digestion and
methylation-interference assays

(A) The APP promoter locus analysed by Quitschke et al. (80) experimentally using DNase I
digestion assays. Six-way mammalian alignments show the conserved presence of the M1+M2
motif at this locus. (B) Overview of the human C-MYC fragment A and chicken C-MYC
fragment V analysed by Filippova et al. (77) showing sequence, M1 and M2 motif presence.

CTCF-DNA interactions.
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2.3.6 A conserved hierarchy of CTCF motifs in mammals

To investigate the relationship between the identified motif profiles and the specific bound

DNA sequences, we identified the 14 most informative bases of the CTCF motif, containing

over 95% of the IC, and used these to establish the frequency of each motif-word among the

binding events. We observed 33,994 different 14-mer motif words used by CTCF at least

once (of a possible 69,865 motif-words) across the five placental mammals. A small subset

of the observed motif-words were used with high frequency within each species, as indicated

by the Gini coefficient (Figure 2.13C). The Gini index captures the inequality among values

of a frequency distribution, and in our case, provides a measure of how abundant some sets

of motif-words are compared to others. We note that this imbalance is consistently higher

across all mammalian species for CTCF than for HNF4A, indicating that CTCF has stronger

sequence preferences for some targets, compared to HNF4A. For example, the top 200 bound

motif-words are responsible for 4,006 binding events in the human genome; in fact, just 2,492

words (3.6% of the possible words) account for over half of the binding events in the human

genome.

Strikingly, the motif-word usage is also highly conserved between the species (Spearman’s

rho > 0.76), and recapitulates both the evolutionary distances between the species, and key

characteristics of the CTCF binding events (Figure 2.13). In particular, the frequency of

a word’s usage correlates with the likelihood of a binding event being shared among all

five species, as well as with the strength of the ChIP enrichment. Inter-species word usage

correlations are much lower for HNF4A than for CTCF, and no relationship between word

frequency and ChIP enrichment or conservation is seen for this tissue-specific TF.

2.3.7 CTCF binds to retrotransposons in multiple mammalian

lineages

Despite the high overall conservation of CTCF motif-word usage, we observed specific sets

of motif-words that were bound more often in rodents (mouse and rat), dog, and opossum,

compared to the other species (Figure 2.14A). The vast majority of these motif-words were

embedded within SINE retrotransposons. CTCF binding was highly enriched and signifi-

cantly colocalised genome-wide with members of the repeat families that contained the over-

represented motif-words (Figure 2.14C-D). In the mouse and rat genomes, CTCF binding

was carried to many thousands of sites via Muridae-specific B2 repeats. In dog, we detected
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Figure 2.13: Hierarchy of CTCF-bound sequences

(A) Frequency of CTCF occupancy in five mammalian species for individual motif instances
are displayed as column-wise hierarchically clustered histograms and sorted by occupancy
in humans. Fraction of five-way shared regions and median ChIP enrichments in bins of 25
motif instances are shown as barplots on the side. (B) Analogous plots as shown in A for
CTCF are displayed for HNF4A, used as a control based on human-mouse-dog comparisons.
(C) Pairwise correlation values and Gini indexes for both CTCF and HNF4A.

over 500 associations with the SINE-Cf member of the Canoidea-specific SINE repeat family

LYS. In opossum, CTCF was enriched at over 500 instances of MAR1 Mdo repeats, which

belong to the MIR family. To estimate the ages of the bound and unbound repeat elements

of each subtype, we divided the numbers of substitutions from the repeat consensus by the

estimated mutation rate of mammalian genomes (Figure 2.15 and 2.17A).

We derived new motif consensuses based on the repeat-associated binding sites (RABs)

in each species and quantified the occurrence of M1, as well as M1-M2 motifs inside the

bound repeat elements (Figure 2.16A-B). For dog and opossum, the bound repeat elements

did not contain the M2 motif and thus CTCF binding was centred around a strong M1 motif

(Figures 2.14C and 2.16A-B). In rodents however, the B3 subgroup of B2 elements contained
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Figure 2.14: Species-specific motif-words reveal CTCF binding to repeat elements in rodents,
dog and opossum

(A) Normalised occurrences of individual motif-words in CTCF-bound regions. (B) Enrich-
ment of lineage-specific (LW) and other (OW) motif-words in different types of SINE repeat
elements. (C) Average extended read profiles centred around CTCF peak summits embed-
ded in different types of SINE repeat elements. The repeat density is shown below the profile
plots. (D) Overview of RABs and significance of CTCF-repeat colocalisation in mammalian
livers.

M1-M2 at a spacing of 20 bp in both species (Figures 2.16A-B). Due to the high numbers
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Figure 2.15: Estimated ages of repeat elements bound by CTCF in rodents, dog and opossum

Distributions of estimated ages of lineage-specific repeats that carry CTCF binding, including
all instances of the indicated repeat (white) and CTCF-bound instances only (red).

of these identical motifs in the mouse and rat genomes, a specific signature was visible in

the overall M1-M2 distance distributions, which were biased towards the 20 bp spacing in

rodents (Figure 2.9C).

B2 elements have been active in the rodent genomes before the mouse-rat split and have

continued to retrotranspose independently after the speciation events (587). Consistent with

a fairly early acquisition of the CTCF motif by a member of the B2 family, over 1,500 shared

mouse and rat binding events were found within B2 repeats, whereas there were over 5,000

mouse-unique, and over 1,000 rat-unique RABs (Figure 2.16C-D). This corresponds to over

70% of the mouse and 40% of the rat B2-associated CTCF-bound regions being species-

specific (Figures 2.16C), compared to only about 20% at other genomic locations. The

higher fraction of rodent-shared RABs in rat compared to mouse suggests that the repeat

expansion occurred over longer periods of time or with a higher intensity in mouse.

As we found no evidence of CTCF binding enrichment within primate-specific repeats

in the liver data, we combined the seven primate LCL with the seven vertebrate liver data

(including the cohesin chicken samples) to comprehensively search for CTCF RABs in pri-

mates. Although we did find 20 types of repeats containing CTCF motif-words that occurred

significantly more often in bound primate regions than in any of the other species, we noted

that CTCF only significantly colocalised with MER20 and MER91B genome-wide. These

transposable elements are common to most placentals, with an estimated age of 90-100 MY,

and thus do not represent instances of the primate-specific repeat expansions we set to dis-
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Figure 2.16: Sequence-specificity of CTCF binding to repeat elements and RABs overlaps
among mouse and rat

(A) Consensus sequences and CTCF motif logos for all repeat elements significantly asso-
ciated with CTCF binding in rodents, dog and opossum. (B) Numbers of bound repeat
elements, as well as M1-M2 containing repeat elements for the rodent, dog and opossum
CTCF-associated repeat classes. (C) Overlaps between rat and mouse CTCF RABs. (D)
Sharing pattern of RAB and all other CTCF-bound regions in mouse and rat; species are
binary encoded, with 00110 indicating a rodent-specific site (see Chapter 2.5.2).

cover. It is possible that among the repeat types with ages <80-75 MY shortlisted in Figure

2.17, some have indeed contributed to CTCF binding site expansion, however the mark they
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have left on primate genomes is very subtle, especially compared to the B2 expansion in

rodents.

Figure 2.17: Summarised word overrepresentation and peak-repeat association results

(A) Repeats that encompass CTCF motif-words over-represented in one of the five vertebrate
lineages analysed. Repeats that significantly colocalise with CTCF binding in at least one
genome are highlighted in yellow. Details about number of bound motif-words and estimated
age of the repeats are included. (B) Repeats that significantly associate with CTCF binding
in more than one species and their estimated age. Repeats that contain deeply-shared
(placental or older) binding events are highlighted in green.

Another possibility is that primate repeat-associated CTCF motif expansions occurred
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without leaving a recognisable trace at the sequence level: if a repeat was to acquire an al-

ready high frequency motif and expand moderately in one genome, this would not determine

detectable motif-word overrepresentation. To address this, we looked in each species for re-

peat element types significantly colocalising with CTCF-bound regions (Figure 2.17B). Some

primate-specific repeats such as LTR13, LTR13 and MER66C were found to be significantly

associated with CTCF binding in multiple species and also showed strong enrichments over

the CTCF peak summits, as opposed to the general behaviour of non-bound repeat elements,

typically depleted at CTCF sites (Figure 2.18).

Figure 2.18: Examples of primate-specific repeat elements enriched at CTCF-bound regions

LTR13, LTR13 and MER66C profiles around CTCF peak summits in humans. Number of
bound repeat instances and p-value for the CTCF peak-repeat association test is shown on
top. All LINE/L1 elements are included as a control, showing typical depletion of repeat
elements at ChIP summit positions.

2.3.8 Ancient repeat expansions

The majority of significant CTCF peak-repeat element associations shown in Figure 2.17B

revealed repeat elements older than 90 MY. This indicates that CTCF binding of repeat ele-

ments that have invaded the genome of the placental or even mammalian/vertebrate ancestor

has continued in various species over tens of millions of years of evolution. The association

between CTCF binding and multiple distinct families of repeat elements in mammalian

genomes is remarkable, as large evolutionary distances tend to alter the genetic sequences

surrounding bound motifs, and thus eliminate systematic evidence of associated repeat ele-

ments that could be obtained using a purely computational approach.

As increased purifying selection is likely to have maintained this CTCF-repeat associa-

tion, we expected a subset of such binding events to be detectable as shared in the majority
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Figure 2.19: CTCF binding site expansion through repeat elements in mammalian evolution

(A) Schematic representation of multiple waves of repeat-element mediated expansions of
CTCF binding sites. Detectable RABs are shown in colours corresponding to the element
they are embedded in; stars mark events for which an example is provided in B. (B) Exam-
ples of repeat-element expansions that occurred in the placental, respectively mammalian
ancestor showing CTCF ChIP read coverage in six mammals, mammalian conservation, as
well as location of the repeat and the embedded CTCF motif.

of descendant species. We thus looked for evidence in any genome of repeat element survival

within the set of placental or vertebrate-shared liver CTCF-binding events. We found over

100 CTCF-binding events (Appendix 5), often very deeply conserved, which were embedded

in annotated repeat elements in one or more of the mammals we profiled. Two such examples

are shown in Figure 2.19. First, on human chromosome 13, we identified a deeply shared

CTCF-binding event located within an ancient amniote SINE element (588). This specific
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binding event was lost along the rodent lineage due to a motif disruption in the common

rat-mouse ancestor. Second, on human chromosome 4, a highly conserved CTCF-binding

event is found associated with a copy of the mammalian repeat MamRep564, which is shared

among all placentals, but appears to have arisen subsequent to the placental-marsupial split.

These examples, along with the larger set of partially-preserved repetitive elements as-

sociated with shared CTCF binding, support a model wherein repeat-carriage of CTCF

binding created highly conserved CTCF-binding events throughout mammalian, and most

likely, vertebrate evolution (Figure 2.19 and Chapter 2.4).

2.3.9 Functional impact of transposable elements

Having shown that CTCF binding has been expanded through repeat elements in multiple

vertebrate genomes in the distant past, as well as more recent times, we wanted to assess

whether the RABs function similarly to the rest of CTCF-bound regions. For this purpose,

we used the known insulator and barrier roles of CTCF (reviewed in Chapter 1.1.2.2) and

categorised our liver data into (1) five-way shared, (2) repeat-associated, (3) all other binding

types and (4) no CTCF binding, analysing functional characteristics of these classes.

First, we explored CTCF’s ability to bind barrier elements that divide chromatin do-

mains (105;158), expecting genomic locations where CTCF plays such a role to show distinct

changes in histone modifications at either side of the binding event. To test this, we per-

formed ChIP-seq in mouse livers with an antibody against histone 2A lysine 5 acetylation

(H2AK5ac) (105), a mark known to be associated with regions undergoing active transcription.

We compared H2AK5ac enriched regions to CTCF localisation and determined hundreds of

regions of sharp changes in the histone modification profiles that were demarcated by CTCF

binding, representing just under 5% of CTCF-binding events. This was significantly more

than expected based on negative controls such as unrelated TFs and randomly shifted CTCF

regions (Figure 2.20D-E).

Importantly, CTCF-binding sites marked transitions between active and inactive chro-

matin at a similar frequency, regardless of whether they were present in all mammals, rodent

B2-associated, or mouse-specific B2-associated. For example, a CTCF-binding event found

within a B2 SINE represented the boundary between the highly transcribed, liver-specific

ApoA cluster of genes and the neighbouring genes downstream on chromosome 9 (Figure

2.20A).

75



2. The evolution of CTCF binding in vertebrate species

Figure 2.20: CTCF binding demarcates active and repressive chromatin and transcription
domains

(A) View of the ApoA cluster with a B2-embedded CTCF site that acts as a domain border,
showing H2AK5Ac and CTCF ChIP-seq, as well as gene tracks. Expressed genes are marked
in green, silent ones are shown in red. (B) ChIP enrichments at CTCF sites that show chro-
matin border activity in mouse livers. (C) Violin plots of absolute differences in expression
values between genes separated by different categories of such borders. (D) Totals of barrier
regions and p-values for significance of association of CTCF with barrier function; Oct4,
Nanog, and randomised CTCF-bound regions included as controls. (E) Fraction of bound
regions defined as chromatin barriers; empty circles represent fractions after the removal of
regions that overlap CTCF.
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To check whether these changes in activity were also globally visible in terms of gene

expression, we performed RNA-seq in mouse livers and estimated gene-level expressions.

We compared differences in transcription between pairs of genes to either side of the CTCF-

centred chromatin divisions with pairs of genes at similar genomic distances not separated by

a CTCF-binding event (see Chapter 2.5.2). We also failed to detect any significant differences

between different classes of CTCF binding events, as overall all gene pairs divided by CTCF-

demarcated chromatin domains showed higher transcriptional divergence (Figure 2.20C).

Figure 2.21: Tandem gene pairs separated by CTCF show divergent expression

Proximal gene pairs located in the same orientation categorised as: containing a five-way
shared, a repeat-associated or any other CTCF binding site between them or with no CTCF
binding separating the two genes. Violin plots show the distributions of absolute differences
between gene-level expressions in livers of all placental study species. Stars mark significant
differences between the individual CTCF-bound categories and the background of no CTCF
binding.

The functional impact of SINE-driven CTCF-binding events on transcription and gene

expression was further assessed by exploring whether CTCF can act as a transcriptional

insulator between tandem genes (Figure 2.21). Tandem genes are transcribed by RNA pol

II in the same direction, and have been shown to have more similar gene expression levels
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than non-tandem organised genes (589;590). We collected mRNA sequencing data in livers of

all placental species, identified the subset of tandem genes divided by at least one CTCF-

binding event in each species, and further subdivided this set by whether the CTCF-binding

event was shared, repeat-associated, or neither. In all species, we observed visually obvious

and statistically significant increases in gene expression differences between tandem genes

divided by CTCF (Figure 2.21). Indeed, repeat-associated CTCF-binding events in mouse,

rat, and dog can be used to transcriptionally separate members of tandem gene pairs.

In conclusion, our data indicates that newly arisen CTCF-binding events in multiple

mammalian species behave similarly to ultra-conserved CTCF-binding events in (1) demar-

cating domains of differential histone modification and transcriptional activity and (2) sepa-

rating tandemly oriented gene pairs with uncharacteristically high differences in expression.

2.4 Discussion

By comparing CTCF binding profiles across 11 mammalian species as well as using cohesin

as a proxy for CTCF binding in the chicken genome, we provided the most complete multi-

species binding dataset for this highly important protein and used it to gain a comprehensive

insight into its evolution.

The comparative analysis was possible due to the fact that CTCF-binding is primarily

determined by the underlying genetic sequence, as shown by the TC1-mouse results: CTCF

largely recapitulates the human-characteristic binding pattern on chromosome 21, even in

the heterologous environment of TC1-mouse nuclei. DNA methylation has been shown to

interfere with CTCF binding at multiple individual genomic locations such as on the methy-

lated allele of several ICRs (reviewed in Chapter 1.1.2.2). It was thus conceivable that CTCF

would behave differently than liver-specific TFs such as CEBPA and HNF4A, which have

previously been shown to bind primarily to human locations in the heterologous mouse en-

vironment (425). However, other studies have shown that CTCF binding is actually actively

protective of DNA methylation and chromatin-mediated inactivation at several regulatory

regions (67;91;92), and a more recent study in mouse ES cells showed that CTCF binding was

not only necessary but also sufficient to create methylation-free regions (93). The results of

our TC1 experiments are in accordance with these latter findings and suggest that CTCF pri-

marily determines its chromatic environment, rather than being dependent on environmental

factors to bind. Specialised regions such as imprinted loci could represent the exception to
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the genome-wide rule, thus explaining the apparent conflict between individual single-loci

experiments.

2.4.1 CTCF binding is highly conserved in vertebrate species

The comparative analysis revealed that CTCF binding is more strongly conserved throughout

the eutherian genome than tissue-specific TFs, with thousands of bound regions maintained

over 180 MY of evolution. Based on our cohesin data in chicken, we estimate that at least 800

of those regions must have been present in the vertebrate ancestor and have thus remained

unchanged over 300 MY of evolution. We revealed that conserved CTCF binding often shows

a number of specific features, including: (1) tissue-invariance, (2) a specific and conserved

motif-word composition, (3) high ChIP enrichment, (4) high affinity of protein-DNA inter-

actions, as shown by strong resistance to RNAi-mediated knockdown, (5) high colocalisation

with the TF YY1 (591), and (6) proximity to genes involved in vertebrate development.

The remarkable conservation of CTCF binding compared to other TFs can be due to

various factors. These include (a) the larger specificity of the CTCF-DNA interaction, (b)

the ubiquity and pleiotropy of CTCF (reviewed in Chapter 1.1.2.2), (c) the fact that it

serves non-redundant functions, (d) its association with structural/chromatin organising

roles, (e) the high number of factors it interacts with and post-translanslational modifications

it undergoes, as well as (f) its activity and importance in early development. These categories

are not exclusive and often related to one another.

To address the first point, relating high binding conservation to a long, information-rich

DNA-binding motif, we analysed a broad range of TFs with distinct binding specificities.

Indeed, we found that NRSF and CTCF, the factors with the highest motif IC and length,

showed substantially higher conservation than the other factors. The relationship was not

linear though, and no trend was visible among the other factors, despite large differences

among the motif sizes of TFs such as SRF and GATA. It is thus likely that properties

related to the specific biology of a DNA-binding protein are at least as important as the

length of its DNA-interacting region in determining the amount of binding conservation.

We note, however, that both NRSF and CTCF binding sites have been spread by means of

lineage-specific transposons in vertebrate lineages (443;444). The composite OCT-SOX motif

represents a third example of a long binding site expanded through repeat elements (423).

Indeed, Borque et al. (95) proposed that TFs with longer motifs rely on retrotransposition to
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increase their pool of potential targets, as long, high information content motifs are much

less likely to be born by random mutations than binding sites for TFs targeting short motifs.

It would be of great interest to revisit this question once enough multi-species data will be

available, to systematically assess the extent to which the size of a DNA binding motif can

determine a fundamentally different way of TF binding evolution.

With respect to differences in conservation due to functional differences among proteins,

it is hard to delineate which of the functional aspects would have most impact, as CTCF is

distinct from canonical TFs in so many different ways. Until the time of writing, the binding

of most tissue-specific TFs has been shown to evolve rapidly (421;423–425), with the exception

of some proteins essential for early Drosophila sp. development (427;428). One could speculate

that the latter is due to the higher conservation of gene expression at certain developmental

stages (379;389), however in the absence of direct comparisons it is hard to draw conclusions

on that, as other factors, related to genome size and compactness or to population structure

could also be highly relevant. CTCF is indeed essential for vertebrate development, it has

previously been associated with a plethora of developmental processes (reviewed in Chapter

1.1.2.2) and we showed here that the deeply shared binding sites localise proximal to genes

enriched in vertebrate developmental terms. Thus, its role in development also appears to

speak for the protein’s high conservation of binding patterns.

Another explanation for the extensive conservation would be CTCF’s structural role in

chromatin organisation. The deeply shared binding events are present in all mammalian

cells, regardless of the developmental stage and tissue, and might delineate an organisational

pattern required for conserved genome functions. Such an example was explored at one

genomic locus where one of the few hundred CTCF-bound regions reported as shared among

human, mouse and chicken cells, has been shown to serve as a genomic barrier to redirect

EVI5 intron-located enhancers to regulate the distal GFI1 gene (159). Furthermore, the high

colocalisation of deeply shared CTCF-bound regions with YY1, a known interactor with the

nuclear matrix (591), indicates that such ubiquitous structures might be created by anchoring

CTCF-bound regions to the nuclear matrix via YY1.

Other characteristics of CTCF would also account for the observed conservation: it

is a highly pleiotropic factor, with multiple roles in regulatory and epigenetic processes,

cell differentiation, lineage-commitment, X chromosome inactivation (reviewed in Chapter

1.1.2.2); it has a wide range of interaction partners and undergoes several post-translational

modifications important for its functions (131); it has no close isofunctional paralogues, except
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for the highly specialised BORIS, only present in testes where CTCF is down-regulated (592).

In conclusion, all theoretical considerations would speak for a high conservation of CTCF

binding. What we observe is likely a combination of several of these factors, and more multi-

species high-resolution data for a range of TFs would be needed to quantify their relative

contribution to the conservation of TF binding.

