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Abstract

PAX6 belongs to a highly conserved protein family with key functions in patterning
the embryo. The PAX6 gene plays a crucial role in eye development and is essential
for normal development of the brain, olfactory system and endocrine pancreas. Pax6

expression is subject to strict spatial, temporal and quantitative regulation and

complex control mechanisms are utilised to achieve this. The boundaries of this

complex locus have been defined through human aniridia-associated breakpoints and
mouse studies.

A locus-wide DNase I hypersensitive site (HSS) analysis was carried out to identify
active (or "open") regulatory elements in cell lines of different origin that do (MV+
and N2A) and do not (RAG) express Pax6. Many HSSs coincided with previously
identified regulatory sequences, while others mapped to genomic elements such as

repetitive DNA elements and CpG islands. Some HSSs appear to be cell line

specific, while others were found in all three.

Some of the regulatory elements identified are separated by over 150 kb on the linear
DNA molecule. How cA-elements located at such large distances from the

promoter(s) of the gene can control transcription is a major problem to address.
Active cA-elements at a small number of other loci have been shown to cluster

within the nucleus in cells expressing the regulated gene. This clustering is proposed
to form a transcription factory, providing a high density of factors for interaction
with the promoter(s). To explore such interactions at the Pax6 locus, chromosome
conformation capture (3C) was used to determine the relative cross-linking

frequencies of a number of anchor points with a series of DNA fragments spanning
the locus, in each of the three cell lines described above. Surprisingly, broadly
similar levels of association were seen in each cell line, with subtle differences that

did not exactly correlate to HSS activity. Findings were mirrored in Pard-expressing
forebrain (E14.5) and cortex cells (E17.5) and Pax(5-negative embryonic liver

revealing that these associations are not confined to immortalised cell lines. These
results suggest a model whereby some regulatory elements do appear to be in close
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association, regardless of whether DNase I HSSs are present at these positions. In
addition to this general uniformity, there is evidence for interactions between specific
cw-elements in cells expressing Pax6 (El4.5 Forebrain and El7.5 Cortex) that are

not found in non-expressing cells (RAG). These are suggestive of highly dynamic
interactions between regulatory elements at the Pax6 locus.

Finally, data obtained from a transgenic tauGFP-PAX6 YAC locus reveals a series of

intergenic transcripts around previously identified PAX6 distal regulatory elements.
These are only present in Pax6 expressing tissues. Preliminary analysis of these

transcripts suggests that they do not derive from individually transcribed regulatory

elements, but are more likely to be transcribed in one continuous unit. Results have
narrowed the region where this transcript is likely to start, but no obvious candidate

promoter was found.

In summary, the combination of these studies provides new insight into some of the

processes that are required for the correct spatiotemporal and quantitative expression
of Pax6 from the genome.

v



Table of Contents

CHAPTER 1: INTRODUCTION M

1.1. DNA organisation in the nucleus 1-2
1.1.1. The Nucleosome 1 -2
1.1.2. Histone Variants 1 -4
1.1.3. Histone modifications and the importance of the histone code 1-5
1.1.4. DNA methylation 1-7

1.2. DNA Organisation 1-8
1.2.1. DNA is organised into heterochromatin and euchromatin 1-8
l .2.2. Nuclear Attachment Regions 1-9
1.2.3. Chromatin is divided and organised into chromosomes 1-10

1.3. Structures of eukaryotic gene regulation 1-12
1.3.1. Modular Structure of DNA sequence elements 1-12
1.3.2. dnase I HSSS mark the positions of regulatory elements 1-13
1.3.3. locus control regions 1-15
1.3.4. Neighbouring genes on the linear DNA sequence can have distinct
expression patterns 1 -16
1.3.5. The murine b-globinlocus 1-17
1.3.6. Gene regulation at a distance 1-18
1.3.7. Insulators and boundary elements 1-23

1.4. Visualising chromatin structure at specific loci 1-25
1.4. l. Formaldehyde Fixation of nuclei 1-26
1.4.2. RNA TRAP 1-26
1.4.3. Chromosome Conformation Capture 1-27
1.4.4. Future directions 1-32
1.4.5. Proteins involved in looping 1-35

1.5. Increasing recognition of the influence of RNA 1-36

1.6. Pax6 as a model locus for regulatory element interactions 1-41
1.6.1. The role of PAX6 in Human Disease 1-42
1.6.2. Molecular Lesions 1-43
1.6.3. Downstream Targets 1-44
1.6.4. PAX6 is highly conserved across the phyla 1-44
1.6.5. The Sey mouse 1-45
1.6.6. PAX6 expression and proposed roles in the murine system 1-46
1.6.7. PAX6 expression in the eye 1-46
1.6.8. PAX6 expression in the olfactory system 1-48
1.6.9. PAX6 expression in the central nervous system 1-49
1.6.10. PAX6 expression in the pancreas 1-50
1.6.11. control of PAX6 expression 1-5 1
l .6.12. Regulatory elements located in intron 7 1-54
1.6.13. The Downstream Regulatory Region (DRR) 1-54
1.6.14. The E100 element 1-55