2.4.2 CTCF binds a composite DNA motif

With respect to CTCF’s DNA binding specificity, we described here a genome-wide two-

partite motif consisting of the previously described consensus as well as a newly detected 9

bp motif located at a consistent spacing, downstream of the primary, more information-rich

motif. Together, they cover 33-34 bp, corresponding broadly to the size of the region found

to be protected in several DNase I digestion-based studies. The newly identified motif is

highly similar to a 20 bp motif reported in a DNase-seq study in human cells (85). Most

recently, a high resolution genome-wide assay combining ChIP with sequencing and exonu-

clease digestion documented six different modes of CTCF-DNA binding, that result from the

interaction with combinations of four different motif modules (593). These contained the 10-

14 bp core region and computationally derived CTCF motif described previously, additional

smaller modules that explain a larger DNase I protected region, and a spacer corresponding

to the above-mentioned DHS. All these results confirm the genome-wide presence of the M2

motif.

Combining previous experimental results obtained through from DNase I digestion assays,

Zn finger deletions and single bp mutations (65;77;80), with our data, we propose that the C-

terminal zinc-fingers of CTCF directly interact with M2. Several lines of evidence point to

this direct interaction. First, both M1 and M2 are found in the same 5’ to 3’ orientation at

only two significant spacings in all of the six species, resulting in a 33 and 34 bp two part

motif and ruling out potential genome sequence or assembly biases. No examples of such

constrained spacing between the binding motifs of two distinct proteins have been previously

described. Second, DNase I digestion assays at the APP promoter reported a protected area

corresponding to both M1 and M2, interrupted by a DHS over the low information content

section of the composite motifs (80). These results were obtained regardless of the origin of

the purified CTCF protein, suggesting that it is unlikely they were influenced by potential

contaminations of the CTCF extracts. The study also showed that the protection of the M2
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motif part was lost when the most C-terminal Zn fingers of CTCF were deleted, indicating a

direct interaction of CTCF’s C-terminal Zn fingers with the M2 motif. Third, Fillippova et

al. (77) described different modes of CTCF binding at the C-myc fragment A and the chicken

fragment V. We find that these differences can be explained by the presence or absence

of M2. Moreover, mutation and Zn finger deletion experiments indicate that M2 interacts

directly with the most C-terminal finger of CTCF. Conceptually, the variable presence of

the shorter and less information rich M2 suggests that CTCF may have multiple binding

modalities, in line with the general view of CTCF as a “multivalent” factor.

Going back to the evolutionary angle and the occurrences of the canonical motif in each

species, we find that the majority of CTCF bound region contain precisely one motif and

with increased conservation there is increased occurrence as well as matrix fit of this motif,

but only marginal increase in the number of motifs present in the bound region. This is

in contrast to tissue-specific TFs, which maintain conserved binding via tight clustering of

multiple motifs, corresponding to a fundamentally different strategy for preserving protein-

DNA contacts, reliant on high information content in the sequence motif. This is also

apparent in the conserved frequency with which CTCF binds specific words in vivo, which

creates the functional hierarchy of motifs observed here.

2.4.3 CTCF binding has been expanded through retrotransposi-

tion events during vertebrate evolution

Despite the overall conserved hierarchy of motif usage, the comparative analysis of all CTCF-

bound motif-words also revealed highly species-specific instances, explained by the associa-

tion of CTCF binding with retrotransposons in multiple mammalian lineages. It is interesting

to note how such exaptation events can leave strong signatures at the sequence level: the

high extent of the repeat expansion in rodents is visible both in distinct features of the M1

sequence and through a distinct distribution of the distance between M1 and M2.

Although we detected repeat-element expansions in rodents, dog and opossum, our liver

data did not reveal any motif-word enrichments in the primate lineage, and only a small

number of associations could be found by combing the LCL and the liver data. These

results are consistent with recent studies (423), which indicate that CTCF binding in human

is significantly less likely to occur within repeats than it is in mouse. One of the short-

listed candidates for primate repeat elements bound by CTCF is the LTR13 element, a
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fairly young, heterogenous primate-specific endogenous retrovirus (594). It is likely that the

relationship between such repeats and CTCF is intricate, putatively connected to CTCF’s

role in the transcriptional regulation of viral genomes such as the herpes virus (121), Epstein-

barr (82;92), HIV-1 (69) and Kaposi’s sarcoma-associated herpes virus (122).

We also detected significant associations of CTCF binding with repeat elements older

than the primate-rodent split in several primates, and other mammalian genomes. This

suggests that negative selection has acted independently over tens of MY to preserve CTCF

binding at certain retrotransposition-derived regions. As such loci represent traces of an-

cient repeat-mediated expansions that occurred in common ancestors, the majority of these

locations are expected to be shared across all lineages. Indeed, our analysis of placental-

shared binding events surrounded by ancient repeat elements revealed over a hundred repeat

fossils associated with conserved CTCF binding. Among them were classic examples of

functional exaptations such as MER20, recently reported to have contributed to the gene

regulatory network dedicated to pregnancy in placental mammals (449), AmnSINEs, found to

drive multiple regulatory processes in amniotes (456) and MIR elements, recently associated

with chromatin barrier function in humans (583).

The association of lineage-specific, as well as ancient repeat elements with CTCF binding

in multiple vertebrate species, as well as the evidence of a conserved hierarchy of CTCF

bound motif-words is consistent with a model in which lineage-specific repeat expansions have

spread distinct CTCF motif-words and their associated binding events across the genome

many times throughout mammalian evolution, including prior to the mammalian radiation.

Such a model would explain both the origin of shared CTCF binding events, as well as

lineage-specific expansions via the same previously unrecognised mechanism. The eventual

divergence of unconstrained genetic sequence around the CTCF target motif would gradually

erase the sequence evidence of the carrier transposon. The fact that we detect no functional

differences between the repeat-associated binding events and the ancient ones, with respect

to barrier and insulating function, provides an additional line of evidence for the similar

potential of all CTCF binding events.

According to our genome-wide results, only a small percentage of CTCF-bound regions

act as barriers in livers. This is likely a general phenomenon, as it largely corresponds to

the numbers reported by Cuddapah et al. (105) in CD4+ and HeLa cells, as well as predicted

barriers based on computational modelling of a large number of histone modifications and

RNA pol II in human CD4+ cells (583). Interestingly, Wang et al. (583) showed that barrier
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elements were enriched in CTCF-only, CTCF-YY1, as well as YY1-only binding events,

while we reported here high enrichments of YY1 at deeply shared CTCF-bound regions.

One speculative possibility is that the deeply shared sites represent highly stable matrix-

interacting locations with a structural/organisatorical role and act as chromatin barriers

indirectly, not in a regulatory fashion but simply by blocking the passage of certain chromatin

modifying enzymes by tethering regions into specific nuclear compartments. It is likely

that recent advancements in the experimental generation of genome-wide 3D chromatin

interaction data (511) will be able to shed light on this question (discussed in Chapter 5.1).

Finally, it will be of great interest to further understand the relationship between CTCF

binding, transposable elements, and the evolution of transcriptional regulation. CTCF bind-

ing could provide an evolutionary advantage to the repeat elements it interacts with, for

instance by maintaining an open chromatin environment (595;596). Alternatively, CTCF could

play a role in genomic defence against transposable element invasions. Several examples of

viral genomes regulated by CTCF have been described (69;82;92;121;122), it is thus possible that

the protein might possess abilities to regulate “internal attackers“ as well.

2.5 Materials and Methods

This study is the result of a collaboration between Dr. Duncan Odom’s laboratory at the

Cambridge Research Institute and Dr. Paul Flicek’s research group at the European Bioin-

formatics Institute. Dr. Dominic Schmidt and Michelle Ward were the main drivers of the

project from the experimental side and I was responsible with the computational analyses.

All vertebrate liver-related results have been published recently (579) and have been adapted

here with the publisher’s permission.

2.5.1 Experimental Methods

Vertebrate liver experiments, performed and described by Dominic Schmidt, adapted from

Schmidt et al.(579)

We performed ChIP-seq using liver material isolated from seven mammalian species:

human (Hsap; primate), macaque (Mmul; primate), dog (Cfam; carnivora), mouse (Mmus;

rodent), rat (Rnor; rodent), short-tailed opossum (Mdom; didelphimorphia) and chicken

(Ggal; aves). For each ChIP experiment, at least two independent biological replicates from
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different animals were performed. The Cfam (2 adult males; 14 months of age), Rnor (2

adult males; 2.5 months of age) and Mmul (2 adult males; 18 years and at least 18 years of

age, one adult female 18 years of age) livers used in this study were obtained from commercial

sources. Healthy human hepatocytes (Hsap, 1 males; unknown age, 1 female, unknown age)

were obtained from the Liver Tissue Distribution Program (NIDDK Contract N01-DK-9-

2310) at the University of Pittsburgh and the Addenbrooke’s Hospital at the University of

Cambridge under license number 08-H0308- 117 “Liver specific transcriptional regulation”.

Mdom livers (2 adult males; 17 months of age) were obtained from the University of Glasgow,

UK. Mmus (two adult C57BL/6J males, 2.5 months of age) were obtained from the CRI

under Home Office license PPL 80/2197. ChIP-seq experiments were performed as recently

described (542). The CTCF antibody 07-729 (Millipore) was used for all experiments except

the opossum ones which were performed using a custom antibody as described and validated

in Figure 2.2. The STAG1 antibody used for validation of the opossum results and the

H2AK5ac antibody were both purchased from abcam: ab4457 and ab1764, respectively.

Primate LCL experiments, performed and described by Michelle Ward

Lymphoblastoid cell lines were obtained for seven primate species. The species, cell line

and source are shown in the Appendix 4. Cells were grown in suspension at a confluency of

2x105-1x106 cells/ml in RPMI1640 media supplemented with 10% Fetal Bovine Serum and

2mM L-glutamine. ChIP-seq assays were performed as recently described (542). Briefly 1x108

cells were cross-linked with 1% formaldehyde and CTCF-bound DNA immunoprecipitated

with a CTCF antibody (Millipore, 07-729). Immunoprecipitated DNA was end-repaired,

A-tailed and single-end Illumina sequencing adapters ligated before 18 cycles of PCR ampli-

fication. 200-300 bp DNA fragments were selected and 36 bp reads sequenced on an Illumina

Genome Analyser II according to manufacturer’s instructions.

2.5.2 Computational Methods

Performed by Petra Schwalie unless otherwise stated, adapted from Schmidt et al.(585)

All computational analyses were performed with scripts written in Perl, Bioperl 1.2.3 and

R version 2.11.1, using packages available in Bioconductor 2.6 (577).
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2.5.2.1 Alignment and peak-calling

ChIP and input sequencing reads from all liver datasets were trimmed to 36 bp and aligned

using Bowtie 0.11.2 (494) with the parameters “-n 2 -best -m 3 -k 1” to the following genome

assemblies: mouse NCBIm37, rat RGSC3.4, human GRCh37, macaque Mmul 1, dog Can-

Fam2.0, and opossum MonDom5. All sequence, genome annotations and comparative ge-

nomics data were taken from Ensembl releases 57 (http : //e57.ensembl.org) and 60 ((http :

//e60.ensembl.org)) (547). After alignment, biological replicates were merged and binding

events were detected with SWEMBL (http : //www.ebi.ac.uk/∼swilder/SWEMBL and

Appendix .1), with the parameters -R 0.005 -i -S. To assess the variation between individual

replicates, we counted all read tags that mapped to peak regions and calculated Spearman

correlation coefficients between samples (Appendix 4). The same analysis was performed

between the opossum CTCF replicates and the opossum cohesin (STAG1) experiment. The

data were further quantile normalised for the scatter and Bland-Altman plots showed in

Figure 2.2 to correct for differences in sequencing depth between replicates (Performed by

Dominic Schmidt).

ChIP and input sequencing reads from all LCL datasets were aligned using Bowtie

0.12.7 (494) with the parameters “-n 2 -m 3 -k 1 -best” to the following genome assemblies:

human GRCh37, chimpanzee CHIMP2.1, gorilla gorGor3, orangutan PPYG2, macaque

Mmul 1, and marmoset C jaccus3.2.1 (Appendix 4). All sequence, genome annotations and

comparative genomics data were taken from Ensembl release 60 (547). The baboon data was

aligned to the macaque genome, as it was the closest available genome. When available

(all species except for marmoset), only chromosomes and not unmapped contigs were used.

Aligned reads were filtered for duplicates, uncalled bases (maximum 3 Ns were allowed) and

low complexity reads. Regions of high ChIP enrichment (peaks) were detected with CCAT

3.0 (559) on individual replicates using the parameters “fragmentSize 100, slidingWinSize 150,

movingStep 10, isStrandSensitiveMode 1, minCount 10, minScore 4.0, bootstrapPass 50”,

naked DNA (Input) as control and a FDR of 0.1. Peaks were then merged among lanes

in each organisms by taking intersection of peaks from different lanes (the summit, score,

count and input values reported are mean of the individual values while FDR is the smallest

reported FDR) and additionally adding lane-unique peaks with an FDR <0.05. To assess

the variation between individual replicates, we counted the all read tags that mapped to

peak regions and calculated Spearman’s correlation coefficients between samples (Appendix
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4).

2.5.2.2 TC1 analysis

We used the TC1 mouse (597), which stably transmits a freely segregating, almost complete

copy of human chromosome 21 (Hsa21), to assess CTCF binding at human-specific locations

in the mouse environment. We performed ChIP-seq in the TC1 mouse and compared binding

profiles on Hsa21 to the endogenous profiles in the human environment. To generate the

heatmaps of the raw ChIP-seq data shown in Figure 2.1, the human binding events for CTCF

located within the multi-species EPO (Ensembl 57) alignment and with syntenic sequence

on the human chromosome 21 in the TC1 mouse were used as targets to center each window.

(Performed and described by Dominic Schmidt) Each window was divided into 100 bins of 100

bp and an enrichment value was assigned to each bin by counting the number of sequencing

reads in that bin and subtracting the number of reads in the same bin of an input library.

Each dataset was normalised to the same number of sequencing reads in the whole genome.

Shared and human-specific binding events were visualised with Treeview (598).

2.5.2.3 Conservation analysis

We performed all our inter-species comparisons based on the 13-way amniota vertebrate

(PECAN), the 11-way eutherian mammals (EPO) and the 6-primate EPO (PrimateEPO)

multiple sequence alignment (MSA) available in Ensembl Compara (575). Binding events

discovered by SWEMBL and CCAT, PWM matches for the canonical CTCF motif, or repeat

elements, were projected onto all study species using the MSA through the Ensembl Compara

Application Programming Inteface (API). We restricted the evolutionary analysis to regions

of the genome included in the MSA. Each of the study species was used as anchor species,

and then the region of interest projected onto the other species. In order to determine the

degree of commonality between the species, projections were then overlapped with CTCF

binding events (or the detected PWM matches for motifs, respectively the RepeatMasker

annotated repetitive regions for repeat elements). Overlap numbers differed by tens of bound

regions depending on which species was used for anchoring. The percentage overlap numbers

reported in Figures 2.4A-B are averages between the two analysis directions (e.g. shared

human-dog sites from human and dog perspective). The multi-way overlap numbers shown

in Figure 2.4C-D are human centric. Reported conservation numbers are based on the
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PECAN alignments, which includes chicken; we note that absolute EPO numbers are slightly

higher (e.g. 6,946 five-way shared bound regions in human out of a total of 50,482 human

CTCF-bound regions included in the EPO alignment), as a higher fraction of the respective

genomes are contained in the MSA. However, the relative conserved fractions are similar to

the PECAN results: 15% (PECAN) respectively 14% (EPO) of human bound regions are

classified as five-way shared.

2.5.2.4 Properties of deeply shared sites

We categorised the human LCL CTCF-bound regions into (1) human-specific: present

only in human (Human/Hsa); (2) hominidae-specific: shared among human, chimpanzee,

gorilla, orangutan and no other species (Hominidae/Hom); (3) primate-specific: shared

among all seven primates (Primates/Pri); (4) placental-specific: shared among all seven

primates, rodents and dog (Placental/Pla); (5) vertebrate-specific: shared among all pla-

centals and chicken (Vertebrate/Ver) and plotted (a) four ChIP-related properties: width,

total count, score and FDR of the called peaks; (b) the top NestedMica motif match dis-

tribution (with 0 corresponding to the consensus motif); (c) distances to annotated TSS,

ENCODE (584) RNA pol II data (HudsonAlpha: Gm12878 Pol2Pcr2xPk, Pol24h8Pcr1xPk,

Stanford/Yale/USC/Harvard: Gm12878 Pol2IggmusPk, GSM486494 and SRR038384 ), as

well as ENCODE YY1 data (HudsonAlpha: Gm12878 Yy1sc281Pcr1xPk), and fractions of

regions (e) with no, 1, 2, 3 or more motifs, (f) overlapping Repeatmasker-annotated repet-

itive elements (with the exception of simple repeats) in the human genome; (g) present in

a broad range of ENCODE cell lines (GM19238, GM19239, h1ESC, HeLa, HUVEC, K562,

MCF-7 and ProgF); (f) overlapping regions resistant to RNAi-mediated CTCF knockdown

in human MCF-7 cells (585).

2.5.2.5 Annotation analysis

All annotation data, including genes, transcripts and CpG islands were obtained from En-

sembl 60. Repeat element annotation was downloaded from the UCSC Table Browser for all

species. We submitted the human coordinates of the five-way shared CTCF-bound regions to

GREAT version 1.8 (599) using the default parameters “Basal+extension: 5000 bp upstream,

1000 bp downstream, 1000000 bp max extension” and displayed significant associations for

GO Terms “Biological Process”, as well as “MGI Phenotypes” in Figure 2.5.
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2.5.2.6 Motif analysis

Motif discovery was conducted with NestedMica (565) using the parameters “-minLength 5

-maxLength 30 -numMotifs 6” and a fourth order background model trained on mammalian

regulatory regions data. Discovered motifs where confirmed using MEME (564), with the

options “-nmotifs 5 -minsites 100 -minw 6 -maxw 25 -revcomp - maxsize 500000 -dna”. We

selected the top 1000 peaks ordered by SWEMBL score and used 25 bp up- and downstream

of the peak summit as input to motif discovery. As the obtained top motifs were virtually

identical in all studied species, we merged them into a single PWM that we used in further

motif analysis steps. We refer to this motif as M1. Motif discovery revealed a second motif,

present again in all species that we refer to as M2. In order to test the relationship between

the two motifs, we calculated the distances between their centres and determined a preferred

spacing of 20 and 21 bp.

We used the human TFs USF1, SRF, EGR1, ELK4, and GATA2 (HudsonAlpha broad-

Peak tracks H1hesc: Usf1Pcr1xPk, SrfPcr1xPk, Egr1V0416102Pk; K562 Gata2sc267Pcr1xPk,

Egr1V0416101Pk, and StanfordYaleUSCHarvard narrowPeak tracks: Huvec Gata2UcdPk,

Helas3 Elk4UcdP), probed in the ENCODE project and used in accordance with the EN-

CODE Data Release Policy (584), published CEBPA and HNF4A data (425), as well as NRSF

binding data in human livers. We employed GERP scores (600) calculated over EPO space

(Ensembl release 60) as a measure of evolutionary conservation. We performed de novo motif

discovery on 50 bp located in the centre of the 2,000 top and middle TF bound regions with

MEME and the parameters “nmotifs 5 -minsites 100 -minw 8 -maxw 25 -revcomp -maxsize

500000 -dna” to obtain PWMs for all factors. We subsequently scanned all bound regions

with the corresponding PWM and the cutoff -10, determining bound motif instances. We

then calculated the median GERP score per bound motif region and plotted the median

values against the motif information content and length. We tested the significance of the

correlation between motif length/IC and median motif GERP scores in R using the function

cor.test(method = spearman) for (a) all TFs: length vs. GERP rho=0.70, p-value= 0.03;

IC vs. GERP rho=0.45, p-value=0.23 and (b) the seven TFs remaining after exclusion of

CTCF and NRSF/REST: length vs. GERP rho=0.34, p-value=0.42; IC vs. GERP rho=0,

p-value=1.

We calculate sequence conservation using GERP scores based on the binding sites in the

human genome and created from the PECAN alignments (Ensembl release 57). We plotted
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the observed/expected GERP profile around the canonical CTCF motif for placental-shared

sites (11111) that had both M1 and M2 (20 bp spacing) at detectable levels (cutoff -15).

As a second method, we used base substitutions. We calculated the frequency of unchanged

bases at five-way shared sites that had a M2 motif at a spacing of 20 bp in human (based

again on PECAN alignments) and plotted them as a PWM.

To determine the degree of motif sharing, all human PWM scans with a score above -15

were projected onto the genomes of the other five study species using the PECAN-MSA,

and the projections were overlapped with PWM hits in the respective species. The fraction

of peaks with no, one, and over two motifs shared in two, three, four and five species was

then calculated. To check the motif per peak distribution, we used previously published

HNF4A and CEBPA data in mouse livers (425), determined bound regions with SWEMBL

and performed motif discovery with NestedMica as described above. We scanned all HNF4A,

CEBPA and CTCF peaks with the corresponding PWMs, with cutoffs chosen to output a

similar proportion of peaks with no detectable motif (leniant: -15 and stringent -10 nmscan

score).