1.6.15. The RB element 1-56
1.6.16. the E60 element 1-56
1.6.17. Insight into locus-wide control from YAC transgenics 1-58
1.6.18. The Pax6 neighbour gene Elp4 1 -59

1.7. Proposed Research 1-60

CHAPTER 2: MATERIALS AND METHODS 1A

2.1. Stock Solutions 2-2

2.2. Cell Lines 2-3
2.2.1. Cell culture 2-3
2.2.2. Cell freezing 2-4
2.2.3. Cell counting and harvesting 2-4

2.3. Isolation of embryonic liver and brain cells 2-5

2.4. Bacterial cell culture 2-5

2.5. General Molecular Biology techniques 2-6
2.5.1. Gel electrophoresis 2-6
2.5.2. Phenol / chloroform extraction and ethanol precipitation 2-6
2.5.3. General primer design 2-7
2.5.4. PCR product purification 2-7
2.5.5. Determining nucleic acid quantification 2-8
2.5.6. Sequencing 2-8
2.5.7. BAC end sequencing 2-9
2.5.8. RNA Isolation and cDNA synthesis 2-10
2.5.9. TA cloning 2-11
2.5.10. Transformation of chemically competent cells 2-11
2.5.11. immunohistochemistry on cells 2-12

2.6. Experimental Procedures 2-13
2.6.1. dnase I hypersensitive site (HSS) mapping 2-13
2.6.2. Southern blotting 2-15
2.6.3. Probe generation 2-15
2.6.4. Probe radio-labelling 2-18
2.6.5. Probe hybridisation 2-19

2.7. Chromosome conformation capture 2-20
2.7.1. Formaldehyde fixation and nuclear isolation 2-20
2.7.2. DNA digestion 2-20
2.7.3. intra-molecular ligation 2-21
2.7.4. Reversal of cross-linking and DNA isolation 2-21
2.7.5. Detection of ligation products 2-21
2.7.6. Generation of control template 2-25
2.7.6.1 Preparation of BACs 2-25
2.7.6.2 Preparation of long range PCR products 2-27
2.7.6.3 Creation of a Pax6 enriched template 2-28

2.8. intergenic transcription analysis 2-30



CHAPTER 3: DNASE I HYPERSENSITIVE SITE MAPPING ACROSS THE PAX6
3-1LOCUS

3.1. Introduction 3-2

3.2. The DNase I Hypersensitive Site Assay 3-6

3.3. Results 3-10
3.3.1. pax6 expression status of MV+, N2A and RAG cell lines 3-10
3.3.2. dnase I HSS analysis of the pax6 locus 3-12
3.3.2.1 Figure legend 3-13
3.3.2.2 Region surrounding the Pax6 coding sequence 3 -15
3.3.2.3 The Elp4 final intron region 3-24
3.3.2.4 The Pax6 DRR 3-31
3.3.2.5 downstream of the drr 3-36

3.4. Discussion 3-40
3.4. l. Locations of DNase I HSSs correspond to previously identified

regulatory elements 3-43
3.4.2. A note about the use of immortalised cell lines 3-43
3.4.3. HSS analyses at the major/ny6 promoters 3-44
3.4.4. HSS analyses at the DRR 3-45
3.4.5. HSS analyses at proximal enhancers 3-46
3.4.6. The presence or absence of a HSS was difficult to predict based on

previous experimental data 3-46
3.4.7. Sensitivity at the E60 element 3-49
3.4.8. regulatory elements that are absent in these murine cell lines 3-50
3.4.9. HSSs associated with repetitive elements 3-50
3.4.10. HSSS associated with regions of elevated cpg / gpc ratio 3-52
3.4.11. HSSS associated with evolutionary conserved sequences 3-52
3.4.12. Other HSSs 3-53
3.4.13. evaluation of the strategy 3-54

CHAPTER 4: ASSESSMENT OF CHROMATIN STRUCTURE AT THE PAX6
LOCUS BY CHROMOSOME CONFORMATION CAPTURE 4-1

4.1. introduction 4-2

4.2. Chromosome Conformation Capture: the theory 4-5

4.3. Chromosome Conformation Capture: the controls 4-8
4.3. l. The chosen restriction enzyme must uniformly cleave chromatin 4-8
4.3.2. PCR amplification must be in the linear range 4-8
4.3.3. PCR products must be corrected for primer pair efficiency 4-9
4.3.4. PCR products must be corrected for quality and quantity of template4-13
4.3.5. Confirming the identity of the PCR products obtained 4-16



4.4. Results 4-19
4.4.1. Targeting sequences across the locus 4-19
4.4.2. Preliminary analysis 4-19
4.4.3. Assay Optimisation 4-21
4.4.4. Variability between Cross-linked templates 4-25
4.4.5. Variability between control templates 4-27
4.4.6. Interactions with the SIMO regulatory element 4-27
4.4.7. Interactions with the RB regulatory element 4-31
4.4.8. Interactions with the Pax6Vx promoter 4-32
4.4.9. Interactions with the E60 UCS regulatory element 4-34

4.5. Discussion 4-36
4.5.1. Establishment of 3C to analyse Pax6regulatory element interactions4-36
4.5.2. Interactions occur between specific regulatory elements 4-39
4.5.3. Detection of active chromatin hub structures in brain tissue 4-40

CHAPTER 5: A PRELIMINARY ANALYSIS OF INTERGEMC TRANSCRIPTION
AT THE PAX6 LOCUS 5-1

5.1. Introduction 5-2

5.2. Results 5-4
5.2. l. Identification of Intergenic Transcripts 5-4
5.2.2. Characterisation of Intergenic Transcripts 5-8

5.3. Discussion 5-13

CHAPTER 6: DISCUSSION 6-1

6.1. Active regulatory elements are spread across a 200 kb region of the

Pax6 locus 6-4

6.2. Selecting a method for examining chromatin conformation 6-6

6.3. Problems with determining cell specific interactions 6-8

6.4. An HSS is not essential for clustering 6-12

6.5. Complex relationships between regulatory elements indicate multiple

conformations in cell populations 6-14

6.6. The TAUGFP-PAX6 transgenic mouse as a tool for the analysis of

Intergenic transcripts at the PAX6 locus 6-16

6.7. Overall predicted mechanism 6-17

6.8. Key future experiments 6-19

REFERENCES 7-1

IX



List of Figures
Page

Figure 1-1: The murine (3-globin locus 1-18
Figure 1 -2: Models of long range enhancer action 1-19
Figure 1-3: The human growth hormone locus 1-22
Figure 1-4: Schematic representation of the RNATRAP and 3C methods 1-30
Figure 1-5: The TH2 locus 1-32
Figure 1-6: The Pax6 locus and previously characterised enhancers 1-52
Figure 1-7: Summary of PAX6 long-range control elements 1-57

Figure 2-1: DNase I treated DNA 2-14
Figure 2-2: 96 well plate Layout 2-23

Figure 3-1: The DNase I hypersensitive site assay 3-8
Figure 3-2: Analysis of Pax6 and Ercc3 expression in MV+, N2A and RAG cell lines 3-11
Figure 3-3.A: DNase I HSS blots 3-14
Figure 3-3.B: DNase I HSS blots 3-17
Figure 3-3.C: DNase I HSS blots 3-21
Figure 3-3.D: DNase I HSS blots 3-23
Figure 3-3.E: DNase I HSS blots 3-26
Figure 3-3.F: DNase I HSS blots 3-28
Figure 3-3.G: DNase I HSS blots 3-30
Figure 3-3.H: DNase I HSS blots 3-33
Figure 3-3.1: DNase I HSS blots 3-35
Figure 3-3.J: DNase I HSS blots 3-38
Figure 3-4: Summary of DNase I HSSs across the Pax6 locus 3-41

Figure 4-1: Chromosome Conformation Capture 4-7
Figure 4-2: The linear range of PCR amplification 4-9
Figure 4-3: Overview of region of interest 4-11
Figure 4-4: Differences in the efficiency of amplification of a range of primer pairs 4-12
Figure 4-5: The Ercc3 locus and expression status in embryonic brain and liver cells 4-15
Figure 4-6: Amplification is dependent on cross-linked, digested and re-ligated template 4-17
Figure 4-7: Preliminary analysis of regulatory element interactions 4-20
Figure 4-8: Variable results from different primer combinations 4-22
Figure 4-9: Examples of 3C PCR products 4-24
Figure 4-10: Variation in X(Pax6) between formaldehyde treatments 4-26
Figure 4-11: Analysis of SIMO element interactions in immortalised cell lines 4-29
Figure 4-12: Analysis of Pax6 and a-globin interactions in embryonic tissues 4-31
Figure 4-13: Cross-linking frequencies with RB at the Pax6 locus in E14.5 forebrain 4-32
Figure 4-14: Cross-linking frequencies to the Pt promoter in embryonic tissue 4-33
Figure 4-15: Cross-linking frequencies between E60B and the Pax6 locus 4-35
Figure 4-16: Putative chromatin organisation at the Pax6 locus 4-42

Figure 5-1: Detection of transcripts in immortalised human cell lines 5-5
Figure 5-2: The tauGFP-PAX6 transgenic mouse 5-6
Figure 5-3: Intergenic transcripts are independent of ELP4 expression 5-7
Figure 5-4: Tissue specific intergenic transcripts 5-8
Figure 5-5: Intergenic transcription across the tauGFP-PAX6 locus 5-9
Figure 5-6: Strand Specific RT-PCR 5-11
Figure 5-7: Attempts to abolish random RT priming 5-12
Figure 5-8: Transcription at the PAX6 locus 5-17

Figure 6-1: Analysis of Pax6, 115 and Ifng using mouse SAGE 6-11

x



List of Tables

Page

Table 1-1: Chromosome Conformation Captured 1-34

Table 2-1: Solutions made up by HGU technical Services 2-2
Table 2-2: Stock Solutions 2-3
Table 2-3: mRNA primers 2-11
Table 2-4: DNase I HSS probe primers 2-17
Table 2-5: 3C PCR primers 2-24
Table 2-6: Long Range PCR Primers 2-28
Table 2-7: Relative amounts of digested products for re-ligation 2-28
Table 2-8: Intergenic Transcription primers 2-31