2.5.2.7 Word analysis

Individual motif instances obtained by scanning the genomes with canonical CTCF PWM

were collected as DNA motif-words (14-mers). We defined the set of bound words as the

union of words falling inside bound regions in our study species. We also counted the

background occurrence of these words, by analysing all PWM matches across each genome,

irrespective of CTCF binding. We then plotted the frequency of the words (occurrence in

bound regions divided by occurrence in genome) that were bound over five times in any

species as a heatmap, sorted by the human column and hierarchically clustered (column-

wise, using Spearman rank correlation). We grouped the sorted words into 25 bins and

calculated the fraction of five-way bound regions containing 14-mers present in a particular

group, as well as the average SWEMBL score per group. As a control, we performed the

analogous analysis for HNF4A, using the three species data available from (425) and a PWM

match cutoff of -10. For CTCF, we counted individual occurrences of all motif-words in

the studied species, and divided by a normalisation factor, proportional to the total number

of bound bases in a certain species, obtaining a normalised occurrence (nocc) measure for

each word and species: nocci,j=nocci,j/factor, where nocc is the word count, i is the word
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number, j is the species number and factor is defined as the total bound bases divided by

1,000,000. We then used the normalised word occurrence values to define species-specific

words. In the liver analysis, species-specific words were chosen as ln(nocc(S))/nocc(R)) > 2

and nocc(S) > 8 where S is the species of interest (one species for dog and opossum, two

species for the rodent and primate lineage) and R all other species (from the five stud-

ied species excluding S). For example, to define dog specific motif-words, all words with

(ln(nocc(dog))/nocc(primates + rodents)) > 2 and nocc(dog) > 8 were considered. Addi-

tionally, we performed a composite analysis, in which we took all CTCF bound words in all

analysed species and tissues (including all primates, mammals and chicken) and calculated

for each single species: normWord = log10((nocc(S) + 1)/max(nocc(R) + 1)), where R

depends on which part of the tree the species is from, similarly to above. We determined a

cutoff by fitting a normal distribution to normWord and choosing a cutoff that corresponded

to a FDR of 0.05 after multiple testing correction. All words with nocc(S) greater then the

determined cutoff were selected for a species. The result of this analysis is shown in Figure

2.17. We note that the words selected in rodents, dog and opossum are largely the same as

according to the liver-specific analysis.

2.5.2.8 Repeat element association

We tested the association of all detected word sets with repeat elements - as present in the

UCSC RepeatMasker tracks - by calculating the fraction of species-specific words with differ-

ent repeat element families, classes and names, starting at the family level and progressing

towards individual repeat assessments. We found significant (one-sided Fisher’s exact test;

p-value <10−40) association of rodent-specific words with individual members of B2 elements

in mouse and rat, of Lys family repeats in dogs and MIR family elements in opossum (Figure

2.14B and Figure 2.17A, in orange). We did not detect any primate word sets significantly

associated with repeats in the liver analysis. When primate LCLs were also included in the

analysis, only MER20 and MER91B passed the 0.01 threshold.

We show the log2 normalised occurrence of the liver species-specific words as a column-

clustered heatmap in Figure 2.14A. We tested genome-wide association of the three repeat

classes and their subtypes with CTCF binding events by using a binomial test. We estimated

background probabilities from median overlaps of repeat elements with randomised CTCF

binding events, and corrected for multiple testing by the Benjamini-Hochberg method. We

91



2. The evolution of CTCF binding in vertebrate species

also counted the number of repeat elements that included a bound CTCF motif hit. We

display the results of this analysis on the liver set in Figure 2.14D. We next aligned all

bound CTCF motifs located inside these repeats and derived species-specific PWMs that

reproduced by large the observed species-specific motif-words. For all repeats, we determined

the number of bound instances, as well as the presence and spacing of M1 and M2.

We estimated the age of individual bound repeat elements by dividing the number of

substitutions from the consensus (“milliDiv” column in the UCSC-obtained RepeatMasker

tracks) by the mutation rate estimated for mammalian species (2.2x10−9 per bp per year) (601)

and rodents (4.5x10−9 per bp per year) (393). Median values of the estimated ages are dis-

played in Figure 2.17.

Repeat profile plots centered on CTCF peak summits were displayed in human for the

primate-specific LTR13, LTR13 and MER66C, as well as all members of LINE/L1 family,

as a control. The x-axis shows distance from the CTCF summit and the y-axis repeat

pile-over. The name of each plot includes the repeat family/type name, the number of

peak-repeat overlaps, as well as the adjusted association p-value (binomial test).

2.5.2.9 Functional element association analysis

For the chromatin boundary analysis, we determined regions of H2AK5ac enrichment com-

pared to input by using MACS (552) with the parameters “-nomodel -shiftsize=100 -bw=100

-tsize=36 -mfold=20” and defined CTCF barrier sites as described previously (105): “a CTCF

binding site, denoted by genomic coordinate x, is defined as a barrier site relative to a

H2AK5ac domain d of length l, only if the distance between x and the domain boundary is

at most the smaller of l/10 and 1000 bp”. For the different CTCF binding events categories

(a) 5-way shared, (b) mouse-specific RABs, (c) mouse-rat shared RABs and (d) all other

bound regions, we plotted log2 of extended read counts 20 kb around the CTCF peak sum-

mit, orienting the regions on the H2AK5ac signal. We used three distinct controls to obtain

a background expectation of barrier numbers: (1) regions bound by the transcription fac-

tors Oct4 and Nanog in ES cells available from Marson et al. (602); (2) CTCF-bound regions

shifted by a random distance between 2 and 100 kb and (3) randomly distributed regions

of the same size and number as CTCF binding events. We show the fraction of CTCF, as

well as negative control regions classified as barriers in Figure 2.20. For Oct4 and Nanog

both unfiltered numbers and fractions after removal of bound regions located at < 1 kb of a
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CTCF binding event are shown.

We used RNA-seq data in the five eutherians to test CTCF’s insulator activity by

analysing genes arranged in tandem in the genome (TSS of gene 1 will be at < 10 kb of

TES of gene 2, genes are non-overlapping and on the same strand). Reads were mapped to

Ensembl release 60 transcript annotation and Transcripts levels quantified using mmseq (534)

(Performed by Angela Goncalves). We compared the Manhattan distances of log2(transcript

estimates) for tandem genes separated by five-way shared, repeat-associated and regular

CTCF-binding sites with tandem genes not separated by any CTCF binding sites by us-

ing a Wilcoxon signed-rank test. We also compared Manhattan distances of genes (non-

overlapping, distance < 10 kb between gene bodies) separated by a CTCF chromatin barrier

(five-way, mouse-specific, mouse-rat shared and regular) to genes with no CTCF binding

between them, using a Wilcoxon singed-rank test.

The liver data was deposited under ArrayExpress accession numbers E-MTAB-438 and

E-MTAB-424; The primate data will be deposited upon publication of the manuscript.
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Chapter 3

A CTCF-independent role for cohesin

in gene regulation

3.1 Summary

The protein complex cohesin has established roles in cell division, where it is essential for the

correct segregation of the sister chromatids. However, several lines of evidence have suggested

that cohesin’s role goes beyond this canonical function, including the fact that the complex is

present in interphase nuclei, as well as in non-dividing cells, that cohesin colocalises genome-

wide with CTCF, at regions where it can mediate DNA looping events, and that mutations

in cohesin’s subunits have been reported to cause developmental disorders in humans.

Here, we show in a cell-line system that cohesin also binds independently of CTCF at

thousands of genomic regions, that it colocalises with tissue-specific transcription factors

(TFs) and that it is needed for correct cell-type specific transcription. Cohesin associates

with estrogen receptor (ER), the main regulator of MCF-7 cells, in this breast cancer cell line,

and with the liver specific regulators CEBPA and HNF4A, in the liver carcinoma cell line

HepG2. Cohesin binding in MCF-7 cells at ER-bound regions is independent of CTCF, but

dependent on estrogen (E2)-mediated activation of tissue-specific cis-regulatory elements.

Using published data on 3D interactions organised by ER in the same cell line, we observe

that cohesin is enriched at ER sites involved in looping events and propose that it may

function as mediator or stabiliser of such interactions.

Our study sheds new light on cohesin’s role in gene regulation, suggesting that the com-
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plex acts alongside tissue-specific TFs to help form or stabilise interactions between distinct

cis-regulatory elements. Our results expand the current knowledge of cohesin’s function in

vertebrates and contribute to understanding human diseases related to misregulation of this

highly important protein complex.

3.2 Introduction

The cohesin protein complex is an essential component of metazoan cells, indispensable for

correct cell division due to its function of holding the two sister chromatids together during

metaphase. Structurally, cohesin has been shown to form a ring with its multiple subunits

that are conserved from yeast to human, and it has been proposed that this ring structure

can embrace the DNA (167;173). However, cohesin’s role does not seem to be restricted to

cell division, as increasing evidence has implicated the complex in transcriptional regulation

(reviewed in Chapter 1.1.2.3).

Cohesin is present on chromosomes throughout all stages of the cell cycle, including

interphase, and is not depleted in non-cycling cells, such as neurons, suggesting that it func-

tions outside cell division (134;180;181). Cohesin colocalises with CTCF in mammalian genomes,

alongside which it mediates 3D DNA looping events and transcriptional insulation (134;146;193).

This interaction is not conserved in fruit flies, where cohesin localises at gene-proximal regula-

tory regions and participates in developmental processes, such as axenogenesis (120;187–190). Fi-

nally, various human developmental diseases, generally termed “cohesinopathies”, are linked

to defects in cohesin complex or associated proteins (183;184).

Given the amount of evidence pointing towards a non-canonical role of cohesin in gene

regulation, we sought to investigate its role by mapping cohesin, CTCF and TF binding in

human breast cancer (MCF-7) and liver carcinoma (HepG2) cells. We exploited the proper-

ties of MCF-7 cells in several ways, by performing perturbation experiments and analysing

protein-DNA interaction changes that occur after stimulation with estrogen (E2). MCF-7

cancer cell lines are responsive to estrogen treatment, which triggers a specific transcriptional

program mediated by ER binding at thousands of genome-wide locations (373). Our analyses

reveal new roles for cohesin in transcriptional regulation that are related to tissue-specific

TF activity rather than CTCF activity.
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3.3 Results

3.3.1 Cohesin binds genomic locations together and independently

of CTCF in MCF-7 cells

We performed ChIP-seq experiments in breast cancer cell lines using antibodies against

CTCF, as well as two cohesin subunits, STAG1 and Rad21. We determined regions of high

ChIP enrichment compared to naked DNA using SWEMBL (see Chapter 3.5.2 and Appendix

.1) on merged biological replicates for each of the three proteins.

Figure 3.1: SA1 and Rad21 bind the same genomic regions

(A) Peak overlap numbers between SA1 and Rad21 in MCF-7 cells. (B) Ranking analysis
based on the entire set of SA1 peaks and the same number of Rad21 peaks, called at a more
lenient cutotff

(Performed by Dominic Schmidt)

Rad21 binding sites were largely a subset of STAG1 bound regions (Figure 3.1A), likely

due to lower enrichment obtained with the Rad21 antibody. To confirm that Rad21 was

indeed enriched at STAG1 bound locations, we performed a ranking analysis using the

entire set of 56,092 STAG1 peaks and a lenient set of 56,092 Rad21 peaks. There was high
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correspondence in the peak ranks between the two sets (>0.8, see Figure 3.1B), suggesting

that the lower enrichment in the Rad21 dataset was reflected in fewer peak numbers at

the single cutoff used in the analysis, even though a more lenient cutoff would detect the

same genomic locations as the STAG1 ChIP. Given these results, we merged the STAG1 and

Rad21 regions and subsequently refer to their union as “cohesin”.

As described in previous studies, we found that cohesin colocalises with CTCF at the

majority (80%) of the CTCF binding events (49,243) (Figure 3.2A). Surprisingly, we also

detected thousands of Cohesin-non-CTCF sites(CnCs) (Figure 3.2B), representing a larger

fraction then previously expected from the literature (134;160;193). Generally, CnCs showed

lower ChIP enrichment than cohesin-CTCF binding events, however, CnCs of high enrich-

ment were also present.

3.3.2 CnCs are enriched at ER binding sites

We next explored the properties of different cohesin-bound regions with respect to genomic

annotation and sequence characteristics. All cohesin and CTCF-bound regions were highly

enriched at gene starts and ends, however CnCs were especially enriched proximal to TSSs

(Figure 3.2C). De novo motif discovery on the sequences proximal to the region of highest

ChIP enrichment revealed the canonical CTCF motif in both the cohesin and CTCF datasets

(Figure 3.2D). As expected from previous studies (74;105;603), most CTCF, as well as cohesin

bound regions contained this motif (Figure 3.2D): 79% of the CTCF binding events had at

least one the CTCF motif compared to 71% (STAG1) and 77% (RAD21) of all cohesin bind-

ing events. In contrast, only about 25% of CnCs contained a CTCF motif, suggesting that

some other factor must be directing cohesin’s localisation at these regions. As the complex

does not have a DNA binding domain of its own, we looked for potential proteins that could

recruit it at CTCF-distal genomic positions. We found that the estrogen response element

(ERE) was significantly enriched in CnC regions (p<0.0001) (Figure 3.2E). This motif is

targeted by ER, the main transcriptional regulator of MCF-7 cells, controlling numerous

genes, such as trefoil factor 1 (TFF1 ) (604), the estrogen receptor α (ESR1 ) gene itself (605),

and NRIP1 (606). The enrichment of this sequence motif in CnCs suggested that cohesin

might co-bind with ER and contribute to its specific regulatory program.
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Figure 3.2: Cohesin binds both with and without CTCF

(A-B) Genome browser view of two genomic regions on human chromosomes 11 and 15, in-
cluding gene annotation, CTCF, and cohesin (Rad21 and STAG1) ChIP-seq tracks; Rad21
and STAG1 are highly similar and present both at CTCF and non-CTCF bound locations (74).
(C) Genomic localisation of different categories of binding events shown as fold enrichments
compared to a random background; (D) The de novo discovered CTCF motif, which corre-
sponds to the canonical CTCF motif; Percentage of peaks in different categories that contain
the CTCF motif. (E) The ER motif, over-represented at CnCs in MCF-7 cells.
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3.3.3 CnCs are cell-type specific

To enquire whether cohesin localises at ER sites genome-wide in MCF-7 cells, we performed

ChIP-seq with an antibody against ER. The proximal and distal regulatory regions of several

known ER target genes were bound by both ER and cohesin, including about 70 kb around

the GREB1 locus (Figure 3.3A-D). We detected 6,573 regions that were bound by both ER

and cohesin but showed no CTCF enrichment (Figure 3.4ii). Approximately half that many

(3,367) ER binding events colocalised with CTCF, consistent with previous observations

that CTCF does not generally bind at regions targeted by tissue-specific TFs.

Figure 3.3: Cohesin binds alongside at ER to several known ER target genes

Genome browser views of several known ER targets, including the GREB1, ESR1, NRIP1
and TFF1 loci, showing ChIP-seq tracks for CTCF, ER and cohesin (Rad21 and STAG1).
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Next, we used HepG2, a hepatocellular carcinoma cell line, to determine whether the

newly described ER-positive CnCs were cell-type specific. CTCF binding is largely cell-type

invariant (105;303) (see Chapter 2), subsequently cohesin recruitment at CTCF sites is not

expected to substantially differ across cell lines. Indeed, most (76%) CTCF binding events

in HepG2 cells were also enriched for cohesin (Figure 3.4i). In contrast, only approximately

400 of the 6,573 ER CnCs in breast cancer cells showed cohesin binding in HepG2 cells

(Figure 3.4ii). Conversely, we found that two well-characterised liver-specific TFs, HNF4A

and CEBPA, cobound with cohesin at 4,382 and 5,555 regions in HepG2 cells but not in

MCF-7 cells (Figure 3.4iii). CTCF was not present at those regions. Based on our evidence

from two different cell lines and multiple genome-wide profiles, we concluded that cohesin

associates in a cell-type specific fashion with regulatory regions bound by tissue-specific TFs.

3.3.4 CnCs depend on tissue-specific TFs and not on CTCF

Cohesin loading onto the chromosomes is mediated by Nipbl and is not reliant on CTCF (134;171),

however CTCF is needed for cohesin localisation at its binding sites (160). We asked whether

the occurrence of cohesin at tissue-specific TFs was also dependent on CTCF. Vertebrate

cells require CTCF for survival (reviewed in Chapter 1.1.2.2), thus instead of completely

removing CTCF, we used RNAi to reduce the overall protein by approximately 50% and

disrupted hereby a subset of presumably weaker CTCF-DNA interactions. We performed

ChIP-seq with antibodies against Rad21, STAG1 and CTCF after 24h of CTCF RNAi treat-

ment. The reduction of the CTCF protein level was verified with western blots (Figure 3.8).

Overall, we observed a depletion of about 50% of the CTCF binding sites, as well as an exten-

sive decrease in cohesin enrichment at CTCF bound locations (Figure 3.5A-B). In contrast,

the levels of both STAG1 and Rad21 at ER-CnCs were unchanged after CTCF knockdown

(Figure 3.5C).

To assess whether the localisation of cohesin at ER sites was dependent on ER binding,

we compared cohesin profiles in E2-deprived MCF-7 cells after 45 min of vehicle (ethanol)

treatment and after 45 min of estrogen treatment (373). We observed that cohesin binding

significantly increases at ER-CnCs in the presence of E2, suggesting that in MCF-7 cells,

cohesin binding at such locations is dependent on ER binding (Figure 3.6A-B). Cohesin

recruitment to CnCs is thus independent of CTCF and likely dependent on tissue-specific

TFs instead.
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Figure 3.4: Cohesin-CTCF binding is cell-type invariant while CnCs are MCF-7 and HepG2-
specific

Normalised ChIP signals for ER, cohesin and CTCF in MCF-7 cells and CEBPA, cohesin
and CTCF in HepG2 cells, in a 10 kb window centred around peak summits. (i) A subset
of CTCF-bound regions in MCF-7 cells, showing strong enrichment for cohesin and CTCF
in both cell lines, with absence of ER and CEBPA. (ii) ER-CnCs with ER, cohesin, but no
CTCF enrichment in MCF-7 cells are not occupied in HepG2 cells. (iii) CEBPA-CnCs with
CEBPA, cohesin, but no CTCF enrichment in HepG2 cells are not occupied in MCF-7 cells.
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Figure 3.5: Cohesin binding is reduced at CTCF-bound regions but not ER-bound regions
after CTCF RNAi

(A) Genome browser view at the XBP1 locus showing gene structure, as well as cohesin,
CTCF and ER ChIP-seq tracks after 24h treatment with CTCF RNAi (above) and control
(below). (B) Normalised cohesin ChIP profiles at CTCF-bound regions before and after
RNAi treatment, showing a reduction in cohesin levels after CTCF knockdown. (C) Nor-
malised cohesin ChIP profiles at ER-CnCs before and after RNAi treatment, showing no
change in cohesin levels after CTCF knockdown. (Performed and described by Dominic
Schmidt)
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Figure 3.6: Cohesin binding increases at ER but not at CTCF-bound regions after treatment
with E2

(A) Genome browser views of the GREB1 locus in estrogen (above) and vehicle (ethanol)
treated MCF-7 cells showing gene, cohesin, ER and CTCF ChIP-seq tracks. Cohesin levels at
ER-CnCs are higher in the E2-treated samples then in the vehicle ones, while cohesin levels
at CTCF-bound regions do not differ. (B) Normalised cohesin ChIP differences between
estrogen and vehicle-treated samples at cohesin-CTCF and cohesin-non-CTCF locations;
only cohesin levels at CnCs are higher after E2 treatment.
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3.3.5 CnCs participate in E2-mediated transcriptional regulation

Assessing cohesin’s function in gene regulation is difficult, as one cannot trivially disentangle

it from its role in cell division. However, we used both a genomics and a cell cycle approach

to address this question in our cell-line experimental system.

Figure 3.7: ER-CnCs mark genes responsive to ER-treatment

Proportions of Up, Down and Not regulated genes in response to estrogen treatment with
proximal ER-only (A) and ER-CnC (B) binding. Both ER-only and ER-CnCs mark E2-
responsive genes, but the association of ER-CnCs with E2-regulated is stronger.

First, we asked whether cohesin localisation at ER sites had any importance for the

estrogen-regulated transcriptional program that characterises MCF-7 cells. We interrogated

the distribution of ER-CnCs with respect to E2-responsive genes, assuming that proximal

binding is a good indicator of a role in transcriptional regulation. We calculated the fraction

of E2-regulated versus non-regulated genes in breast cancer cells with at least one binding site

specific to ER or shared by cohesin and ER within 20 kb of their TSS (Figure 3.7). There was

a higher enrichment of both ER-only and ER-CnCs proximal to regulated genes compared

to non-regulated genes. ER-bound genes showing co-localisation of ER and cohesin but not

CTCF were highly likely to be E2-regulated (p-value < 0.0001). We detected no difference

with respect to directionality of the regulation, as both up- and down-regulated genes were
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often marked by ER-CnC binding sites.

To further assess cohesin’s role in E2-dependent transcriptional regulation, we analysed

the special case of estrogen-mediated re-entry into the cell cycle. Estrogen-deprived MCF-7

cells arrest in G0/G1 phase and activate their ER-mediated transcriptional programme upon

E2 treatment. This leads to re-entry into the cell cycle, which can be quantified by flow cy-

tometry (607) (Figure 3.9). Only a small number of cells continue cycling in hormone depleted

cultures, likely due to residual, as well as small amounts of endogenously produced E2. We

asked whether cohesin is required for ER mediated cell-cycle re-entry by reducing cohesin

levels and measuring the functional impact on cell cycle progression, as described before (607).

We down-regulated the cohesin subunit RAD21 using two different siRNA molecules, treat-

ing with E2, and then using flow cytometry to identify the fraction of cells that have exited

G0/G1. Effective RNAi silencing was confirmed by western blotting (Figure 3.8).