Table 3-1: Summary of DNase I HSSs across the Pax6 locus 3-41

XI



Abbreviations

3C chromosome conformation capture
4C chromosome conformation capture on chip
5C chromosome conformation capture carbon copy

°C degrees centigrade

A angstrom, 10"10 m

ABI Applied Biosystems
ACH active chromatin hub
ADP adenosine diphosphate
AMV avian myeloblastosis virus
ATCC American type tissue culture collection
ATP adenosine triphosphate

B cells bursa of Fabricius (an organ in birds where B cells mature)
fi-globin haemoglobin beta subunit gene locus = Hbb
BAC bacterial artificial chromosome
BCIP 5-bromo,4-chloro,3-indolylphosphate
bp base pairs

C terminal carboxyl terminal
CIITA MHC class II trans activator
CD5a cot death 5 a

cDNA complementary DNA
CE conserved element
CH chromatin hub
Clim-2 carboxyl-terminal LIM domain binding protein 2
cm2 square centimetres
CNS central nervous system
CpG cytosine and guanine separated by a phosphate
CT chromosome territory
CTCF CCCTC binding factor

D diversity
d diencephalon
DF DNase footprint
Dlx Distal-less
DMEM Dulbecco's modified eagle medium
DMSO dimethyl sulfoxide
DNA Deoxyribonucleic acid
DNase I Deoxyribonuclease I
DNMT DNA methyltransferases
dNTP deoxynucleotide
d.p.c. days post coitum = E



DTT dithiothreitol

E Embryonic day = d.p.c.
EDTA ethylene diamine tetraacetic acid
EE ectoderm enhancer
EEO electroendosmosis
EGTA ethylene glycol tetraacetic acid
EI the SIMO enhancer element
EKLF erythroid krueppel-like transcription factor
Elp4 Elongation protein 4
ERV-9 endogenous retrovirus 9
ES embryonic stem

FCS foetal calf serum

FISH fluorescent in situ hybridisation
FOG-1 friend of GATA 1

Fugu Takifugu rubripes

g grams
GATA-1 GATA binding factor 1

HI Histone 1
H2A Histone 2A
H2A.Bbd Histone 2A.Barr body depleted
H2B Histone 2B
H3 Histone 3
H4 Histone 4
H19 imprinted, maternally expressed, untranslated mRNA
Hbb haemoglobin beta subunit gene locus = [3-globin
HC1 hydrochloric acid
HDAC histone deacetylases
HEPES 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid
hGH human growth hormone
HGU (MRC) Human Genetics Unit
HMT histone methyltransferase
HNF-4a hepatocyte nuclear factor 4 a
Hox homeobox
HP1 heterochromatin protein 1
HRP horseradish peroxidase
HSS hypersensitive site

ICD interchromosomal domain

Ifng Interferon y

Igf2 Insulin-like growth factor II
IgH Immunoglobulin heavy chain
II interleukin
IMMP1L inner mitochondrial membrane peptidase 1 -like
IPTG isopropyl P-D-lthiogalactopyranoside

xiii



J joining

K lysine
kb kilobase pairs

L litre
LCR locus control region
Ldbl LIM domain binding protein 1
LINE long interspersed nuclear repeat
LTR long terminal repeat

M Molar - amount of substance in moles / volume in Litres
m midbrain
MAR matrix attachment region
Mb mega base pairs
MBP methyl-CpG-binding protein
mg milligrams
MHC major histocompatibility complex
MIR miniature inverted repeat
ml millilitre, 10~3L
mM millimolar, 10 3 M
mm2 square millimetres
mRNA messenger RNA
miRNA micro RNA
MV murine vimentin

N terminal amino terminal
N2A Neuro 2A
NBT nitroblue tetrazolium

N/1 Neurofibromin 1
ncRNA non-coding RNA
ng nanogram, 10~9 grams
Nli nuclear LIM interactor
nm nanometre, 10"9 metres
NMD nonsense-mediated decay
NP-40 Nonidet P-40

NR(E) Neural Retina (Enhnacer)
nt neural tube

0 olfactory region

xiv



p petit
P Pancreas

P0 Pax6 exon 0 promoter (Kammandel et al., 1999)
Pi Pax6 exon 1 promoter (Kammandel et al., 1999)
P„ Pax6 exon a promoter (Kammandel et al., 1999)
P7 Pax6 intron 7 promoter (Kleinjan et al., 2004)
PAC PI-derived (phage) artificial chromosome
PAX Paired box
PAX6 Paired box gene 6
PBS phosphate buffered saline
PCR polymerase chain reaction
PIP percentage identity plot
pmol picomoles
PP poly propylene
PPT protein phosphatases
PRE polycomb response element
pre-mRNA precursor mRNA (un-processed)

r rhombencephalon
r.c.f. relative centrifugal force (= g)
r.p.m. revolutions per minute
Ren Reticulocalbin
RAG renal adenocarcinoma
RNA ribonucleic acid
RNA FISH TRAP RNA FISH tagging and recovery of associated proteins
RNAi RNA interference
RPE retinal pigment epithelium
rRNA ribosomal RNA

SAM S-adenosyl methionine
SAR scaffold attachment region
SATB1 special AT-rich sequence binding protein 1
SDS Sodium dodecyl sulphate
SINE short interspersed nuclear repeat
S/MAR scaffold / matrix attachment region
Sey small eye
s.e.m. standard errors of the mean = standard deviation / Vn
siRNA small interfering RNA
snRNA small nuclear RNA
snoRNA small nucleolar RNA
SSS sonicated salmon sperm
Stat signal transducer and activator of transcription
Su(var) suppressors of variegation
SV40 simian vacuolating virus 40
SWI / SNF switch / sucrose non fennenter

xv



T/t telencephalon
to«-GFP /OW-green florescence protein (binds to cytoskelcton microtubules)
TCA trichloroacetic acid
TFIIH RNA polymerase II basal transcription factor complex helicase
TGS transcriptional genome silencing
Th1 T-helper cell type 1
Th2 T-helper cell type 2
TRAP tagging and recovery of associated proteins
TRE trithorax response element
tRNA transfer RNA
trucRNA transcription regulating, ultraconserved non coding RNA

UAS upstream activating sequence

V variable
VT ventral thalamus

WAGR Wilms' tumour, aniridia, genitourinary malformations, and
mental retardation

Wsbl trp / asp repeat and SOCS box-containing protein 1

Xgal 5 -bromo-4-chloro-3-indolyl-beta-D-galactopyranoside
XPB xeroderma pigmentosum B (subunit)

YAC yeast artificial chromosome

pg microgram, 10~6 grams
pi microlitre, 10~6 litres
pm micrometre, 10"6 metres
pM micromolar, 10~6 M

xvi



Chapter 1:
Introduction



1.1. DNA ORGANISATION IN THE NUCLEUS

A vast amount of information is contained in the DNA molecule of a mammalian

nucleus. Words and phrases, making up instructions, are written in the genome using
a combination of four nucleotide letters. There are approximately 3.3 x 109 letters in
the human genome and 2.6 x 109 in the mouse. The organisation of these letters is

governed by a strict set of 'rules' into a double helical structure. The interaction of
the DNA with many proteins in the nucleus at specific sequences imposes a higher
order structure termed chromatin. Chromatin packages the DNA, allowing over 2 m

to fit inside a nucleus of approximately 5 jam diameter. These associations also help
to protect (although they do not do so entirely) the DNA from mutation, by impeding
interactions with other molecules and shielding it from radiation. Chromatin also

plays an important role in managing the DNA by allowing the control of key

processes such as replication and transcription.

1.1.1. The Nucleosome

"The nucleosome is the subunit of all chromatin" (Lewin, 2000)

DNA associates with a variety of proteins in the cell nucleus. Chromatin has been
estimated to consist of at least equal, if not twice as much protein as DNA (Lewin,

2000; Luger, 2006). Nucleosomes make up as much as 50% of this protein mass and
are key to DNA structuring in the nucleus. Nucleosomes consist of small, basic

proteins called histones that are extremely highly conserved throughout the

eukaryotes. Histones consist of a globular C terminal (histone fold) domain and a

more flexible, charged N terminal 'tail' domain. The core histones: H2A, H2B, H3
and H4 are well defined and exist as dimers (H2A with H2B and H3 with H4). High
resolution crystal structures reveal that two of each dimer associate through their
central globular domain (such that two H3 / H4 dimers associate in the middle with
one H2A / H2B dimer above and one H2A / H2B dimer below them) creating an

octamer that has been likened to a bead like structure (reviewed Lewin, 2000; Luger,
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2006). An estimated 147 bp of the DNA molecule is wrapped around these histones
in 1.65 superhelical turns to create a nucleosome (Richmond and Davey, 2003;

Luger, 2006). The appearance of this configuration under the electron microscope
has been compared to 'beads on a string.' This structure is sometimes referred to as

the 10 nm chromatin fibre. While this structure has played a key role in our

understanding of chromatin organisation, it almost certainly does not exist in the cell

nucleus, as it is only seen at non-physiological salt concentrations and does not result
in the required degree of DNA compaction to fit in the cell nucleus (reviewed Bulger
and Groudine, 1999).

The 147 bp of DNA that wrap around the nucleosome are largely inaccessible to

other proteins such as transcription factors. These base pairs are also protected from

cleavage by enzymes that degrade DNA. In contrast, DNA that lies between two

nucleosomes (Tinker DNA') is freely accessible to other factors. Linker DNA is

open to attack by DNA cleaving agents and digestion of chromatin using
micrococcal nuclease reveals a ladder of DNA fragments of multiples of

approximately 147 bp. The length of linker DNA between nucleosomes varies across

the genome. As DNA access appears to be of crucial importance to gene regulation,
it is of interest to determine the positions of all nucleosomes associated with the
DNA. Previous studies in eukaryotes have examined nucleosome positioning at

specific gene loci (Kefalas et al., 1988; Gencheva et ah, 2006), while studies in yeast

have attempted to predict genome-wide nucleosome positioning (Bernstein et ah,

2004; Segal et ah, 2006; Ioshikhes et ah, 2006).