Figure 3.8: RNAi induces reductions in cohesin and CTCF protein levels

Western blot showing protein levels or RAD21, CTCF, ER and Actin (control) after RAD21
and CTCF RNAi experiments (Performed and described by Dominic Schmidt)

We measured the fraction of MCF-7 cells re-entering the cell cycle after only 24 hours of

hormone treatment, as temporally longer experiments would have resulted in biases due to

cohesin’s known role in chromosome cohesion (608). Cohesin-depleted cells showed a strong

reduction in E2-induced cell cycle re-entry compared to mock-treated cells (p-value < 0.001,

t-test) (Figure 3.9), indicating that cohesin is needed for efficient estrogen dependent G0/G1

to S phase transition in breast cancer cells.

To investigate whether these effects are due to cohesin’s role in insulation alongside

CTCF, we also knocked down CTCF expression using RNAi and measured the extent of

G0/G1 to S transition, as before. Surprisingly, removal of CTCF increased the number of

cells in S/G2/M phase both before and after E2 stimulation (Figure 3.9). This was the
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opposite effect than observed after cohesin removal, suggesting that CTCF and cohesin do

not act in the same way on the ER-mediated transcriptional program.

Figure 3.9: Downregulation of cohesin negatively affects re-entry into the cell cycle

(A) Overview of flow cytometry results after vehicle and estrogen treatment of wild-type,
cohesin and CTCF RNAi-treated MCF-7 cells. (B) Quantification of percentages of cells in
GO/G1 and S/G2/M after vehicle and estrogen treatment of wild-type, cohesin and CTCF
RNAi-treated MCF-7 cells.

To summarise, cohesin marks functionally active target genes and is functionally re-

quired for estrogen-induced cell cycle re-entry, independent of cohesin’s role in CTCF insu-

lator pathways. The complex is thus likely to play a role in mediating estrogen-dependent

transcriptional responses.
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3.3.6 Cohesin is enriched in ER-bound regions involved in chro-

matin looping

Cohesin has been shown to play an essential role in mediating long-range DNA loops along-

side CTCF (135) and ER has also been implicated in mediating chromatin interactions in

breast cancer cells (606;609). Using chromatin interaction ligation followed by paired-end se-

quencing (ChIA-pet), Fullwood et al. recently provided genome-wide maps of long-range

chromosomal interactions involving ER (526) in MCF-7 cells. To determine whether cohesin

may play a genome-wide role in tethering chromatin interactions alongside ER, we analysed

CTCF and cohesin ChIP enrichments proximal to ER binding events involved in chromatin

loops, more specifically anchors, and ER-bound regions with no detected interactions. We

found cohesin to be significantly enriched at ER binding events involved in looping com-

pared to ER binding events located outside interacting domains (Figure 3.10). In contrast,

CTCF binding was not observed to vary based on whether ER binding events were engaged

in looping events. This result suggests that cohesin binding is a good indicator of long-range

interactions at ER binding events and that cohesin might also mediate chromatin contacts

between CTCF-distal genomic locations.

3.4 Discussion

Our study has shed new light on the role of cohesin in transcriptional regulation, based on a

collection of different genome-wide ChIP-seq datasets, as well as functional data such as gene

expression and perturbation experiments. We detected thousands of CTCF-independent co-

hesin binding sites, a much larger fraction than previously reported in the literature (134;160;193).

It is likely that given the relatively low ChIP enrichment of the majority CnCs, previous

studies, which employed ChIP-chip and were limited in their detection power, and could not

distinguish true cohesin-bound regions from background noise (542;610).

As expected from previous results and the genomic distribution of CTCF (122;134;160;193)

(Chapters 1.1.2.2 and Chapter 2), cohesin-CTCF binding events are largely cell-type invari-

ant. In contrast, CnCs that colocalise with the tissue-specific TFs ER and CEBPA are highly

specific for MCF-7 and HepG2 cells. Moreover, ER-CnCs are not influenced by reduction

of CTCF levels in MCF-7 cells, but rather by changes in ER binding brought about by E2

treatment. Along the same lines, ER-CnCs are often located proximal to genes involved in

107



3. A CTCF-independent role for cohesin in gene regulation

Figure 3.10: Cohesin is enriched at ER-bound regions involved in long-range chromatin
interactions

(A) Genome browser view of the XBP1 locus showing gene structure, cohesin, ER, Co-
hesin (STAG1 and Rad21) and CTCF ChIP-seq tracks, as well as ChIA-pet mapped in-
teractions (526) involving an ER-CnC region. (B) (1) Schematic description of two different
categories of ER-bound regions in MCF-7 cells, as presented in (526): loop anchors and non-
interacting binding evens. (2-4) Normalised CTCF, STAG1 and RAD21 ChIP tag profiles
at ER loop anchors and non-interacting ER binding events. Cohesin enrichment is higher at
regions involved in looping, while CTCF does not differ among the two classes.
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tissue-specific transcription. Functionally, cohesin depletion negatively affects E2-mediated

cell-cycle re-entry, likely by disrupting the activation of the ER-dependent transcriptional

program. This effect is in contrast to the one triggered by reduction in CTCF levels, sug-

gesting that the two are not functionally equivalent. Interestingly, studies in fruit flies have

shown that cohesin is not recruited at dCTCF-bound genomic locations, but instead it ac-

cumulates at actively transcribed coding regions (190). Cohesin’s role at active cis-regulatory

regions appears thus to be an ancient, conserved one.

Cohesin has been previously involved in long-distance chromatin interactions alongside

CTCF (135;146). Here, we used the recently published MCF-7 cells ER-interactome (526) to

show that the complex is enriched at a subset of ER binding events involved in DNA looping.

This observation suggests that cohesin may function at genomic enhancers similarly to its

role at insulators, by stabilising higher-order DNA-DNA or DNA-protein complexes, such as

loops between distant cis-regulatory regions. Conceptually, cohesin’s role in sister chromatid

cohesion, in insulation and in gene regulation could all be driven by its structural properties

and its unique ability to embrace DNA molecules (167;173).

Indeed, in the two years since the publication of our study (585), evidence has accumulated

for both for the CTCF-independent role of cohesin in transcriptional regulation and for its

widespread action through chromatin looping (recently reviewed (611)). Scc/RAD21 has been

found to associate with the pluripotency transcriptional network in a CTCF-independent

fashion and to be important for maintaining pluripotency (612). 3C and 4C experiments have

shown how cohesin mediates 3D DNA contacts at various cell-type specific and develop-

mentally regulated regions, including the Nanog, Phc1, Oct4, Leftly1 promoters, the IFNG,

β-globin, HoxA loci, as well as at MHC Class II and at olfactory receptor genes (reviewed

in Chapter 1.1.2.3). Most importantly, cohesin was found to be essential in non-dividing

cells, in the context of T-cell receptor rearrangement and thymocyte differentiation, where

it maintains a correct chromatin architecture through long-range promoter interactions at

the Tcra locus (611).

Our study has thus contributed to the expansion of the understanding of cohesin’s molec-

ular roles and the hypotheses suggested through our genome-wide analyses in human cell

lines were subsequently proven correct by mechanistic and functional studies. It is now

widely accepted that cohesin is important for mediating and stabilising 3D chromatin con-

tacts, and that it acts in a broad variety of gene regulatory processes, mostly connected to

development and cell differentiation.
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3.5 Materials and Methods

This study is the result of a collaboration between Dr. Duncan Odom’s laboratory at the

Cambridge Research Institute and Dr. Paul Flicek’s research group at the European Bioin-

formatics Institute. Dr. Dominic Schmidt was the main driver of the project from the

experimental side and I was responsible with the computational analyses. All results have

been published (585) and have been adapted here with the publisher’s permission.

3.5.1 Experimental methods

Performed and described by Dominic Schmidt, adapted from Schmidt et al.(585)

3.5.1.1 Cell Culture

MCF-7 human breast cancer cells were grown as previously described (613). Unless otherwise

stated, MCF-7 cells were grown in phenol red-free DMEM supplemented with 5% charcoal-

dextran-treated serum for at least three days and during all experiments 17β-estradiol (es-

trogen, E2) was added at a final concentration of 100 nM for 45 minutes (ChIP) or 24 hours

(cell cycle analysis) or not (RNAi-ChIP-seq, see under siRNA). HepG2 cells were grown in

DMEM supplemented with 10% FBS.

3.5.1.2 siRNA

Cells were grown in phenol red-free DMEM supplemented with 5% charcoal dextran treated

serum for at least three days (cell cycle analysis) or in DMEM supplemented with 10%

FBS (RNAi-ChIP-seq). Cells were transfected with siRNA for 48 hours using Lipofec-

tamine2000 (Invitrogen, CA, USA). AllStars Negative Control siRNA (Qiagen) was used as

negative (mock) controls. CTCF RNAi (Invitrogen Stealth, sense: GCGCUCUAAGAAA-

GAAGAUUCCUCU, antisense: AGAGGAAUCUUCUUUCUUAGAGCGC). RAD21-1 (In-

vitrogen Stealth; sense: CAGCUUGAAUCAGAGUAGAGUGGAA, antisense: UUCCACU-

CUACUCUGAUUCAAGCUG) RAD21-2 (ON-TARGETplus SMARTpool L-006832)

3.5.1.3 Western blot analysis

Nuclear Extracts were harvested. Antibodies were the same as for ChIP and b-actin (abcam,

ab6276).
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3.5.1.4 Cell cycle analysis

Cells were plated at equal confluence, deprived of hormones and transfected using siRNA

as described above. Total cells were harvested and stained with propidium iodide for flow

cytometry analysis.

3.5.1.5 Chromatin immunoprecipitation and sequencing

ChIP experiments were performed with well-characterised antibodies against CTCF (Milli-

pore, 07-729), STAG1 (abcam, ab4457), RAD21 (abcam, ab992), ER (santa cruz, sc-543),

CEBPA (santa cruz, sc-9314) and HNF4A (Aviva Systems Biology, ARP31946) (74;134;605;614),

as recently described (542). Briefly, the immunoprecipitated material was end-repaired, A-

tailed, ligated to the sequencing adapters, amplified by 18-cycles of PCR and size selected

(200 - 300 bp) followed by single end sequencing on an Illumina Genome Analyzer according

to the manufacturers recommendations.

3.5.2 Computational Methods

Performed and described by Petra Schwalie unless otherwise stated, adapted from Schmidt et

al.(585)

All computational analyses were performed with scripts written in Perl, Bioperl 1.2.3 and

R version 2.8.0, using packages available in Bioconductor 2.3 (577).

3.5.2.1 Heatmaps of ChIP-seq data

(Performed and described by Dominic Schmidt) To generate the heatmaps of the raw ChIP-

seq data, the appropriate binding regions were used as targets to center each window. Each

window was divided into 100 bins of 100 bp in size. An enrichment value was assigned

to each bin by counting the number of sequencing reads in that bin and subtracting the

number of reads in the same bin of the corresponding control (input DNA). Each dataset

was normalised to 10 million reads. Data were visualised with Treeview (598).

3.5.2.2 Read mapping

All sequencing reads were aligned using MAQ (492) with default parameters in a replicate

specific fashion to the human NCBI36 genome assembly. HepG2 reads were mapped against
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a male genome, while a female genome was used in MCF-7 cells.

3.5.2.3 Genome browser views

(Performed and described by Dominic Schmidt) ChIP-seq data were normalised to 10 million

total aligned sequencing reads and displayed using the UCSC Genome browser (548) in Figures

3.2A-B, 3.3A-D, 3.5A, 3.6A and 3.10A .

3.5.2.4 Peak calling

We merged the data from the MAQ aligned replicates, filtering out non-unique reads and

reads with a MAQ quality score below 10. Positive binding events were discovered using

SWEMBL (see Appendix .1).

3.5.2.5 Factor overlaps and the determination of CnCs

We defined shared regions according to 1 bp overlaps. However, this did not ensure all

residual binding of CTCF (reads just under the peak-calling threshold) was eliminated from

the “non-overlap” sets. For obtaining a high quality CnC binding site set, we specifically

filtered out any cohesin binding events, and cohesin overlapping ER, CEBPA or HNF4A

peaks (called at a SWEMBL cutoff of 0.005) that contained high CTCF enrichments. Our

final sets, which we refer to as CnC and CnC-ER, CnC-CEBPA and CnC-HNF4A, fulfilled

the following criterion: ln(normalizedCtcf/normalizedInput) < 1.2. The significance of

the difference between ER-CnCs and Cohesin-CTCF sites was assessed by comparing the

CTCF binding profile 2 kb surrounding cohesin binding summits using a Mann-Whitney test.

For both sets, the number of CTCF reads in 100 bp bins were summed over all analysed

sites, and the two distributions were compared.

3.5.2.6 Genomic distribution

We determined localisation of different peak sets with respect to genes annotated in Ensembl

Release 54 (547). For each peak region, all genes overlapping or in proximity of a peak were

considered. We defined the following categories: “5’ and 3’ ” if a peak was located 3 to

1 kb of the annotated Ensembl gene start or end, “start” and “end” if they were within 1

kb of annotated gene starts or ends, as well as intronic, exonic and intergenic. Finally, we
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compared the obtained proportions with the genome background, obtaining the enrichments

shown in Figure 3.2.

3.5.2.7 Read profiles

For both the ChIA-PET association and the CTCF knockdown analysis, we calculated read

profiles around the sites of interest by counting reads in 10 bp intervals and a 2 kb window

centred on the peak summits, and normalising these over input reads, total read yield and

peak numbers. For the ChIA-PET data analysis, ER anchor-loop and non-interacting site

coordinates were publicly available (526). Read profiles for RAD21, STAG1 and CTCF at

these two binding site categories were compared. When looking at binding changes after

CTCF knockdown we profiled STAG1 and RAD21 reads at both ER-CnC and Cohesin-

CTCF binding sites.

3.5.2.8 Cohesin binding change upon ER stimulation

Cohesin-CTCF and CnCs sites were split into 10 bp bins, centred on the peak summits.

For each binding site category, we calculated the difference between normalised STAG1 and

RAD21 reads upon E2 treatment and plotted the obtained values in a 4 kb window centred

on the peak summit in Figure 3.6B .

3.5.2.9 Motif analysis

De novo motif discovery was conducted with MEME (615) and the parameters “-maxw 25 -

nmotifs 5 -revcomp -dna” , as well as with NestedMica (565)And the parameters “-numMotifs

5 -minLength 5 -maxLength 20 -revComp”. We used 800 to 1000 50 bp long regions centred

on the SWEMBL summit as input for the motif discovery programs, obtaining highly similar

motifs for different peak score categories and the two analysis programs. We searched for

the discovered motif in all of the high confidence bound regions using the PWM obtained

with MEME. The scan was performed with the TFBS Perl module (616), with two different

thresholds for the CTCF PWM (0.75 and 0.80) as well as with Patser (617), the parameters

“-A a:t 3 g:c 2 -R 1000 -M 10” and a cutoff of 10. We obtained very similar relative

motif occurrence numbers with all three methods. The ER motif enrichment analysis was

performed by Dominic Schmidt with the CEAS program (http : //ceas.cbi.pku.edu.cn/).
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3.5.2.10 Expression analysis

(Performed and described by Roslin Russell ) The raw bead-level data was pre-processed and

normalised through log2 transformation and quantile normalisation using beadarray, a Bio-

conductor package developed at the Cambridge Research Institute. The Bioconductor limma

package was used for the statistical analysis. (Performed and described by Petra Schwalie)

Only genes that obtained the quality scores “perfect” and “good” after this processing were

selected for the analysis. The regulated set was defined as having a logFC > 0.2 or < −0.2

and an adjusted p-value < 0.01 measured at at least one time point, while the non-regulated

set had a logFC between −0.2 and 0.2 and a p-value > 0.01. Genes in the regulated and

non-regulated categories were scanned for the presence of the binding sites of interest 20 kb

of the Ensembl annotated gene starts and significance of the association determined by a

one-sided Fisher’s exact test.

The data was deposited under ArrayExpress accession numbers E-TABM-828 and E-

MTAB-158
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Chapter 4

Tissue-specific transcriptional

landscape in the Drosophila

melanogaster central nervous system

4.1 Summary

Analyses of transcriptional activity and regulation in adult brains are often confounded by

the extensive cell-type heterogeneity of this complex tissue. Here, we addressed this issue

by employing a tissue-specific ChIP-seq approach based on genetic constructs and obtained

genome-wide profiles of RNA pol II and the histone variant H2Av in Drosophila melanogaster

neurons and glia cells.

We find that up to one quarter of RNA pol II-bound regions differ across the two major

brain cell types, mark genes that are transcribed tissue-specifically, and are depleted of the

histone variant H2Av. In contrast, regions bound by RNA pol II at similar levels across both

cell types almost always overlap H2Av and are proximal to constitutively highly expressed

genes. H2Av itself shows highly similar enrichment across neurons and glia cells, as well as

adult fat bodies and early-stage embryos. H2Av-marked genes are generally associated with

active transcription in the fruit fly head, and specifically with low expression levels in the

subset not bound by RNA pol II.

Gene expression, promoter architecture, chromatin domain classification and insulator

binding data suggest a role for H2Av in establishing or maintaining a transcriptionally com-
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petent chromatin landscape. Regions bound by both RNA pol II and H2Av are preferentially

located in constitutively open chromatin regions, preponderantly at dispersed promoters with

strong nucleosome positioning and high transcriptional activity across a wide range of tissues.

Regions bound by H2Av in the absence of RNA pol II are also enriched in open chromatin

and at dispersed promoters, but mark genes that show low expression across tissues.

Our genome-wide RNA pol II and H2Av data in multiple tissues of the central nervous

system (CNS) provides a valuable resource for Drosophila sp. neurobiology and gives insight

into general epigenetic regulatory processes, by suggesting that H2Av is associated with

constitutive transcriptional competence in fruit flies.

4.2 Introduction

Drosophila melanogaster has been used as a model system for studying the genetic basis

of complex behaviour since the pioneering work of Seymour Benzer in 1970s (618). The fruit

fly’s behavioural complexity results from the complexity of its central nervous system (CNS),

realised through an extreme specialisation and diversification of cell lines in the brain and

partially driven by highly regulated transcriptional regulatory processes.

The ubiquitous, evolutionary conserved histone variant H2Av has been generally associ-

ated with TSSs of active genes, however yeast studies have also placed it at transcriptionally

“poised” genomic locations, and at heterochromatin borders (263;280;288;289) (reviewed in Chap-

ter 1.1.3.2). Further, most of the previous genome-wide analyses on H2Av distributions have

been performed in cell culture or in embryos (221;281;282;287). Here, we investigated the histone

variant’s role in gene expression and chromatin organisation in an intact adult organism.

We analysed marks of transcriptional activity in the fruit fly CNS through tissue-specific

genetic constructs and next-generation sequencing (NGS) techniques. We employed multiple

genetic constructs that expressed tagged proteins in major brain cell types, generating tissue-

specific ChIP-seq profiles. To achieve this, we used neuronal and glial-specific drivers for

GFP-tagged RNA pol II, as well as the GFP-tagged histone variant H2Av. Our results

from adult fruit flies place H2Av at TSSs of generally active genes, as previously described.

However, we show for the first time that H2Av’s distribution is largely identical across

neuronal, glial, fat body, and even embryonic tissues. Not surprisingly, this is in contrast

to RNA pol II, which binds thousands of genomic locations in a tissue-specific manner and

marks genes functionally relevant for neuronal activity.

116



4. Tissue-specific transcriptional landscape in the fruit fly CNS

4.3 Results

4.3.1 Tissue-specific RNA pol II-DNA interactions mapped by a

genetic approach

To examine gene activity in specific cell types of the adult fly head, we tagged the RNA pol

II subunit RPB3 with a GFP molecule (619) and expressed this construct in distinct brain

substructures by using the bipartite UAS/Gal4 system. We employed the established pan-

neuronal and glial markers elav and repo to express Gal4 tissue-specifically (Figure 4.1A

and C). Gal4 drives transcription of GFP-RNA pol II, and immunoprecipitation with an

anti-GFP antibody can thus reveal the genome-wide locations of neuronal, and glial-specific

RNA pol II-DNA interactions (Figure 4.1A). As reporter expression depends on the strength

of the driving promoter, which is substantially lower for elav than repo, we used a double

copy of elav -Gal4 and UAS-GFP-Rpb3 to obtain similar expression levels of the GFP-RPB3

across the two tissues (shown by Western blotting in Figure 4.1B).

We then performed ChIP-seq using an anti-GFP antibody in elav -Gal4, and repo-Gal4/UAS-

GFP-Rpb3 flies, as well as anti-GFP and anti-RPB3 antibodies in wild type flies, which

contained no tagged proteins. All experiments had biological replicates, and several techni-

cal replicates were combined to obtain enough material to sequence. We used CCAT (559) to

identify RNA pol II-bound locations in each biological replicate, using both input and GFP

tracks as controls. We determined RNA pol II-bound regions of interest (ROI) in the fly

head by combining single peak information from all available replicates, using a FDR of 0.05

(Figure 4.1D, Chapter 4.5 and Appendix 8) This resulted in 7,453 genomic regions bound

by RNA pol II in at least one substructure of the fruit fly head; the ROIs showed a median

width of 321 bp, and covered 2.5 Mb of the D. melanogaster genome.