The histone protein HI is not as tightly associated with the DNA as the other
histones and is thought to be positioned alongside the nucleosome beads linking
them together ("linker histone;" reviewed Hansen, 2002). This level of DNA

compaction - the 30 nm fibre - involves the coiling of a series of nucleosomes into a

helical array (Lewin, 2000). This fibre is the functional unit of chromatin and its
structure still proves elusive, despite its major importance (Robinson and Rhodes,

2006). Fibre formation is assisted by HI and a number of other poorly defined

proteins. Nucleosome - nucleosome contacts play a big role in fibre formation and
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therefore the charge distribution on the nucleosome surface is also of key importance

(reviewed Luger, 2006). The arrangement of this fibre into 'open' and 'closed'
domains (a third level of packaging) can be analysed by sedimentation gradient.

'Open' domains are thought to correlate with gene expression and data suggests that

packaging is variable and dynamic, reflective of how the same DNA molecule can

provide instructions for many, many types of cell. However a recent genome wide

analysis of sedimentation gradients showed that 'open' regions did not always

correspond to active genes, but instead showed greater correlation to regions of high

gene density (Gilbert et ah, 2004).

1.1.2. Histone Variants

Variant histones are non allelic histone proteins of varying degrees of homology that

possess slightly different structures (particularly at their tails) to the major histones
and hence are thought to exhibit altered DNA binding and stability characteristics.
These variations are thought to assist in processes that include gene regulation and
DNA repair. All core histones have variant counterparts except H4 (reviewed Pusarla
and Bhargava, 2005). Some variants are more highly conserved across species than
the major histones themselves, underlining their highly important functioning

(Pusarla and Bhargava, 2005; Raisner and Madhani, 2006). H2A has the greatest

number of variants. There are five forms of H2A in humans: H2A.X (involved in the

DNA damage response by localising at the sites of double strand breaks, marking
them for repair), MacroH2A (involved in constitutive heterochromatin and

transcriptional silencing), H2A.Bbd (depleted from Barr bodies) and H2A.Z/F which

appears to play the biggest role in regulating gene expression as it is frequently found
to substitute for H2A at gene promoters in yeast, where its incorporation into the
nucleosome results in a modified surface that is thought to help in the recruitment of

transcription factors (Raisner and Madhani, 2006).

There are three H3 variants in human (H3.1, H3.2 and H3.3; reviewed Pusarla and

Bhargava, 2005; Hake and Allis, 2006). These were originally described with
reference to DNA replication. H3.1 and H3.2 are strictly replication dependent while
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H3.3 is replication independent and accumulates as the tissue matures. H3.3 is also
enriched at actively transcribing regions (reviewed Pusarla and Bhargava, 2005). It
has been hypothesised that the deposition of these variants and their altered
structures across the genome may produce different chromosomal domains [Hake
and Allis, 2006],

1.1.3. Histone modifications and the importance of the
histone code

In addition to the use of variant histones, chromatin structure can be altered through
the covalent modification of histones. Most modifications take place at histone N-

terminal tails which protrude from the nucleosome, however mass spectrometry has
revealed that modifications also take place in the core domains (Mersfelder and

Parthun, 2006). Various sites on histone tails can be subject to modifications such as

acetylation, mono-, di- and tri- methylation, ubiquitination, ADP ribosylation and

sumoylation. While these modifications will have slight charge implications for
DNA-histone interactions, the major effect of these modifications is to create binding
sites on the chromatin for non-histone proteins (Turner, 2000; Strahl and Allis, 2000;
Lachner et al., 2001). A great deal of variation can be introduced to the chromatin

template through such histone modifications. This forms the basis of the histone code

hypothesis (Strahl and Allis, 2000; Jenuwein and Allis, 2001). Specialised conserved

protein domains such as bromo (Tamkum et al., 1992; Jeanmougin et al., 1997;

Syntichaki et al., 2000), chromo (Paro et al., 1991; Eissenberg, 2001; Bannister et al.,

2001) and SET (Rea et al., 2000; Xiao et al., 2003) domains are capable of

recognising specific modifications in histone tails, targeting these proteins to specific

regions of the genome. These are utilised by a vast number of proteins in providing
active and silent chromatin states. Active region modifying proteins include
enhancers of variegation such as ATP dependent remodeller family members

SWI/SNF (Cairns et al., 1994; Owen-Hughes, 2003) and trithorax group proteins

(Ingham, 1985; Petruk et al., 2001; reviewed Simon and Tamkun, 2002); silent

regions are associated with polycomb group proteins (Lewis, 1978; Shao et al., 1999;
reviewed Simon and Tamkun, 2002) and suppressors of variegation (Su(var)) such as

Chapter 1: Introduction 1-5



histone deacetylases (HDACs), protein phosphatases (PPTases), S-adenosyl
methionine (SAM) synthetase and heterochromatin protein 1 (HP1). Thus a

nucleosome code permits the assembly of different epigenetic states (Jenuwein and

Allis, 2001). A popular example of this is the chromodomain of HP1 which has the

ability to recognise methylated histone H3's lysine 9 residue (H3-K9; Jacobs et al.,

2001). Regions of the genome which are rich in the H3-K9 modification will
therefore attract HP1 protein promoting the spread of heterochromatin.