4.3.2 Tissue-specific RNA pol II binding marks neuronal- and

glial-specific transcription

We obtained replicate profiles of RNA pol II binding in fruit fly heads, neuronal and glial

tissues, as shown in Figure 4.2A for the nmdar1 locus, implicated in long-term memory

formation (620). Biological replicates showed very high correlations in both the neuronal and

glial datasets: Spearman’s rho above 0.95 compared to 0.65 for the inter-tissue comparison
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Figure 4.1: Generating tissue-specific RNA pol II profiles

(A) Schematic overview of tissue-specific protein-GFP expression: the organisms in which
the tagged construct is expressed (green) contains a Gal4 gene under the control of a tissue-
specific enhancer, and the protein of interest merged with GFP downstream of a UAS-positive
promoter. The GFP-merged protein of interest is expressed in a tissue-specific manner and
can be isolated with an antibody against GFP (green circle). (B) Western blot of the fly lines
employed in this study. (C) Fruit fly head immunohistochemistry of the neuronal and glial
expression patterns, as well as the overlay. (D) Schematic overview of the computational
workflow employed for determination of tissue-invariant and tissue-specific ChIP enriched
regions, as described in Chapter 4.5.
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Figure 4.2: RNA pol II binding in the fruit fly head

(A) Genome browser view of the nmdar1 locus showing gene structure, as well as repli-
cate ChIP-seq tracks in head, neurons, glia cells, as well as two control tracks (Input and
GFP). (B) Distribution of head RNA pol II ROIs with respect to genome annotation. (C)
Association of Drosophila transcripts with RNA pol II ROIs (see Chapter 4.5).

(Figure 4.3A). As expected, most (about 3/4) of our RNA pol II ROIs were located proximal

to annotated TSSs, as well as close to genic locations (Figure 4.2B). Conversely, almost half

of annotated genes were associated with at least one RNA pol II ROI (Figure 4.2C).

To identify genes regulated differentially in the the fruit fly brain, we compared the elav

vs. repo ChIP counts inside the RNA pol II ROIs using DESeq (567)(see Chapter 4.5). We

found that about 25% of the regions differed significantly between neurons and glia cells

(Figure 4.3B) and overlapped 1,512 genes, likely to show tissue-specific gene expression in

the fruit fly brain. Overall, tissue-specific and invariant RNA pol II-bound regions were

similar in their genomic distribution, with over 70% of both types of sites being located at

TSSs and about 20% overlapping annotated repeat elements (Figure 4.3C).

To validate the obtained tissue-specific regions, we used both a computational and an
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Figure 4.3: Differential RNA pol II binding in the fruit fly head

(A) Correlations of ChIP-seq read counts inside RNA pol II ROIs among biological replicates
(i. and ii.) and between neuronal and glial samples (iii.). (B) Venn diagrams of glial, neuronal
and invariant RNA pol II-bound regions in the fly head (the common fraction includes all
RNA pol II-bound regions in the fly head that do not differ significantly between glial and
neuronal sets). (C) Distribution of differential and shared RNA pol II ROIs with respect to
genomic annotation. (D) Enrichment of genes with CNS activity in neuronal, glial, shared
and no RNA pol II categories. (E) Significantly enriched GO terms for genes in the neuronal
RNA pol II category (see Chapter 4.5).
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experimental approach. First, we checked whether tissue-specific RNA pol II ROIs detected

by our ChIP-seq analysis preferentially identified genes involved in CNS activity. Indeed, we

found significant enrichment of a curated set of CNS-specific genes (621) among the neuronal,

head-invariant and glial-specific genes. At the same time, the CNS test set was significantly

depleted in locations with no RNA pol II binding (Figure 4.3D). Additionally, we performed

a GO term enrichment analysis and found that genes overlapping neuronal-specific peaks

were significantly enriched in neuronal-relevant terms such as axenogenesis, axon guidance

and CNS development (Figure 4.3E)

For the experimental validation, we used Gal4 drivers located proximal to genes that

showed significant neuronal or glial-specific ChIP enrichment. These drivers express Gal4

from the neighbourhood of the given gene and thus trigger gene-specific nuclear expression

of UAS-Histone-GFP. By co-staining with an antibody against GFP antibody and either

elav or repo, the overlap with neuronal, and glial cells can be determined.

We selected an array of test genes based on the DESeq results and the availability of

enhancer-trap lines. Overall, we found very good concordance of the immunohistochemistry

results with the ChIP-seq enrichments. We focused first on genes with strong promoter-

proximal RNA pol II peaks in one cell type and no binding in the other. Examples include

klingon, king-tubby, mocs1, tramtrack, igloo and CG6044 (Figure 4.4 and Appendix 7). For

both king-tubby and igloo, the Gal4 drivers localised close to the RNA pol II peaks and

determined expression of the nuclearly localised GFP in a large subset of elav positive nuclei,

showing very little if at all overlap with the repo space. Other drivers, localised near the

oaz or the CG6044 promoters, expressed GFP in fewer nuclei, reflecting the lower ChIP

enrichment at these regions. They largely overlapped elav and not repo positive nuclei.

Conversely, immunohistochemistry also confirmed the glial-specific nature of RNA pol II

ROIs, as seen with the Gal4 lines near mocs1, tramtrack and CG4666 (Figure 4.4B).

Finally, we investigated genes such as aPKC, btsz and CG5835, that had RNA pol II at

their promoters in both glia cells and neurons, but showed ChIP enrichment differences in

one of the two cell-types (Appendix 7). The drivers of all four of these genes expressed GFP

in both elav and repo positive neurons. However, differences in ChIP enrichment did not

correspond to the number of nuclei stained by immunohistochemistry. This is expected, due

to the fact that high ChIP enrichment could reflect both a higher fraction of cells with RNA

pol II binding and longer RNA pol II residence time in a particular cell.

To summarise, both computational and experimental validation results demonstrate that
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Figure 4.4: GAL4 drivers proximal to tissue-specific RNA pol II peaks are expressed tissue-
specifically

(A) Neuronal-specific and (B) glial-specific immunohistochemistry results. Co-staining of
various Gal4 driver lines located in proximity to tissue-specific RNA pol II peaks (green)
alongside repo and elav (magenta) to reveal the overlay (white). Genome browser views
are shown on the left-hand site, including neuronal, glial, head and control tracks, gene
annotation and location of the driver construct. (Performed by Tamas Schauer)

our approach can be used to profile tissue-specific RNA pol II-DNA interactions.

4.3.3 RNA pol II-bound regions are proximal to H2Av-histones

and to actively transcribed genes

We next analysed genome-wide profiles of H2Av, a histone variant with confirmed roles in

transcriptional regulation (reviewed in Chapter 1.1.3.2) by performing ChIP-seq in the adult

fruit fly head. As previously described, we found that H2Av generally overlaps TSSs (Figure

4.5A), and less than 5% of H2Av-enriched regions were located further then 5 kb from an

annotated gene. As a control, we employed the same anti-GFP antibody as for the cell-type
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specific RNA pol II profiles to enquire the genomic binding of a H2Av-GFP fusion protein.

At the phenotypic level, flies expressing the tagged variant showed qualitative differences to

wild-type flies. At the molecular level, the genome-wide profiles of endogenous and tagged

H2Av were remarkably similar, showing a Spearman correlation coefficient of 0.95 (Figure

4.5B) and less then 3% differences in terms of overlapping genes (Figure 4.5C).

Figure 4.5: Distribution of H2Av in the fruit fly head

(A) Distribution of whole head H2Av ROIs with respect to genome annotation. (B) Corre-
lation of ChIP-seq read counts in the tagged and endogenous samples at H2Av-enriched ge-
nomic locations. (C) Venn diagram showing the number of genes overlapping H2Av-enriched
regions in wild-type and H2Av-GFP expressing fruit flies.

Globally, H2Av largely colocalised with RNA pol II, as previously reported. However,

thousands of genomic locations showed enrichment of either the histone variant or the poly-

merase complex alone (Figure 4.6A). To understand the relationship between H2Av presence,

RNA pol II binding and gene transcription, we performed RNA-seq in the fruit fly head and

obtained expression estimates using Cufflinks (528). Generally, H2Av and RNA pol II both

marked expressed genes, while RNA pol II positive genes showed highest expression levels

(Figure 4.6B)

Next, we grouped together genes with similar expression levels into six categories (Fig-

ure 4.6C) and analysed H2Av and RNA pol II signals in these different classes. To avoid

assignment problems due to multiple TSSs, we only included genes with a single annotated

transcript in the analysis. Overall, RNA pol II was selectively enriched over and downstream

of TSSs, while the H2Av signal peaked approximately 200 bp downstream of the TSS, at the
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Figure 4.6: H2Av, RNA pol II and gene expression in the fruit fly head

(A) Venn diagram showing overlaps between RNA pol II and H2Av ROIs in the whole
head data. (B) Distribution of gene expression values (log2(FPKM)) for genes overlapping
H2Av-only ROIs (green), H2Av-RNA pol II ROIs (purple), RNA pol II ROIs only (yellow)
and neither RNA pol II nor H2Av ROIs (grey). (C) Distribution of gene expression for
six categories of genes: not expressed and belonging to different expression quantiles. (D)
Normalised RNA pol II, H2Av and H3 extended ChIP tag profiles at promoters of +oriented
genes falling in the expression categories shown in C. (E) Fraction of differential RNA pol
II ROIs overlapping genes of the expression categories shown in C. (F) Standard deviation
of log2(expression values) per tissue according to Flyatlas (622) for genes of the expression
categories shown in C.

+1 nucleosome, and was depleted in the nucleosome-free region (Figure 4.6D). This H2Av

distribution pattern at TSSs corresponds to previous results from Drosophila melanogaster

embryos (281). Both RNA pol II and H2Av ChIP enrichments correlated with mRNA ex-

pression (p-values 5*10−157/1*10−73 and Spearman’s rho 0.49/0.34 for RNA pol II/H2Av,

Figure 4.6D). However, while RNA pol II enrichments reflected gene expression levels di-

rectly, average H2Av levels were higher at lowly rather than highly expressed genes. This

can be potentially explained by complete nucleosome clearance at highly expressed genes, as

suggested by the H3 profiles (Figure 4.6D).

We next looked at the tissue-specificity of the genes in different expression classes using
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our neuronal and glial RNA pol II sets, as well as publicly available microarray-based expres-

sion data (622). Interestingly, we found that the genes in the highest expression quantile were

most likely to contain either a neuronal or a glial-specific RNA pol II ROI (Figure 4.6E). As

expected, genes that were not expressed or expressed at low levels in D. melanogaster heads

did not overlap tissue-specific RNA pol II regions, however they showed high differences in

expression among a wide range of fly tissues, similarly to the genes in the top expression

quantile (Figure 4.6F). Together, these results suggest that a fraction of genes highly ex-

pressed in the fly head are tissue-specifically marked by RNA pol II and potentially depleted

of nucleosomes and H2Av-containing histones.

4.3.4 H2Av is generally invariant across tissues and marks cell-

type invariant genomic locations

To test whether genes with a strong tissue-specific expression and RNA pol II signal are

indeed depleted of H2Av even in the tissue they mark, we applied our GFP tag approach

to generate neuronal and glial H2Av profiles. We expressed a UAS-regulated GFP tagged

H2Av construct using the same drivers as for RNA pol II (elav and repo), determined ROIs,

and tested which of them differed significantly among the two cell types, as described above

(Figure 4.1 and Chapter 4.5).

However, in contrast to the RNA pol II data, the neuronal and glial H2Av profiles were

remarkably similar across tissues, as revealed both by high correlations and the very low

number of regions with significantly different ChIP enrichment (Figure 4.7A-C). To examine

whether there is any enrichment of tissue-specific H2Av at tissue-specifically RNA pol II-

bound regions, we sorted the RNA pol II ROIs based on the neuronal to glial fold-change

and visualised ChIP counts in all head datasets (Figure 4.8). As suggested by the expression-

based results and evident from both profile plots and H2Av-RNA pol II overlap analysis,

H2Av was highly enriched at RNA pol II-bound locations common to both cell types, but

depleted at tissue-specific regions.

To asses whether H2Av distributions were similar specifically between glial and neuronal

cells, or across a wider array of tissues, we profiled RNA pol II and H2Av in adipose tissue

(fat bodies) in the fly head. Although glia and neurons are distinct cell types, they are both

derived from the ectoderm, while the adipose tissue originates in mesoderm. A comparison

of H2Av profiles in neurons, glia cells and fat body cells can thus reveal whether H2Av is en-
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Figure 4.7: H2Av profiles are very similar in different tissues of the fruit fly head

(A) Genome browser view at the D. melanogaster chromosome 2L showing the gene struc-
ture, as well as replicate H2Av ChIP profiles in head (black), neurons (red), glia cells (blue)
and naked DNA (purple) or GFP (grey) as controls. (B) Correlation of ChIP-seq read counts
inside head H2Av ROIs among neuronal and glial samples. (C) Venn diagrams of glial, neu-
ronal and invariant H2Av ROIs (the common fraction includes all H2Av bound regions in
the y head that do not differ significantly between glial and neuronal sets).

riched in the same chromosomal regions even in cell types with a very distinct developmental

history.

We used our three tissue data to compare (1) the extent of inter-tissue differences for

RNA pol II and H2Av and (2) the presence of H2Av at RNA pol II regions bound in only

one, two or all three tissues. Consistent with our findings in neurons and glia cells, only

the RNA pol II and not the H2Av enrichments differ substantially between tissues (Figure

4.9AB); H2Av is virtually always present at tissue-invariant RNA pol II bound locations,

while it is largely absent at neuronal, glial and fat body-specific regions (Figure 4.9C). There

are no differences in expression across the three categories of regions (Figure 4.9D).
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Figure 4.8: H2Av does not differ among tissues and marks cell-type invariant genomic loca-
tions

Overview of ChIP enrichment signals proximal to pol II ROIs. Each row represents a RNA
pol II ROI, each column of the two central matrices the normalised extended ChIP-seq read
counts inside a 2 kb region centred on the summit of the respective RNA pol II ROI. DESeq
adjusted p-values for each ROI are shown in the left-most column. The barplots represent
fraction of H2Av ROIs that overlap groups of RNA pol II ROIs.

4.3.5 H2Av is deposited early in development

Because the H2Av profiles were similar in such diverse cell-types in adult flies, we hypothe-

sised that the establishment of H2Av patterns are likely to occur early in organism develop-

ment. To test this, we profiled H2Av and RNA pol II from 0-6 hour embryos and compared

the whole head and embryo data analogous to the neuronal-glial comparison. We note that

this comparison is limited by factors such as the multitude of cell types contained in the two

samples and technical differences in the ChIP preparation of whole embryos and adult fly

heads. However, overall, we found the results very similar to the inter-tissue comparison in

the adult head. RNA pol II binding differed substantially between embryo and whole head,
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Figure 4.9: H2Av is depleted at tissue-specific RNA pol II-bound regions in neurons, glia
cells and fat bodies

(A-B) Venn diagrams showing relationships of RNA pol II (A) and H2Av (B) ChIP enrich-
ments in glial, neuronal and fat body cells. (C) Fraction of RNA pol II ROIs shared in all
three analysed tissues (green), in only two tissues (grey) and specific for either glial, neu-
ronal or fat body cells (yellow-red-blue) that overlap head H2Av ROIs. Numbers of RNA
pol II ROIs in each of the three categories are shown on the barplots. (D) Distribution of
expression levels (log2(FPKM+1)) for genes marked by the same three categories of RNA
pol II ROIs as in C.

while only a small number of differentially enriched regions were detected for H2Av, which

marked by and large (> 90%) the same genes (Figure 4.10).

Additionally, we tested early-stage development data for H2Av, which was available

through the modENCODE (623) project. We created four sets of regions based on the pro-

cessed ChIP-chip embryonic, stage 3-larval and S2 H2Av datasets: (1) shared enrichment,

(2) shared depletion, (3) stage-unique enrichment and (4) stage-unique depletion. For each

of the four categories, we plotted H2Av ChIP-seq enrichments in the adult and embryonic
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Figure 4.10: H2Av is absent at tissue-specific RNA pol II-bound regions head-embryo com-
parison

(A) Venn diagram showing the number of genes overlapping RNA pol II enriched regions in
fruit fly heads and embryos. (B) Venn diagram showing the number of genes overlapping
H2Av enriched regions in fruit fly heads and embryos. (C) Overview of ChIP enrichment
proximal to Head-Embryo RNA pol II ROIs. Each row represents a RNA pol II ROI, each
column of the two central matrices the normalised extended ChIP-seq read counts inside
a 2 kb region centred at the summit of the respective ROI. DESeq adjusted p-values for
each ROI are shown in the left-most column. (D) Overview of whole-head wild-type (H),
GFP-H2Av (G), repo, elav, and embryonic (E) ChIP-seq enrichment at different categories
based on embryonic, S2 cell and 3-stage larval data for H2Av (623).

datasets. We consistently found high levels of enrichment in the shared enrichment category,

indicating that over 4,000 genomic regions show H2Av incorporation in all fruit fly tissues at

all times, including early embryos and highly specialised neurons (Figure 4.10C). The other

three categories showed no enrichments in our adult and embryonic data, confirming the lack

of changes in H2Av distributions in development.
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4.3.6 H2Av marks transcriptionally competent domains in fruit

flies

The preferential localisation of H2Av at tissue-invariant, but generally active locations with

respect to RNA pol II binding and gene expression suggested that the histone variant might

function to establish a permissive chromatin environment at genes behaving similarly across

a wide range of tissues. If H2Av were to localise at regions of constitutive gene activity

or transcriptional competence, then several other tissue-invariant marks of transcriptional

activity should enrich for H2Av. We used several such features to test this hypothesis.

First, five different chromatin states have been recently described based on a wide range

of DamID experiments (310), partitioning the fruit fly genome into constitutively active (“yel-

low”), tissue-specifically active (“red”), repressive (“black”), PcG-repressed (“blue”) and

HP1-repressed (“green”) domains. According to our hypothesis, H2Av-bound regions should

be enriched in “yellow” chromatin, while RNA pol II-only regions should correspond to either

tissue-specifically active or repressed domains. Indeed, we found that both H2Av-only and

H2Av-RNA pol II ROIs are highly enriched in the “yellow” chromatin fraction, as opposed

to RNA pol II-only regions, which are located in either tissue-specifically active, PcG or

repressive chromatic domains (Figure 4.11A-B).

Second, we tested whether H2Av marked genes with similar expression levels across a wide

range of tissues. We used both previously published clusters of tissue-invariant genes (624),

derived from the multi-tissue expression data available in FlyAtlas, as well as the original

microarray data (622) that the clusters were derived from. Overall, we found that H2Av ROIs

were enriched in the low specificity clusters compared to RNA pol II-only ROIs (Figure 4.11A

and D), with the highest enrichment for H2Av and RNA pol II-positive regions. Similarly,

genes bound by both H2Av-only and H2Av-RNA pol II showed similar expression patterns

across multiple tissues and developmental stages, in contrast to RNA pol II-only bound genes

that differed extensively (Figure 4.11F and G).

Different promoter architectures have been associated with distinct types of genes, with

housekeeping genes usually having multiple, dispersed transcription initiation sites, and

tissue-specific genes containing a single, sharp TSSs (reviewed in Chapter 1.1.2.1). We

used published promoter classes derived from genome-wide assays that mapped the rates

and distribution of transcription initiation at D. melanogaster gene starts (625) to explore the

relationship between promoter architecture and H2Av incorporation. Promoters of H2Av-
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Figure 4.11: H2Av marks regions of constitutive gene activity (active/inactive; insulators)

(A) Genome browser view of adult head and embryonic H2Av distributions, clusters of tissue-
invariant genes (Tau) (624) and of H2Av incorporation, colour-coded chromatin domains (310),
as well as gene tracks. In (B-E) we refer to adult H2Av-only, H2Av-RNA pol II and RNA pol
II-only ROIs as “H-HP-P”. (B) Fractions of H-HP-P in the three top colour-coded chromatin
domains (310). (c) Distributions of H-HP-P promoters with respect to TSS type (625). (D)
Fraction of H-HP-P overlapping clusters of tissue-invariant genes. (E-F) Heatmaps and
standard deviations of probe-level expression over 17 tissues for H-HP-P genes.
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bound genes were generally of a broad nature, while RNA pol II-only genes had single, sharp

TSSs (Figure 4.11C), suggesting an association of the latter gene class with specialised,

tissue-specific functions.

Figure 4.12: H2Av localises at insulator regions and marks areas of transition between
chromatin domains

Fraction of H2Av-only, H2Av-RNA pol II and RNA pol II-only ROIs at class I (A) and
II (B) insulators, as well as at transition borders between black/yellow (Bi.) and blue/red
(Bii.) chromatin domains. (C) Mean normalised RNA pol II, H2Av, Input and H3 ChIP
profiles centred around “yellow”-“black” and “red”-“blue” transition borders.

Finally, we analysed H2Av localisation with respect to the binding sites of insulator

binding proteins, which are have been shown to have largely cell-type invariant distribu-

tions (74;105;626–628). We used the binding data for dCTCF, CP190 and BEAF-32 dataset from

a CNS-derived-cell-line (ML-DmBG3-c2) available through the modENCODE project, as

well as dCTCF, CP190, BEAF-32, GAF, MDJ4 and su(Hw) data from a comprehensive

study of insulators in D. melanogaster embryos (627). We checked overlaps of the H2Av-only,

H2Av-RNA pol II and RNA pol II-only regions with each single insulator protein, as well

as with predefined insulator classes (627) (Figure 4.12). Class I insulators, bound by CTCF,

132



4. Tissue-specific transcriptional landscape in the fruit fly CNS

CP190 or BEAF-32 were previously found to have characteristic boundary and insulating

activity, in contrast to class II insulators, bound by Su(Hw) only (627). The highest over-

lap (above 80%) was between H2Av-RNA pol II-bound regions and BEAF-32 and CP-190

binding sites; CTCF, GAF and MDJ4 followed with 30% to 40% of H2Av-RNA pol II ROIs

colocalising at putative insulator regions (see Appendix 6). GAF was the only protein for

which RNA-pol II-only regions showed higher colocalisation with insulators. In contrast

to all other insulator-binding proteins, Su(Hw) did not show significant overlap with the

tested ROIs. Accordingly, H2Av-RNA pol II were highly enriched at class I and not class II

insulators (Figure 4.12A).

Given the high colocalisation with insulator binding proteins, as well as a high overlap

with transitions domains observed for H2Av ROIs (Figure 4.11B), we tested whether H2Av

was preferentially positioned at borders between “yellow” and “black” chromatin. We se-

lected 100 bp centred on “yellow”-“black”, “black”-“yellow”, “red”-“blue” and “blue”-“red”

borders and calculated the fractions of ROIs overlapping these genomic locations. We also

plotted H2Av and RNA pol II read counts in a 5 kb window centred around the transition

points. Over a quarter of H2Av-RNA pol II and about one fifth of H2Av-only regions were

located at transitions between constitutively active and repressed chromatin, while less then

10% of any regions localised at “red”-“blue”/“blue”-“red” borders. The profiles revealed

higher, but similar, enrichment of RNA pol II in the active chromatin fraction, regardless

if constitutive or tissue-specific. H2Av levels were overall higher in “black” and “yellow”

domains compared to “red” and “blue”, where enrichments were lower then for Input and

H3. H2Av values were higher on the “yellow” side then on the “black” one and a small

increase in enrichment was also visible at transition points.

To summarise, RNA-seq and microarray-based expression, promoter architecture, chro-

matin domain localisation and insulator binding suggest that H2Av marks regions of con-

stitutive transcriptional competence. Genomic regions marked by RNA pol II but lacking

H2Av enrichment are often highly expressed in the CNS, but are associated with highly regu-

lated tissue-specific genes, in a tightly controlled chromatin environment. They are depleted

at binding sites for insulator proteins, with the exception of GAF. Differences exist between

H2Av-only and H2Av-RNA pol II-bound regions, with the latter marking genes with high

transcriptional activity across a broad range of tissues and almost always overlapping class

I insulator elements.

133



4. Tissue-specific transcriptional landscape in the fruit fly CNS

4.4 Discussion

We presented here an approach to map tissue-specific protein-DNA interaction sites in

Drosophila melanogaster and applied it to obtain high resolution genome-wide profiles of

RNA pol II and H2Av in neurons, glia cells and fat bodies. Using both experimental and

computational validation methods, we demonstrated that tissue-unique RNA pol II enriched

regions often marks genes with known CNS-specific activity. As expected, promoter-proximal

RNA pol II enrichment largely corresponds to transcriptional activity, consistent with pre-

vious results (17;18;629). The neuronal and glial-specific RNA pol II-enriched locations deter-

mined here provide an extended set of CNS-active genomic regions that can represent a

valuable resource for functional studies for molecular neuroscience research in Drosophila

sp. (621). Importantly, this approach is applicable to more specialised tissues of the CNS such

as subgroups of neurons, which can provide high-resolution insight into highly brain-specific

transcriptional processes.

Additionally, our study represents the most complete tissue-comparative analysis of H2Av

in adult organisms. This histone variant has been generally associated with gene activity,

but also found at heterochromatin regions and insulator elements (as reviewed in Chapter

1.1.3.2). Here, we report for the first time that H2Av is generally depleted at tissue-specific

locations, as opposed to promoters of constitutively active genes, at which H2Av is almost

always present. This observation holds true in both fruit fly neurons and glia cells, major

ectoderm-derived cell types of the CNS, as well as in the mesoderm-derived fat bodies.

Given that the histone variant is present at the same regions in cells with such diverse

evolutionary histories, we propose that H2Av is set early on in development and maintained

as an epigenetic mark for a permissive chromatin environment. We show this by generating

genome-wide H2Av and RNA pol II ChIP-seq profiles, as well as using modENCODE H2Av

ChIP-chip experiments in four early developmental stages (623).

Intriguingly, no ChIP-seq dataset in adult tissues or embryos showed any enrichments

at modENCODE stage-unique H2Av regions. This could happen either if the ChIP-chip

unique regions are false positives or if we consistently miss low-enrichment areas by our

ChIP-seq based methodology. The latter possibility appears quite unlikely given the different

chromatin preparations (adult and embryonic chromatin), antibodies (anti-H2Av and anti-

GFP) and technical characteristics of the employed methodologies, as sequencing typically

covers a higher dynamic range than hybridisation-based methods (4;5). If it were to be true,
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and a H2Av-fraction would be deposited tissue-specifically, it is likely that such regions would

have different properties compared to the constitutive H2Av described here such as faster

turnover, a different nucleosome composition in terms of hetero/homodimers or different

exposed residues (3;36;271;273;275) (see Chapter 1.1.3.2).

As our RNA pol II-based results suggested the association of H2Av with tissue-invariant

permissive chromatin regions, we used complementary data sources, including gene ex-

pression (622), promoter architecture (625), chromatin compartmentalisation (310) and insulator

binding (627), to show that H2Av is also functionally tissue-invariant. Regions enriched for

both the histone variant and RNA pol II are generally located in constitutively active chro-

matic domains, at broad promoters of genes that are highly expressed across all tissues,

including the fruit fly head, and almost always overlap class I insulators. In contrast, RNA

pol II-only regions are localised at sharp promoters of tissue-specific genes showing high

expression levels in the fruit fly head. They are embedded in either an overall repressive

chromatin environment or tightly regulated “red” (active) or “blue” (PcG-repressed) do-

mains and generally do not overlap insulator binding sites.

Finally, H2Av-only regions are more puzzling then the other two categories, as they mark

genes characterised by broad promoters and tissue-invariant transcription, but with overall

lower expression values then both the RNA pol II-H2Av and the RNA pol II categories.

They localise preferentially in constitutively active chromatin, but also at repressed regions,

or at transition regions between the two. However, in terms of association with insulator

elements however, they are intermediate in between the RNA pol II-H2Av and the RNA pol

II-only regions. H2Av-only locations might thus correspond to overall open chromatin regions

proximal to genes with low/baseline expression in all cell types and promoter-proximal RNA

pol II enrichment levels under the assay’s detection limits.

The large overlap of H2Av-bound regions with insulator binding sites is highly interesting

and may suggest a role for H2Av in chromatin structure organisation. In vertebrates, H2A.Z

has also been associated with insulators: as it was reported to interact with CTCF and to

be enriched at the insulator protein’s both promoter-proximal and distal binding sites (20;107).

Additionally, broad vertebrate promoters, characterising housekeeping genes and marked

by CpG islands, were shown to be enriched in both CTCF and H2A.Z (44). In fruit flies,

both H2Av and the insulator-binding proteins BEAF-32 and dCTCF were associated with

promoters of active genes (628;630). Similarities between promoters and insulators have been

noted in transgenic assays (631) and promoter elements often scored as insulators in classical
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assays (632;633). Conceptually, the two types of genomic elements share several features, in-

cluding an open, flexible chromatin environment, formation of protein-DNA complexes, local

depletion of nucleosomes and positioning of proximal nucleosomes.

It would be interesting to generate genome-wide maps of insulator-binding proteins such

as CP190, BEAF-32 and GAF in the same tissues as studied here to elucidate the relationship

between H2Av and insulators in the CNS. Additionally, due to advancements in experimental

approaches to map genome-wide 3D DNA looping events (511), it will be soon possible to

determine whether H2Av presence is related to the formation of such structures, or to the

tethering of the DNA to foci of active transcription, so-called “transcription factories” (206).

The histone variant could serve as an epigenetic means of increasing DNA flexibility and

chromatin accessibility at genomic regions that are bound by large protein complexes and

involved in 3D contacts.

4.5 Materials and Methods

This study is the result of a collaboration between Dr. Andreas Ladurner’s laboratory at

the Medicine Faculty, LMU Munich and Dr. Paul Flicek’s research group at the European

Bioinformatics Institute. Dr. Carla Margulies and Tamas Schauer were the main drivers

of the project from the experimental side and I was responsible with the computational

analyses.

4.5.1 Experimental Methods

Performed by Tamas Schauer and Carla Margulies; described by Tamas Schauer

4.5.1.1 Fly stocks

Flies were kept on standard media at 25 ◦C. 1-3 days old flies were collected and frozen

in liquid nitrogen at the same time of the day. Frozen flies were stored at -80 ◦C until

used for chromatin preparation. The following strains were used for ChIP experiments:

2202U2 (wild-type), elav-GAL4 (Bloomington stock no. 458), repo-GAL4 (634), take-out-

GAL4 (635), UAS-EGFP-RPB3 (636), UAS-H2Av-GFP, gH2Av-GFP. Details for generating

the latter two strains is available upon request from Carla Margulies. Fly strains used for

sequencing experiments were backcrossed to 2202U2 for at least 4-6 generations. The GAL4
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lines selected for validation in immunohistochemistry include NP-lines (637): NP-0003, NP-

1321, NP-3310, NP-2575, NP-4234, NP- 4240, NP-5412, NP-7181, as well as C0015 (barbos-

1) (638), D0417(ruslan) (638)Eaat1-GAL4 (639) and GH146 (Bloomington stock no. 30026).

4.5.1.2 Immunohistochemistry

Brains of 1-3 days old flies were dissected in PBS, fixed, and stained as described previ-

ously (640). Antibodies used for immunohistochemistry: anti-GFP (TP401, 1:200), anti-elav

(DHSB 9F8A9 and 7E8A10, 1:200), anti-repo (DHSB 8D12, 1:100), anti-rabbit Alexa-488

(A-11034), anti-mouse Alexa-568 (A-11031) and anti-rat Alexa-647 (A-21247). Images were

obtained with a confocal laser scanning microscope (LSM-710, Zeiss). Imaging data process-

ing was performed using ImageJ and the Adobe Creative Suite package.

4.5.1.3 Chromatin immunoprecipitation and sequencing

Heads of frozen flies were separated using 630 µm and 400 µm sieves. 400-600 fly heads were

homogenised in homogenisation buffer (HB) at 4 ◦C (HB:350 mM sucrose, 15 mM HEPES

pH 7.6, 10 mM KCl, 5 mM MgCl2, 0.5 mM EGTA, 0.1 mM EDTA, 0.1% Tween, freshly

completed with 1mM DTT and Protease Inhibitor Cocktail (PIC)(Roche)). The homogenate

was fixed using 1% formaldehyde for 10 minutes at room temperature. The tissue debris was

filtered with 60 µm nylon net (Millipore). Nuclei were collected and washed with RIPA buffer

at 4C (RIPA: 150 mM NaCl, 25 mM HEPES pH 7.6, 1 mM EDTA, 1% Triton-X, 0.1% SDS,

0.1% DOC, freshly completed with PIC). For the fragmentation of chromatin a two-step

sonication was used: Branson250 (7 cycles, intensity 5, pulsing 16 sec) and Covaris sonicator

(PIP175, DC20, CB20, time 4 min). After sonication debris was collected and chromatin was

stored at -80 ◦C. Fragment size was checked after cross-link reversal on agarose gel. 10-15

µg chromatin was used per IP. Dynabeads protein G (Invitrogen) were equilibrated in RIPA

with 1 µg/µl salmon sperm DNA and 1 µg/µl BSA. Chromatin was always pre-absorbed with

beads without antibody. The cleared chromatin was incubated with antibodies overnight.

The following antibodies were used for ChIP in this study: anti-GFP (goat, Ladurner lab

stock), anti-RPB3 (619) (Ladurner lab stock), anti-RPB1 (7G5, Euromedex) anti-H2Av and

anti-H2A iteLeach:2000p11136,̧ anti-H3 (abcam 1791). After IP, beads were washed 4-times

with RIPA and once with LiCl wash buffer (250 mM LiCl, 10 mM Tris-Hcl pH 8.0, 1 mM

EDTA, 0.5% NP-40, 0.5% DOC, freshly added PIC). Beads were resuspended in TE buffer
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and incubated overnight at 65 ◦C. RNA was degraded using RNase A (Fermentas) 30 min

at 37 ◦C and proteins were digested with protease K (10 mg/ml) at 55 ◦C for 1,5 hours.

Immunoprecipitated DNA was purified using Qiagen MiniElute columns and 3-10 ng DNA

was sent for sequencing. In some cases, more technical replicates had to be pooled in order

to obtain the required amounts. Library preparation and sequencing was performed by the

EMBL Genomics Core facility using standard Illumina protocols. 36bp single run was used

on the Illumina GenomeAnalyzerII. All ChIP-Seq was done in two biological replicates. As

control, one Input lane was sequenced. In addition, two biological replicates of ChIP using

anti-GFP antibody on wild-type samples were also sequenced.

4.5.1.4 RNA isolation and sequencing

25-50 fly heads (1-3 day old) were homogenized in Tri Reagent (Sigma) and isolated according

the manufacturers recommendations. Sequencing library was prepared using Illumina polyA

mRNA library preparation methods with the paired-end option. 72bp reads were obtained

from the sequencer.

4.5.1.5 ChIP on embryonic chromatin

ChIP on fruit fly embryos was carried as described previously (543). Briefly, 0-6 hours embryos

were collected and washed with PBST 3% Triton-X, dechorionated with 3% Na Hypochlorite,

fixed with formaldehyde and heptane. After quenching the fixing, the embryos were washed,

frozen in liquid nitrogen and stored at -80 ◦C. Chromatin preparation from fixed, frozen

embryos was continued with homogenisation as described above.

4.5.2 Computational Methods

Performed and described by Petra Schwalie unless otherwise stated

All computational analyses were performed with scripts written in Perl, Bioperl 1.2.3 and

R version 2.11.1, using packages available in Bioconductor 2.6 (577).

4.5.2.1 Sequence alignment

Reads were aligned to the Drosophila melanogaster genome (BDGP5.13) using Bowtie ver-

sion 0.12.7 (494) with the parameters “-n 3 -m 40 -k 1 –best –nomaqround”. All sequence,
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genome annotations and comparative genomics data were taken from Ensembl release 57 (547)

(http : //mar2010.archive.ensembl.org) . Aligned reads were filtered for duplicates, uncalled

bases (maximum 3 Ns were allowed) and low complexity (reads with polymer stretches of >

20). Only chromosomes 4, X, 3L, 3R, 2L and 2R were considered in the analyses. Aligned

reads were transformed into coverage vectors using igvtools-count with the parameters “-z7

-w 15 -e 150 -c” and visualised in the IGV 2.0 Browser. (549).

4.5.2.2 Peak calling

Regions of high ChIP enrichment were detected with CCAT 3.0 (559) on individual repli-

cates using naked DNA (Input), or ChIP against GFP and/or H3 as controls (see Appendix

8) with the parameters “isStrandSensitiveMode 0, outputNum 100000, randomSeed 123456,

minScore4.0, bootstrapPass 50”, and for RNA pol II “fragmentSize200, slidingWinSize100,

movingStep 20 , minCount 8”, and for H2Av “fragmentSize 250, slidingWinSize 500, mov-

ingStep50 minCount 20”. Regions occurring in more then one replicate (when available) at

a reported FDR rate <=0.05 were merged with regions occurring in single replicates at an

FDR <= 0.01. All replicate information was used to restrain the region and gain maximum

resolution. Overlapping peak summit positions, read counts and scores were averaged. Peaks

were called using the same procedure based on counts in the control files and the union of

the regions was used to eliminate low-scoring, putative FP peaks. Regions with a mean score

< 4.5 (<5 for the RNA pol II embryo data) that overlapped positive regions in the control

peak calls were removed. Regions from different tissues were merged together to obtain sets

of regions of interest (ROIs) for (A) the elav-repo comparison - “Head-ElavRepo”; (B) the

elav-repo-to comparison - “Head-All” and (C) the head-embryo comparison - “Head-Embryo”

(see Appendix 8).

4.5.2.3 Differential ChIP enrichment analysis

Count information in individual ROIs (A, B or C) for either RNA pol II or H2Av were com-

pared using the Bioconductor package DESeq 1.6.1 (567) to determine significant differences

in ChIP enrichment between pairs of tissues. As a control, we used the DESeq variance

estimations from pairwise tissue comparisons to call significant differences between the repli-

cates of the same tissue. If at the significance level of 0.01 (after multiple testing correction)

> 5% of ROIs were found to be different among replicates of the same tissue, we lowered
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the cutoff, using the steps 0.005, 0.0001, 0.00005, ... to 1∗10−6. This approach resulted in

the cutoff of 0.01 for all comparisons, except for RNA pol II repo-to and elav-to, where 0.001

was used. Additionally, we required a fold-difference of at least 1.8 between estimated mean

counts.

All Venn diagrams shown are created with the R package Vennerable 2.1 and based on the

cutoffs mentioned above. The number of overlapping regions resulted from the intersection

of the two or three regions included in the comparison. We note that for the pairwise

comparison of elav-repo, the “shared” fraction consists of ROIs enriched in both elav and

repo, as well as depleted in both elav and repo but enriched in another head tissue. The

Head-Embryo and the endogenous-wild type H2Av Venn diagrams display number of genes

overlapping each ROI category, including no overlaps (shown outside the Venn).

4.5.2.4 H2Av domain definitions

We determined uninterrupted domains of genes overlapping H2Av for each chromosomes by

constructing binary vectors of 0 and 1: i.e. a hypothetic chromosome of four genes only,

where only the first two genes overlap H2Av ROIs, would be encoded as 1100. We plotted

the distribution of numbers of consecutive H2Av-positive genes for both real and simulated

data (1000 repetitions, obtained by shifting the H2Av ROIs with random distances drawn

from a normal distribution). The sizes of simulated H2Av clusters were significantly lower

then the real H2Av data (t-test, p-value <2*10−16). We fitted a normal distribution to the

simulated data and determined a cluster size cutoff for each chromosome corresponding to

a significance level of 0.05, based on which we selected the final H2Av domains.

4.5.2.5 Annotation analysis

ROI localisation with respect to Ensembl genome annotation was measured by calculating the

fraction of total ROIs that overlapped a TSS, a protein-coding gene, a non-protein coding

gene, or that were located at <=5 kb and >5 kb of any gene. The five categories were

exclusive and ROIs were assigned in the listed order to them. Pie charts of the obtained

distributions are shown in Figure 4.2B and the fraction values for both differential and

common regions in Figure 4.3C. Conversely, we overlapped all annotated genes with RNA

pol II ROIs and displayed the fractions as pie charts in Figure 4.2C.

GO term enrichment analysis was performed using the Bioconductor topGO package (641)
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4. Tissue-specific transcriptional landscape in the fruit fly CNS

and all D. melanogaster genes as background, using the “elimCount” method and a cutoff

corresponding to p-value of 0.001. Only genes occurring >= 15 times were displayed in

Figure 4.3E. To test the enrichment of brain relevant genes in our neuronal, glial or head

datasets, we used a set of previously published genes with CNS-specific activity (621). We

tested whether genes bound by (1) only elav -specific RNA pol II ROIs, (2) only repo-specific

RNA pol II ROIs, (3) only invariant RNA pol II ROIs, or (4) no RNA pol II ROIs, were

significantly enriched in the CNS-gene set compared to the remaining genes, by comparing

the number of genes in each category retrieved in the CNS-gene set. In Figure 4.3D we

report -log10(p-values) for this enrichment based on the Fisher’s one-sided test.

4.5.2.6 Correlations and profile plots

Spearman correlations were calculated based on read counts inside corresponding ROI cate-

gories. Values shown in Figures 4.3Aiii, 4.5B and 4.7B are means of the two replicates using

the “Head-ElavRepo” ROI sets. To display elav-repo and head-embryo ChIP enrichments in

Figures 4.8 and 4.10, 150 bp extended ChIP-seq reads were summed over 5 bp bins in a 2

kb window centred around the summits of RNA pol II ROIs and divided by a normalisation

factor based on the total read number of the individual replicates (read nr/2*10−7). Counts

were then visualised with Treeview (598), using “Pixel Settings” “Contrast Value 2.0 Log2

Center 100.0” for RNA pol II and “Contrast Value 3.0 Log2 Center 70.0” for H2Av. For

simplicity, only one replicate was displayed, but both replicates showed similar patterns.

To visualise the embryo data, scaling factors estimated by DESeq were used for nor-

malising both RNA pol II and H2Av whole head replicates and the single embryo sample.