The enzymes that carry out covalent modification of histones are also intensely
scrutinised. These enzymes demonstrate incredible specificity for individual amino
acids on particular histone tails. For example, the heterochromatinisation events

described above can be triggered by the methylation of FI3-K9 by the histone methyl
transferase (HMT) SUV39H1 (Rea et al, 2000). All histone modifications are

reversible and interestingly factors required for addition and removal of
modifications seem to be present in the cell all the time, suggesting that
modifications are in a dynamic state (Jenuwein, 2006).
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1.1.4. DNA methylation

The DNA molecule is also a target for modifications that can influence chromatin
state. Methylation at position 5 of the cytosine ring occurs at the majority of CpG di-
nucleotides in the mammalian genome (Antequera and Bird, 1993; reviewed Cross
and Bird, 1995; Klose and Bird, 2006). The DNA is modified by the DNA methyl
transferases (DNMTs). DNMT3a and b are involved in de novo CpG methylation
while DNMT1 maintains DNA methylation after replication (Lei et al., 1996; Okano
et al., 1998; Okano et al., 1999; reviewed Bestor, 2000).

Methylation is associated with the repressed chromatin state. This is partly because

methylation can interfere with DNA - protein interactions, but mostly due to the fact

Methyl-CpG can be bound by Methyl-CpG-binding proteins (MBPs). MBPs can

interact with a variety of repressor molecules that silence transcription and modify
the surrounding chromatin (Nan et al, 1997; Nan et al., 1998; Yoon et al., 2003;
reviewed Klose and Bird, 2006).
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1.2. DNA Organisation

1.2.1. DNA is organised into heterochromatin and
euchromatin

Chromatin can be divided into transcriptionally active and inactive portions. The
inactive portion, heterochromatin, forms the majority of the chromatin in the cell.
DNA is extremely densely packed in this portion; hence sequences in these regions
are relatively resistant to DNA cleaving agents such as deoxyribonucleases

(DNases). In addition, heterochromatin is highly methylated at CpG di-nucleotides
and histones in these regions are hypoacetylated. As mentioned in section 1.1.3, the

presence of methylated H3-K9 attracts HP1 which binds to this nucleosome
modification through its chromodomain (Jacobs et ah, 2001). In one model of
heterochromatin formation HP 1 further attracts additional HMT activity, propagating
the repressive heterochromatinisation signal (Schotta et ah, 2004; Talbert and

Henikoff, 2006). There are thought to be two classes of heterochromatin - facultative
and constitutive. Constitutive heterochromatin is invariant between cells and tissues

and contains structures such as centromeres and telomeres which consist mostly of

repetitive DNA sequence. In addition to H3-K9 tri-methylation, H3 is frequently
found to be mono-methylated at K27 (Rice et ah, 2003; Peters et al, 2003).
Facultative heterochromatin can vary between cells and tissues and is thought to

mark regions of the genome that have been switched off in a developmentally

regulated manner (Dillon, 2004). A special example of facultative
heterochromatinisation is the process ofX - inactivation (Heard, 2005).

In contrast, euchromatin is the term given to the minor portion of the genome that is
either actively transcribed or potentially active. The nucleosome arrays in these

regions are relatively open or decondensed during interphase to allow the DNA to

interact with regulatory proteins and this renders the DNA more susceptible to

enzymatic cleavage. Histones H3 and H4 of nucleosomes in this region tend to be

hyperacetylated while H3-K4 is methylated (Strahl et al., 1999; reviewed Quina et
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al., 2006). In addition, euchromatic regions are largely un-methylated at CpGs (Craig
and Bickmore, 1994).

1.2.2. Nuclear Attachment Regions

For many years researchers have hypothesised on the presence of an active nuclear
framework of structural proteins that regulates DNA organisation in the nucleus

(Platts et al., 2006). Matrix attachment regions (MARs) and scaffold attachment

regions (SARs) are DNA sequences identified at interphase and metaphase

respectively (but concluded to be the same sequences, hence "S/MARs"; Heng et al.,

2004) to be associated with the nuclear matrix. However, procedures used to identify
these sequences can introduce a number of errors (reviewed Cook, 1995; West et al.,

2002) yielding highly variable results (Jackson et al., 1996; reviewed Cook, 1995)
and only ~ 600 of the predicted 30 000 - 100 000 attachment sites have been verified
to any degree (Platts et al., 2006).