The Treeview settings “Pixel Settings” “Contrast Value 2.0 Log2 Center 70.0” were used for

RNA pol II and “Contrast Value 2.0 Log2 Center 60.0” for H2Av” in Figure 4.10C. Figure

4.10D displays the whole head endogenous, tagged, repo, elav and embryonic H2Av profiles

at four different genomic locations derived from modENCODE H2Av embryonic, S2 and lar-

val data (see Chapter 4.5.2.8): (A) shared H2Av enrichment, (B) unique H2Av enrichment,

(C ) shared H2Av depletion and (D) unique H2Av depletion. For these four categories, we

summed 150 bp extended ChIP-seq reads over 10 bp bins in a 10 kb window sorted based

on the size of the regions in A, B, C and D and divided by the size-factors estimated by

DESeq when available. We displayed the values using Treeview with the parameters “Pixel

Settings” “Contrast Value 1.0 Log2 Center 65.0”.
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4.5.2.7 Expression and promoter type analysis

Paired-end RNA-seq reads obtained from whole male fruit fly heads as described in section

4.5.1.4 were aligned with Tophat (532) to Ensembl transcript annotations using the parameters

“-r 50 –mate-std-dev 25 –min-anchor-length 5 –splice-mismatches 1 –min-isoform-fraction

0 -i 40 -F 0.01 –coverage-search –microexon-search –butterfly-search –segment-length 20 –

min-coverage-intron 40 –min-intron-length 50 –max-intron-length 50000 ”. Transcript level

expression values were estimated using Cufflinks (528) and the parameters “-u -N –total-hits-

norm -F 0.01”. Transcript FPKM values were matched to previously published promoter

classes (625) (broad, sharp and unclassified). Only single-transcript genes were used in the

analysis to avoid confusion due to incorrect isoform assessment. Promoters were classified

based on which ROI class they overlapped (H2Av-only, H2Av and RNA pol II, RNA pol

II-only, no H2Av and no RNA pol II) and log2(FPKM+1) values associated with each of the

four classes plotted in Figure 4.6B. Differences between the distribution of the expression

values in the three classes were assessed with a Wilcoxon signed-rank test. Expression values

of transcripts overlapping ROIs belonging to the categories shown in Figure 4.9A - found in

one, two or three of the three tissues elav, repo and to - were displayed as boxplots in Figure

4.9D and differences assessed with a Wilcoxon signed-rank test (p-values >0.1).

The promoter set was also split into six categories depending on the associated expression

values: 0 - no expression and 1-5 based on expression quantiles, displayed in 4.6C. For these

expression categories and a subset of genes located on the + strand, Figure 4.6D displays

the average normalised RNA pol II, H2Av and H3 profiles in 5 bp bins and a 2 kb window

around the promoter center. Reads were normalised by dividing by input and multiplying

with scaling factor based on the library sizes. Panel E of the same figure shows the fraction

of differential “Head-Elav-Repo” RNA pol II ROIs overlapping genes of the six expression

classes.

Probe-level expression values available from Flyatlas (622) were used to determine the

tissue-specificity of (1) genes in the six expression classes based on our whole-head RNA-seq

data and (2) genes overlapping H2Av-only, H2Av-RNA pol II and RNA pol II-only ROIs.

Distributions of standard deviations between ln(probe level expression values) in the six

classes are displayed in Figure 4.6D. Figure 4.11F shows heatmaps of row-wide hierarchically

clustered ln(probe level expression values) for genes overlapping H2Av-only, H2Av-RNA pol

II and RNA pol II-only ROIs and panel D contains boxplots of the standard deviations for
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the rows displayed in F.

We used clusters of tissue-invariant genes calculated based on Tau values (624) and dis-

played the fraction of H2Av-RNA pol II and RNA pol II-only genes overlapping tissue-

invariant genes in Figure 4.11D.

4.5.2.8 modENCODE data

Processed tiling array data for H2Av and insulator binding proteins were obtained from

the modEncode project ftp : //data.modencode.org/D.melanogaster/ (623). We used the

GSM409067, GSM409068, GSM409069, GSM409070, GSM409071, GSM409072, GSM409073,

GSM409074 and GSM409077 insulator datasets for BEAF, CP190, CTCF, GAF, MDJ4 and

suHw (627). The H2Av embryonic and larvae datasets GSE27731, GSE32729, GSE32730,

GSE32787 were used in Figure 4.10. We calculated overlaps of the different insulator sets

with the “Head-ElavRepo” as well as “Head-Embryo” H2Av-only, H2Av and RNA pol II,

RNA pol II-only and report the fractions for “Head-ElavRepo” RNA pol II/H2Av data as-

sociated with insulators of classes I and II (627) in Figure 4.12. The complete ROI-insulator

association fractions are displayed in the Appendix 6.

4.5.2.9 Chromatin Domains

Chromatin domains were publicly available under accession number GSE22069 (310). We used

the five colour domains provided, as well as transition areas between different colours in our

analysis. We asked for each category of RNA pol II/H2Av bound regions, what is their

distribution with respect to the different chromatin types and plotted the top three domains

in Figure 4.11B. If a single region overlapped two different domains, this was considered a

category as such, and was displayed in shading accordingly: black-striped yellow for regions

present in both “yellow” and “black” chromatin and “blue”-striped “red” ROIs for both

“red” and “blue” regions. Further, we collected a set of region borders - “black” to “yellow”,

“yellow” to “black”, “red” to “blue” and “blue” to “red” transitions - by extending the

transition point with 50 bp up- and downstream and checked the fraction of H2Av-only,

H2Av-RNA pol II and RNA pol II-only ROIs overlapping such borders (shown in Figure

4.12B). We plotted scaled (based on the library size) averaged whole head RNA pol II,

H2Av, Input and H3 read profiles in a 5 kb window centred on “yellow”-“black” and “red”-

“blue” transitions in panel C of the same figure.
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Chapter 5

Discussion and Outlook

This thesis has explored characteristics and evolutionary patterns of genome structure and

tissue-specific transcriptional regulation, principally through the lens of three ubiquitously

expressed proteins: CTCF, cohesin, and H2Av. These proteins are all intimately involved

in the organisation of chromatin and the three-dimensional compartmentalisation of the

genome.

5.1 CTCF: a conserved vertebrate chromatin regulator

targeting retrotransposons

The vertebrate transcription factor CTCF binds thousands of regulatory regions shared

over hundreds of millions of years of evolution. This binding is likely an important step in

setting the stage for elements of the ancestral mammalian or even vertebrate gene regulatory

network. CTCF binding to DNA target regions represents highly stable, cell-type invariant

DNA-protein interactions. The bound regions show high sequence conservation, and are

often proximal to genes associated with developmental pathways important in vertebrate

morphology such as Hox genes as showcase examples. Indeed, gene networks responsible for

setting up basic animal body plans are expected to be conserved (389), and gene expression

levels at an intermediate, so-called “phylotypic stage”, of development are highly similar

across evolutionarily distant species (387;388). However, it is important to note that there

appears to be a rapid TF binding divergence between human and mouse ES cells (423;642).

Here, I have presented a comprehensive comparison of CTCF binding in ten vertebrate

species, which revealed extensive conservation compared to the binding of tissue-specific
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Figure 5.1: CTCF in transcriptional regulation

TFs. It would be of great interest to systematically compare the binding of gene regulatory

proteins across different developmental time points and examine whether the anatomical and

gene expression “hourglass” model accurately reflects TF binding patterns. So far, however,

comparative analyses of TF binding have been restricted to cell lines, individual tissues or

developmental stages (95;418;421–425;427;428) (reviewed in Chapter 1.2.3). An experimental design

which would allow us to closely follow binding of regulators together with associated changes

in gene expression, performed in diverse species over several developmental time-points,

would contribute greatly to understanding the extent to which these patterns vary across

development. Such a study should investigate the binding of different types of regulators such

as ubiquitous, developmental-specific, and signal-responsive ones. Initial experiments could

be conducted in invertebrates such as nematodes or fruit flies, in which developmental time-

course and tissue-specific ChIP analyses are emerging (544;643;644) (see Chapter 4). However,

in perspective, it would be highly valuable to be able to obtain results on TF binding

conservation in vertebrate development.

Despite the existence of thousands of regions showing remarkable conservation, as dis-

cussed above, results presented in Chapter 2 revealed that the majority of CTCF binding

events occur in species and lineage-specific regions. One mechanism whereby such novel

binding events can be created is by exaptation of CTCF target motifs by repeat elements

followed by the retrotransposition-mediated expansion of these repeats in the genome. I

145



5. Discussion and Outlook

described clear examples of this using liver ChIP-seq in rodents, dogs, and opossum. The

detection of genomic repeat element fossils containing deeply shared CTCF bound regions

unites the highly conserved and recently repeat-spread binding events, suggesting that at

least some of the conserved mammalian CTCF sites arose through retrotransposition in

a distant ancestor. Transposable elements (TEs) have long been proposed to be a major

source of genomic innovation, including through creation and spreading of TFBSs (375;434;435)

(reviewed in Chapter 1.2.4). However, little is known about their interaction with the TFs

they recruit. Usually, TEs are silenced by mechanisms such as DNA methylation or ncRNA

binding, presumably as a mechanism for preventing further retrotransposition. However,

factors such as CTCF are not neutral to DNA methylation: CTCF binding was found to be

necessary and sufficient to create methylation-free regions (93) and to be protective of DNA-

methylation (67;89–92) (reviewed in Chapter 1.1.2.2). It is thus possible that CTCF binding

to a particular repeat element prevents its embedding into heterochromatin, and possibly

increases its chance of reintegration. Moreover, CTCF binding proximal to promoter regions

has been associated with increased levels of transcription (105;628). SINE repeat elements con-

tain an internal RNA pol III promoter, which could be activated in a chromatin environment

made permissive by the presence of CTCF.

Other repeat elements such as B1 have been shown to function as chromatin boundary

elements, dependent on transcription by RNA pol II and RNA pol III (98;645). It is possible

that CTCF binds nearby such repeat elements and has a functional impact, as CTCF is re-

garded as the major vertebrate protein with insulating and chromatin boundary activity (52).

Indeed, I have also shown in Chapter 2 that genes separated by CTCF binding sites are

more divergent in their expression levels than other genes, and that CTCF marks thousands

of sharp boundaries between active and inactive chromatin. However, CTCF is found at

over 50,000 locations in mammalian genomes, and only a small subset (under 5%) of these

locations appear to function as chromatin boundaries, according to the results shown in

Chapter 2 and previously published studies (105;583). Chromatin domains are likely to differ

substantially between cell types, while CTCF binding is largely cell-type invariant compared

to other TFs. Therefore, other factors such as chromatin regulators known to interact with

CTCF, post-translational modifications (131) or ongoing proximal transcription are likely to

play a major role in determining CTCF’s activity as a boundary element. So far, no features

have been found that are able to distinguish between the functional classes of CTCF binding

sites. Based on our discovery of the second part of the CTCF binding motif at only a subset
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of locations (see Chapter 2), I initially proposed that perhaps M1-M2 sites would have such

an ability. However, I found that this was not the case, as I detected no difference in fractions

of M1-only bound regions that showed boundary activity compared to M1-M2 regions.

It would be interesting to systematically pursue the different binding modalities of CTCF

with the goal of establishing exactly how the protein interacts with this longer motif, and

what the impact is on its function. More generally, it would be valuable to discover prop-

erties that would predict which locations are likely to function as insulators/chromatin bar-

riers at a genome-wide level. Given the high cell-type invariance mentioned above, these

features are likely to be extrinsic to the CTCF binding modality itself. The advancements in

generation of genome-wide 3D chromatin interaction data could prove instrumental to this

task (511). Once a high-quality, high resolution map of 3D interactions is available, it will

be possible to distinguish different classes of CTCF binding events such as those involved

in insulator-insulator interactions, promoter-enhancer interactions or ’standalone’ regions.

Features of these different classes could be learnt through a probabilistic framework, which

could aid in a better understanding of factors underlying these differences. 3D interaction

maps in multiple cell lines would shed light on the extent of cell-type invariance of CTCF’s

structural role. The high conservation and stability of thousands of CTCF bound regions

described in Chapter 2 suggests that these locations are highly invariant in their nuclear

function. However, their persistent presence needs further confirmation by 3D interaction

analyses such as ChIA-PET. Orthogonally, the genome-wide mapping of CTCF’s interaction

partners (131) as well as the patterns of post-translational modifications of CTCF molecules

found at different loci could prove instrumental for further classification of CTCF bound

regions. For instance, poly(ADP)-ribosylation of CTCF has been shown to be essential for

its insulator activity at several genomic loci (129), and so is the association with the cohesin

complex (134;146;147;198) (see Chapters 1.1.2.2 and 1.1.2.3). A systematic mapping of known

CTCF post-translational modifications and interacting proteins would likely reveal classes

of binding sites with different functional characteristics.

Interestingly, there are no reports of widespread co-occurrence of CTCF with tissue-

specific TFs. In contrast, CTCF tends to colocalise genome-wide with ubiquitous TFs and

other chromatin associated proteins such as cohesin and YY1 (122;134;160;583), as demonstrated

in Chapters 2 and 3. The cohesin-CTCF interaction appears to be related to both insulator

and chromatin looping functions, which are likely related, as discussed below in Chapter

5.2. CTCF’s relationship to YY1 is less well understood, except perhaps for the role the two
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proteins play in X chromosome inactivation (128). I showed here the presence of YY1 at deeply

shared CTCF bound regions (Chapter 2), a finding that points towards a highly conserved

relationship between the two factors. YY1 itself is conserved in vertebrate species (human vs.

mouse 98.8%, human vs. Xenopus 90.3% amino acid identity (646)) and interestingly, it is also

a conserved regulator of CTCF expression (647;648), indicating that the relationship between

the two proteins predates the mammalian radiation. It will thus be highly interesting to

probe YY1 binding in multiple vertebrate species. YY1 was originally named “Ying and

Yang” for its ability to both activate and repress transcription (649) and was found to be

identical to NMP-1, a protein associated with the nuclear matrix (591;650). Like CTCF, YY1

is ubiquitously expressed and appears to have multiple roles in the cell, including genetic and

epigenetic regulatory processes such as X chromosome inactivation and imprinting (157;651–653).

Interestingly, it has both DNA binding and nuclear-matrix binding abilities, so it is possible

that in a 3D context it helps tether CTCF loops to the matrix and thus supports the

formation of regulatory domains.

5.2 Cohesin: a multifaceted regulator acting together

with and independently of CTCF

CTCF colocalises with cohesin at the vast majority of its target sites in vertebrate genomes (122;134;160;585).

The cohesin complex has been primarily studied from the perspective of its structural abil-

ity to hold sister chromatids together (reviewed in Chapter 1.1.2.3). More recently, studies

based on chromosome conformation capture have shown cohesin’s ability to mediate 3D DNA

interactions between distally located regions of the same DNA molecule in a gene regulatory

context (135;146;196).

Before the publication of our study (585), presented in Chapter 3, most of the research on

cohesin’s role in vertebrate gene regulation had been in conjunction with its colocalisation

with CTCF. Studies in the dynamic MCF-7 cell line system as well as a second human cell

line (HepG2), provided both correlative and functional evidence for a CTCF-independent

gene regulatory role for cohesin with tissue-specific TFs. Subsequently, new evidence in

support of this hypothesis emerged: Kagey et al. found that cohesin interacts with the me-

diator complex and suggested its involvement in supporting promoter-enhancer interactions

at several developmental genes (195). However, both studies were conducted in cycling cells,

making it impossible to completely disentangle cohesin’s cell-cycle related functions from its
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Figure 5.2: Cohesin in transcriptional regulation

gene regulatory ones. A more recent study addressed this point by employing non-cycling

thymocytes. Seitan et al. (137) deleted the Rad21 gene in mice and found that this affected

the chromatin architecture at a T-cell receptor α locus (Tcra). Disruption of long-range

promoter-enhancer interactions resulted in impairment of Tcra transcription, H3K4Me3 his-

tone modifications, Rag recombinase recruitment and finally Tcra rearrangement. Cohesin is

thus needed for efficient cellular differentiation in a cell-cycle-independent manner in mouse

thymocytes, and the complex’ ability to mediate 3D interactions is crucial in this context.

One could speculate that cohesin’s multifaceted roles in sister chromatid cohesion, DNA

replication, DNA repair, chromatin insulation, and mediation of enhancer-promoter loops

(reviewed in Chapter 1.1.2.3) emerge from its ability to encompass DNA by means of its

ring-like structure. To test this, more precise information would be needed on the exact

composition and structure of the complex acting in each of these circumstances, as it is

currently unknown how 3D loops are stabilised by cohesin molecules. One could envisage a

mechanism by which different genomic factors recruit the complex that then acts similarly

and stabilises distinct types of DNA-DNA interactions. However, the variable incorporation

of either SA1 or SA2 into the complex points towards the existence of at least two types

of cohesin. Most recently, two studies have shed some light on the functional roles of each

of these components. Using mouse embryos deficient for SA1, Remeseiro et al. (654) showed
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that SA1 deficiency results in delayed embryonic development and lethality. While SA2 is

needed for centrosome and arm cohesin, SA1 is required for telomere replication, as found

previously in HeLa cells (655). Further, genome-wide ChIP-seq profiles for SMC1, SMC3, SA1

and SA2 revealed that SA1 is globally enriched at promoters and CTCF binding sites, and

widely colocalises with the two SMC subunits. Absence of SA1 results in gene expression

alterations, including for genes involved in developmental pathways relevant to CdLS (654).

These results suggest that gene regulatory functions are mediated by cohesin complexes that

contain the SA1 subunit, rather than SA2.

Going beyond linear protein-DNA interactions, ChIA-PET (154;526) experiments using an-

tibodies against different cohesin subunits could shed light on the nature of 3D interactions

mediated by cohesin both in the presence and absence of CTCF. Interestingly, cohesin’s role

at insulator elements seems to be vertebrate-specific, while its function in transcriptional reg-

ulation at promoter/enhancer regions seems to be evolutionarily conserved. In Drosophila

melanogaster, cohesin does not colocalise with dCTCF, but tends to occur at active genomic

regions and can impact transcription levels and development (181;189;190;656). As both cohesin

subunits and CTCF’s central Zn finger domain are highly conserved, it is likely that the lack

of interaction between the two is due to differences in CTCF’s N or C terminal domains. In-

deed, experimental studies have suggested a direct interaction of CTCF’s C-terminal domain

with cohesin (194). It would be interesting to ectopically express the human CTCF variant

in the fruit fly genome and observe any changes in the genome-wide distribution of the two

proteins, as well as the impact on gene expression.

5.3 H2Av: a largely constitutive chromatin mark of

gene activity

The analyses presented in Chapter 4 have shed light on the role of the ubiquitous and highly

conserved histone variant H2Av in establishing a transcriptionally competent chromatin

environment. Our tissue-specific approaches in an intact organism revealed that H2Av lo-

calisation is largely invariant across highly distinct developmental stages and adult cell types,

as opposed to RNA pol II which marks ongoing transcription in a cell-type specific fashion.

H2Av is present at the promoters of genes showing high expression across a wide range of

tissues (and RNA pol II enrichment), as well as at the promoters of genes with constitutively

low expression levels (in the absence of RNA pol II).
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Figure 5.3: H2Av in transcriptional regulation

We propose that H2Av is incorporated into nucleosomes early on in embryonic devel-

opment at genes that are regulated in a coordinated fashion across all cell types. Our

results suggest that the variant marks a default “ON” state, a type of regulation that does

not require extensive binding of tissue-specific TFs for active transcription. This mirrors

the features of vertebrate CpG island promoters (HCP) that mainly regulate housekeeping

genes and are characterised by a permissive chromatin environment, DNAse I hypersensi-

tivity and H3K4Me3, even in the absence of transcription (2) (reviewed in Chapter 1.1.2.1).

Interestingly, in vertebrates, HCPs have also been associated with the presence of H2A.Z (44).

Fruit flies have very little DNA methylation, no biases in GC/CG content, and no CpG is-

lands. However, the association of the histone variant H2Av with constitutively “open”,

transcriptionally competent locations, appears to be a conserved feature, making it possible

to delineate “CGI-type” promoters in Drosophila. In one of the few mechanistic studies on

H2A.Z, Zilberman et al. revealed that in Arabidopsis thaliana H2A.Z is protective of DNA

methylation and prevents epigenetic silencing of genomic domains (282). Broadly, the “CGI-

type” H2Av-containing promoters of the fruit fly show a similar global behaviour, as they

are the equivalents of unmethylated, constitutively “open” HCPs. The histone variant’s role

could thus be conserved across both the plant and animal kingdoms.

In yeast, promoters enriched in H2A.Z have more defined nucleosome locations compared

to other promoters, suggesting that one way by which H2A.Z could regulate gene expression

is by establishing transcription-favouring nucleosome positions (285). This structural role is

similar to that reported for insulator binding proteins, which have been shown to position
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nucleosomes around their target sites (107). Interestingly, H2A.Z (H2Av) colocalises genome-

wide with insulators in both fruit flies (as shown in Chapter 4) and vertebrates (20;107), and a

functional connection between the binding of the insulator protein CTCF, the incorporation

of the histone variant H2A.Z, and the establishment of a permissive chromatin environment

that ultimately results in transcriptional activation has been described in vertebrates (657;658).

In the nucleolus, loss of CTCF binding at the rDNA spacer promoter leads to reduced binding

of RNA pol II, loss of H2A.Z incorporation, and specific histone modifications and results

in diminished ncRNA transcription (658). At a boundary location upstream of the tumor-

suppressor human gene P16, aberrant DNA methylation impairs CTCF binding, and H2A.Z

incorporation; as a consequence, repressive chromatin spreads throughout the promoter re-

gion, leading to gene repression (657).

In Drosophila, CTCF’s established role as the major vertebrate insulator binding pro-

tein (52) is played by multiple specialised DNA-binding factors, including CTCF’s homolog,

dCTCF (50) (reviewed in Chapter 1.1.2.1). A common denominator among all fruit fly

insulator-binding proteins is however the interaction with the Zn finger TF CP190 (50;120).

Interestingly, analyses presented in Chapter 4 revealed that virtually all genomic locations

enriched in both H2Av and RNA pol II overlapped a CP190 binding site, indicating that

CP190 is constitutively present at these locations. CP190 can associate with centromeres

as well as microtubules, and is thus a good candidate for mediating structural interactions

with the nuclear matrix. The formation of DNA loops represents a key feature of genomic

insulators. For instance, FISH experiments at the classical gypsy insulator have revealed

that two insulator elements form a loop that is transformed into two smaller loops when a

new insulator is inserted in the middle of the original sequence (659). Moreover, the change

in interaction resulted from the attachment of the inserted sequences to the nuclear matrix.

Conceptually, CP190 could thus place promoters of constitutively active genes, marked by

H2Av, in the appropriate nuclear compartments such as transcription factories, thus ensur-

ing the maintenance of high levels of transcription. Indeed, both we (Chapter 4) and others

have shown that promoter-proximal binding of insulator proteins is associated with high

levels of expression (50).

It would be interesting to test whether the constitutive aspect of H2Av’s function in fruit

flies is also shared with vertebrates. There are some indications that this is not the case,

suggesting that perhaps vertebrate genomes, with their larger size and proportion of non-

protein coding DNA sequences, have evolved tissue-specific mechanisms that take advantage
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of H2A.Z’s specific structural abilities. H2A.Z is found at both gene proximal and distal

locations in vertebrates, and even at the TSSs there are differences in the histone variant’s

distribution among fruit flies and vertebrates (reviewed in Chapter 1.1.3.2). Further, H2A.Z

is enriched at cell-type specific DNAse I hypersensitive sites in vertebrates (221) and its incor-

poration at ER-regulated genes has been shown to depend on estrogen treatment (265). To

determine whether these results are exceptions or a reflection of global patterns, it would

be interesting to probe the histone variant’s distribution in vertebrate cells during several

differentiation steps.

5.4 Outlook

The genome-wide analyses of transcriptional regulation across different species and tissues

carried out as part of this thesis and by others have contributed to our understanding of

the global aspects of transcriptional regulation. However, several important questions re-

lated to the analyses presented here remain open at the time of writing. With respect to

genomic insulators and barriers, it would be interesting to find characteristic sequences or

structural features of such elements, what it is that determines participation in long-range

chromatin interactions, the choice of partners, and whether the formed domain will be active

or inactive. More specifically to the proteins discussed above, an interesting hypothesis is

that perhaps in vertebrates cohesin plays the role that CP190 plays in fruit flies. Func-

tional similarities among the two proteins include their localisation at insulator binding

proteins and at promoter regions, as well as their ability to mediate DNA loops and to bind

centromeres. However, marked differences exist such as the fact that cohesin is a highly con-

served multi-protein complex with a characteristic ring-like structure and a unique ability to

embrace DNA in the absence of a DNA-binding domain, while CP190 is a Zn finger TF with

microtubule-binding properties. Cohesin did indeed acquire a new role by association with

CTCF in vertebrates. However, little is known about CP190 in species outside the fruit fly.

Finally, H2Av’s connection to insulator function is not yet fully understood, and its connec-

tion to constitutive transcription needs to be further explored, both from a mechanistic and

an evolutionary perspective. Recent experimental advancements will likely contribute to a

rapid accumulation of 3D interaction data, which will aid in the understanding of nuclear

compartmentalisation, thus shedding light on the intricate relationships between ubiquitous,

chromatin-organising factors such as the three discussed here (511).
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In terms of comparative genomics analyses, central principles of morphological evolution

including the turn-over of cis-regulatory elements have started to emerge (389). However,

these are accompanied by several computational challenges are yet to be overcome (390). In

particular, integrating changes in amino acid sequences of regulatory proteins with changes

in the DNA sequences they bind to and the ultimate outcome on gene transcription is a

daunting task (390). Even though immense progress has been made in all of the individual

elements required for such an endeavour, important issues set limitations to each step in this

process (540;660).

TF targets can be globally assessed by ChIP-seq experiments. However, it is important

to note that ChIP signal enrichments represent steady-state averages over large numbers

of cells, often of a heterogenous composition. Hence, they can reflect different binding

affinities, residence times, local chromatin environment characteristics, underlying sequence

properties, or even experiment-related differences. The determination of the exact sequence

motif targeted in vivo by a factor, even though much easier based on ChIP-seq data compared

with using lower resolution ChIP-chip data or without any IP information, is not trivial,

especially for factors with short, low information content motifs, for which an enriched

region usually contains more than one motif match. In Chapter 2, this difference becomes

obvious from the distribution of motifs in regions bound by CTCF, a TF that, in contrast to

tissue-specific factors such as HNF4A and CEBPA, targets a large sequence motif that can

be readily detected, easing further sequence-specific analyses. Indirect binding adds another

level of complexity to the determination of the exact protein-interacting DNA sequence,

as ChIP is known to target both TFs that are directly associated with the DNA and TFs

engaged in complexes with other DNA-binding factors. Cohesin’s putative role in mediating

enhancer-promoter interactions as well as its fairly low enrichment at some tissue-specific

regulatory regions, discussed in Chapter 3, could point to such indirect binding events.

Further, assessing the impact of sequence variation on TF binding and the ultimate functional

output is non-trivial and requires careful analyses of large variation datasets (reviewed by

Pastinen (660)).

The exact assignment of a regulator to the gene it targets in the context of a linear

genomic sequence is still not trivial. Currently, proximity in the linear genomic sequence is

used as the main criterion for this task (599). However, vertebrate genes can be regulated by

enhancers located at several kilo or even megabases away, and single regulatory regions can

target multiple genes (reviewed in Visel et al. (45)). Here, I have also used such a proximity
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criterion in the CTCF, ER, and RNA pol II analyses, however, a more accurate matching

of regulatory region with its target would have likely improved the observed signals. The

mapping of 3D nuclear interactions will prove instrumental in assigning cis-regulatory el-

ements to their targets. First results of Hi-C experiments point to a hierarchical nuclear

organisation, with insulator-binding proteins bordering regions with distinct transcriptional

activity (51;155). The multi-species CTCF-binding data analysed in this thesis provide a first

step towards understanding the evolution of such gene regulatory domains. Even though we

are currently not able to delineate the binding sites involved in structural compartmentali-

sation, high-resolution 3D interaction data in multiple tissues and cells can shed light on the

function of individual regions. Subsequent comparative analysis of changes in binding and

targeting could thus be integrated with changes in gene regulation.

From an analytic perspective, one major challenge comes from changes in gene regulatory

regions that are driven by repeat element expansions (see Chapter 1.2.4). Currently, ChIP-

seq binding studies often ignore repetitive regions due to technical difficulties of mapping

short reads in non-unique genomic areas. Additionally, species-specific repetitive elements

are likely to be absent from custom genome annotations or reference genomes, while ancient

repetitive elements will likely be missed by repeat masking software due to high sequence

divergence. Despite these limitations, emerging evidence (such as that presented in Chapter

2) points towards extensive association of repetitive elements with TF binding (reviewed

in Chapter 1.2.4). It would be of great interest to design studies that specifically analyse

different classes of repetitive elements, with the goal of finding all regulators that bind them

as well as differences between bound and unbound instances.

Finally, as we are beginning to move from a linear towards a 3D genomic perspective

which reflects the biological reality of the nuclear environment, challenges to view, process,

analyse and interpret the data using this additional dimension will likely require a shift in

paradigm. Additionally, the integration of temporal information with single-cell assays will

vastly enrich our understanding of transcriptional regulation.
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Methods and results related to
Chapters 2 and 3

.1 SWEMBL

SWEMBL was used for peak-calling on all datasets employed Chapter 3 and all liver datasets

employed in Chapter 2. As it is an unpublished in-house tool, developed by Steven Wilder,

I include here the main details of the algorithm, as listed in SWEMBL’s online reference

manual at http : //www.ebi.ac.uk/ swilder/SWEMBL/ in March 2012.

”SWEMBL is a generic peak-calling package to identify enriched intervals from data

sets sorted by a numerical index. Data sets can provide either observed intervals (e.g.

high-throughput sequencing reads) or numerical values for regions (e.g. tiling microarrays).

SWEMBL uses a Markov chain in both strand directions to call peaks using penalties pro-

portional to the total number of aligned reads.

SWEMBL calculates a non-negative score which is initially zero. Potential peaks are

initiated when the score increases. At each base pair position, SWEMBL adds a positive

score equal to the read count or the measured intensity at that position, and subtracts a

penalty (see Diagram) that can depend on a user-specified gradient function, the number of

observations (reads) in the data set, the gap to the previous observed position, the count or

intensity of a control data set (e.g. input or blank DNA) and a user-supplied background,

e.g. sequence uniqueness. When the score reaches zero, the end of the peak occurs at

the maximum value of the score, shifted according to the length of the observed intervals.

Putative peaks must satisfy user-specified criteria to be considered, e.g. the maximum score

attained or the number of observations (reads) in the region. To avoid missing smaller peaks

’hidden behind’ larger peaks and to provide symmetric results, the score is calculated in the

reverse direction (on the reverse strand), and the regions from both directions are combined

to form the reported peaks.”
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.2 Additional information for Chapter 2

Figure 4: Overview of lymphoblastoid cell lines analysed in primates, as well as Spearman
correlations between different samples in LCLs and individuals in livers
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Figure 5: Coordinates of the shared binding events embedded in repeat elements
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Methods and Results related to
Chapter 4

Figure 6: Complete ROI-insulator overlap results

Fraction of H2A.v-only, H2A.v-RNA pol II and RNA pol II-only ROIs overlapping different
types of insulator-binding proteins
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Figure 7: Validation of tissue-specific RNA pol II ROIs (II)

(A) Neuronal-specific and (B) glial-specific immunohistochemistry results. Co-staining of
various Gal4 driver lines located in proximity to tissue-specific RNA pol II peaks (green)
alongside repo and elav (magenta) to reveal the overlay (white). Genome-browser views
are shown on the left-hand site, including neuronal, glial, head and control tracks, gene
annotation and location of the driver contstruct.
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Figure 8: Overview of the generation of ROIs for RNA pol II and H2A.v
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Publications

The following publications are the result of my work conducted as Doctoral Student at the

European Bioinformatics Institute:

• Five-Vertebrate ChIP-seq Reveals the Evolutionary Dynamics of Transcrip-

tion Factor Binding, Dominic Schmidt*, Michael D Wilson*, Benoit Ballester*, Pe-

tra C Schwalie, Gordon D Brown, Aileen Marshall, Claudia Kutter, Stephen Watt,

Celia P Martinez-Jimenez, Sarah Mackay, Iannis Talianidis, Paul Flicek and Duncan

T Odom, Science, April 2010

• A CTCF-independent role for cohesin in tissue-specific transcription, Do-

minic Schmidt*, Petra C Schwalie*, Michael D Wilson, Benoit Ballester, Angela Go-

nalves, Claudia Kutter, Gordon D Brown, Aileen Marshall, Paul Flicek, Duncan T

Odom, Genome Reseach, March 2010

• Waves of retrotransposon expansion remodel genome organization and CTCF

binding in multiple mammalian lineages, Dominic Schmidt*, Petra C Schwalie*,

Michael D Wilson, Benoit Ballester, Gordon D Brown, Angela Goncalves, Aileen Mar-

shall, Paul Flicek, Duncan T Odom, Cell, Jan 2012

• Insights into hominid evolution from the gorilla genome sequence, Aylwyn

Scally, Julien Y Dutheil, LaDeana W Hillier, Gregory E Jordan, Ian Goodhead, Javier

Herrero, Asger Hobolth, Tuuli Lappalainen, Thomas Mailund, Tomas Marques-Bonet,

Shane McCarthy, Stephen H Montgomery, Petra C Schwalie, Y Amy Tang, Michelle

C Ward, Yali Xue, Bryndis Yngvadottir, Can Alkan, Lars N Andersen, Qasim Ayub,

Edward V Ball, Kathryn Beal, Brenda J Bradley, Yuan Chen, Chris M Clee, Stephen

Fitzgerald, Tina A Graves, Yong Gu, Paul Heath, Andreas Heger, Emre Karakoc,

Anja Kolb-Kokocinski, Gavin K Laird, Gerton Lunter, Stephen Meader, Matthew
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Mort, James C Mullikin, Kasper Munch, Timothy D O’Connor, Andrew D Phillips,

Javier Prado-Martinez, Anthony S Rogers, Saba Sajjadian, Dominic Schmidt, Katy

Shaw, Jared T Simpson, Peter D Stenson, Daniel J Turner, Linda Vigilant, Albert J

Vilella, Weldon Whitener, Baoli Zhu, David N Cooper, Pieter de Jong, Emmanouil T

Dermitzakis, Evan E Eichler, Paul Flicek, Nick Goldman, Nicholas I Mundy, Zemin

Ning, Duncan T Odom, Chris P Ponting, Michael A Quail, Oliver A Ryder, Stephen

M Searle, Wesley C Warren, Richard K Wilson, Mikkel H Schierup, Jane Rogers, Chris

Tyler-Smith, Richard Durbin, Nature, March 2012
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cohesin to double-strand breaks is required for dna repair. Mol Cell 16, 1003–15. 14

165. Unal, E., Arbel-Eden, A., Sattler, U., Shroff, R., Lichten, M., Haber, J. E., and Koshland, D. (2004).
Dna damage response pathway uses histone modification to assemble a double-strand break-specific
cohesin domain. Mol Cell 16, 991–1002. 14

166. Hirano, T. (2005). Smc proteins and chromosome mechanics: from bacteria to humans. Philos Trans
R Soc Lond, B, Biol Sci 360, 507–14. 14
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329. Calestagne-Morelli, A. and Ausió, J. (2006). Long-range histone acetylation: biological significance,
structural implications, and mechanisms. Biochem Cell Biol 84, 518–27. 24

330. Kimura, A., Umehara, T., and Horikoshi, M. (2002). Chromosomal gradient of histone acetylation
established by sas2p and sir2p functions as a shield against gene silencing. Nat Genet 32, 370–7. 24

331. Santos-Rosa, H., Bannister, A. J., Dehe, P. M., Géli, V., and Kouzarides, T. (2004). Methylation of h3
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kraut, C. L., Blasco, M. A., and Losada, A. (2012). Cohesin-sa1 deficiency drives aneuploidy and
tumourigenesis in mice due to impaired replication of telomeres. EMBO J. 149, 150

655. Canudas, S. and Smith, S. (2009). Differential regulation of telomere and centromere cohesion by the
scc3 homologues sa1 and sa2, respectively, in human cells. J Cell Biol 187, 165–73. 150

656. Pauli, A., van Bemmel, J. G., Oliveira, R. A., Itoh, T., Shirahige, K., van Steensel, B., and Nasmyth,
K. (2010). A direct role for cohesin in gene regulation and ecdysone response in drosophila salivary
glands. Curr Biol 20, 1787–98. 150

207



REFERENCES

657. Witcher, M. and Emerson, B. M. (2009). Epigenetic silencing of the p16(ink4a) tumor suppressor is
associated with loss of ctcf binding and a chromatin boundary. Mol Cell 34, 271–84. 152

658. van de Nobelen, S., Rosa-Garrido, M., Leers, J., Heath, H., Soochit, W., Joosen, L., Jonkers, I.,
Demmers, J., van der Reijden, M., Torrano, V., et al. (2010). Ctcf regulates the local epigenetic state
of ribosomal dna repeats. Epigenetics Chromatin 3, 19. 152

659. Byrd, K. and Corces, V. G. (2003). Visualization of chromatin domains created by the gypsy insulator
of drosophila. J Cell Biol 162, 565–74. 152

660. Pastinen, T. (2010). Genome-wide allele-specific analysis: insights into regulatory variation. Nat Rev
Genet 11, 533–8. 154

208


	Contents
	List of Figures
	Nomenclature
	1 Introduction
	1.1 Transcriptional Regulation: transcription initiation, chromatin and TF binding
	1.1.1 Transcription initiation, RNA pol II and promoter structure
	1.1.2 Transcription factor binding and regulatory regions
	1.1.2.1 Proximal and distal regulatory regions
	1.1.2.2 CTCF
	1.1.2.3 Cohesin

	1.1.3 Chromatin structure
	1.1.3.1 Nucleosomes and histone variants
	1.1.3.2 H2A.Z (H2Av)
	1.1.3.3 Histone tail modifications
	1.1.3.4 Chromatin domains

	1.1.4 Repetitive elements
	1.1.5 Other factors important for transcriptional regulation

	1.2 Evolution of Gene Regulatory Regions
	1.2.1 Evolutionary principles of morphological development and comparative genomics
	1.2.2 Genomic function and conservation
	1.2.3 Evolutionary turnover of cis-regulatory regions
	1.2.4 Evolution of regulatory elements through repeat elements

	1.3 Methods in regulatory genomics
	1.3.1 Next-generation sequencing
	1.3.2 Methods in regulatory genomics
	1.3.3 ChIP-seq analysis: experimental and computational workflow
	1.3.3.1 Pre-processing and visualisation
	1.3.3.2 Peak calling
	1.3.3.3 Downstream analyses: enrichments, genomic intervals and motif discovery
	1.3.3.4 Comparative analyses

	1.3.4 The R environment and the Bioconductor project


	2 The evolution of CTCF binding in vertebrate species
	2.1 Summary
	2.2 Introduction
	2.3 Results
	2.3.1 The genetic sequence is the major determinant of CTCF binding in vivo
	2.3.2 High conservation of CTCF binding in vertebrates
	2.3.3 Functional conservation of CTCF binding
	2.3.4 Relationship between IC, length and conservation of TFBSs
	2.3.5 DNA sequence specificity of CTCF binding
	2.3.6 A conserved hierarchy of CTCF motifs in mammals
	2.3.7 CTCF binds to retrotransposons in multiple mammalian lineages
	2.3.8 Ancient repeat expansions
	2.3.9 Functional impact of transposable elements

	2.4 Discussion
	2.4.1 CTCF binding is highly conserved in vertebrate species
	2.4.2 CTCF binds a composite DNA motif
	2.4.3 CTCF binding has been expanded through retrotransposition events during vertebrate evolution

	2.5 Materials and Methods
	2.5.1 Experimental Methods
	2.5.2 Computational Methods
	2.5.2.1 Alignment and peak-calling
	2.5.2.2 TC1 analysis
	2.5.2.3 Conservation analysis
	2.5.2.4 Properties of deeply shared sites
	2.5.2.5 Annotation analysis
	2.5.2.6 Motif analysis
	2.5.2.7 Word analysis
	2.5.2.8 Repeat element association
	2.5.2.9 Functional element association analysis



	3 A CTCF-independent role for cohesin in gene regulation
	3.1 Summary
	3.2 Introduction
	3.3 Results
	3.3.1 Cohesin binds genomic locations together and independently of CTCF in MCF-7 cells
	3.3.2 CnCs are enriched at ER binding sites
	3.3.3 CnCs are cell-type specific
	3.3.4 CnCs depend on tissue-specific TFs and not on CTCF
	3.3.5 CnCs participate in E2-mediated transcriptional regulation
	3.3.6 Cohesin is enriched in ER-bound regions involved in chromatin looping

	3.4 Discussion
	3.5 Materials and Methods
	3.5.1 Experimental methods
	3.5.1.1 Cell Culture
	3.5.1.2 siRNA
	3.5.1.3 Western blot analysis 
	3.5.1.4 Cell cycle analysis
	3.5.1.5 Chromatin immunoprecipitation and sequencing

	3.5.2 Computational Methods
	3.5.2.1 Heatmaps of ChIP-seq data
	3.5.2.2 Read mapping
	3.5.2.3 Genome browser views
	3.5.2.4 Peak calling
	3.5.2.5 Factor overlaps and the determination of CnCs
	3.5.2.6 Genomic distribution
	3.5.2.7 Read profiles
	3.5.2.8 Cohesin binding change upon ER stimulation
	3.5.2.9 Motif analysis
	3.5.2.10 Expression analysis



	4 Tissue-specific transcriptional landscape in the Drosophila melanogaster central nervous system
	4.1 Summary
	4.2 Introduction
	4.3 Results
	4.3.1 Tissue-specific RNA pol II-DNA interactions mapped by a genetic approach
	4.3.2 Tissue-specific RNA pol II binding marks neuronal- and glial-specific transcription
	4.3.3 RNA pol II-bound regions are proximal to H2Av-histones and to actively transcribed genes
	4.3.4 H2Av is generally invariant across tissues and marks cell-type invariant genomic locations
	4.3.5 H2Av is deposited early in development
	4.3.6 H2Av marks transcriptionally competent domains in fruit flies

	4.4 Discussion
	4.5 Materials and Methods
	4.5.1 Experimental Methods
	4.5.1.1 Fly stocks
	4.5.1.2 Immunohistochemistry
	4.5.1.3 Chromatin immunoprecipitation and sequencing
	4.5.1.4 RNA isolation and sequencing
	4.5.1.5 ChIP on embryonic chromatin

	4.5.2 Computational Methods
	4.5.2.1 Sequence alignment
	4.5.2.2 Peak calling
	4.5.2.3 Differential ChIP enrichment analysis
	4.5.2.4 H2Av domain definitions
	4.5.2.5 Annotation analysis
	4.5.2.6 Correlations and profile plots
	4.5.2.7 Expression and promoter type analysis
	4.5.2.8 modENCODE data
	4.5.2.9 Chromatin Domains



	5 Discussion and Outlook
	5.1 CTCF: a conserved vertebrate chromatin regulator targeting retrotransposons
	5.2 Cohesin: a multifaceted regulator acting together with and independently of CTCF
	5.3 H2Av: a largely constitutive chromatin mark of gene activity
	5.4 Outlook

	Methods and results related to Chapters 2 and 3
	.1 SWEMBL
	.2 Additional information for Chapter 2

	Methods and Results related to Chapter 4
	Publications
	References