Despite concerns over whether many of these sites are genuine, it is widely proposed
that chromatin is packaged in the nucleus as a series of looped structures and many

hypothetical mechanisms of gene regulation involve a looping component (see
sections 1.3.6 and 1.3.7). Two classes of attachment site have been proposed.
Structural sites are expected to be constitutive in nature, while functional sites vary

depending on what regions of the genome are active in any given cell (Cook, 2003).
On the introduction of multiple copies of identical S/MARs the cell selects which
attachment sites to utilise (Heng et al., 2004). This led to the proposal that functional
sites draw genes in to transcription factories (Heng et al., 2004), an observation that

may be supported by bioinformatics data indicating an enrichment of predicted

evolutionarily conserved S/MARs at the 5' end of genes (Glazko et al., 2003). The

recruitment of sequences may be dependent on transcription (Cook, 2003), indeed

transcriptional activity has previously been determined as the most consistent
indicator of MARs (Jackson et al., 1996). In addition, data from experiments

involving insulator elements supports the concept of matrix attachment as a

mechanism for functional domain separation (West et al., 2002; Gaszner and
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Felsenfeld, 2006; also discussed below, see section 1.3.7). Therefore it seems that
nuclear attachment sites could play a significant role in the control of gene

expression.

1.2.3. Chromatin is divided and organised into chromosomes

DNA in the cell nucleus is divided and organised into chromosomes. These can be
observed with the assistance of a variety of dyes and paints. Chromosomes are often

depicted in a condensed state, as they are seen in metaphase, however nuclear
architecture is highly organised throughout the cell cycle with chromosomes

occupying distinct territories. In addition, studies have revealed correlation between
chromosome gene density and nuclear position, with chromosomes of lower gene

density preferentially localising to the nuclear periphery (Croft et al., 1999; Boyle et

ah, 2001). Individual chromosome territories (CTs) are separated by the
interchromosomal compartment, a non-chromatin domain that is enriched for protein
factors important in many nuclear processes. Active genes are thought to locate to

the periphery of the territory, near to the interchromosomal domain (ICD; reviewed
Cremer and Cremer, 2001; Albiez et ah, 2006). While some active genes loop out of
the chromosome territory into this IC domain (Volpi et ah, 2000; Williams et ah,

2002; Chambeyron and Bickmore, 2004), it is clear that genes do not have to locate
to the periphery of the chromosomal territory to be transcribed (Mahy et ah, 2002b)
and gene density may play a more important role in this positioning (Mahy et ah,

2002a). These conclusions were based on analysis of the Wilms' tumour, aniridia,

genitourinary malformations, and mental retardation (WAGR) susceptibility region
that includes both tissue specific (.Pax6 and WT1) as well as constitutively expressed

genes (Elp4 and Ren), which revealed that these genes do not appear to preferentially

occupy positioning outside, or at the border of, the chromosome territory, regardless
of expression status (Mahy et ah, 2002b).

Despite this seemingly precise organisation, there are contrasting views on whether
this also applies to chromosome positioning with some studies suggesting a large
variation in the position of each chromosome relative to the others (reviewed Nagele
et ah, 1999; Cremer et ah, 2001; Habermann et ah, 2001; Comforth et ah, 2002;

Chapter 1: Introduction 1-10



Bickmore and Chubb, 2003). However, non-random positioning of chromosomes in
the nucleus has been proposed for a number of years with strong evidence coming
from recurrecnt translocations in various cancers (Parada et al., 2002; Roix et al.,

2003; Parada et al., 2004) and precise interactions between specific loci on seperate

chromosomes have recently been detected and are proposed to be important in gene

regulation. Firstly the T-helper cell type 2 (Th2) locus on mouse chromosome 11

appears to associate with the T-helper cell type 1 (ThI) specific Interferon y (Ifng)

gene on chromosome 10 (Spilianakis et al., 2005) Secondly, the Igf2 / H19

maternally imprinted locus on chromosome 7 appears to associate with the paternally

imprinted Wsbl / Nfl locus on chromosome 11 (Ling et al., 2006). The discovery of
such interactions has been facilitated by the development of new techniques for

assessing interchromosomal interactions (Dekker et al., 2002; Lomvardas et al.,

2006; Simonis et al., 2006; Zhao et al., 2006) which are described in section 1.4.
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l .3. Structures of eukaryotic gene regulation

1.3.1. Modular structure of DNA sequence elements

For years the central dogma of molecular biology has highlighted the role of DNA in
the production of a RNA template for protein synthesis. The focussed effort of a

number of groups over the past ten years has provided publicly available DNA

sequence information and the annotation of many genomes. It was originally

proposed that the major use of this sequence would be through the prediction of

protein products encoded by the DNA sequence, however it has become increasingly

apparent that only a minor proportion of the mouse and human genomes encode

proteins (Waterston et al., 2002; Okazaki et ah, 2002). Approximately twice this
amount of DNA is under positive selection in the mouse genome, suggesting that

approximately 5% of DNA is involved in determining when and where protein

products are produced (gene regulation; Waterston et ah, 2002). Comparison of DNA

sequence obtained from multiple organisms reveals regions that are highly conserved
across species. These are not limited to protein coding sequences and include

sequences of DNA elements that are required for the correct expression of genes

from our genome such as promoters, enhancers and insulators. Disruption of these
elements can have just as devastating an effect on phenotype as disruption to the

coding sequence (Kleinjan and van Heyningen, 1998; Kleinjan and van Heyningen,

2004). All of these elements can be plotted on the linear DNA molecule presenting a

modular view of gene loci and their regulatory elements (examples can be seen in

Figures 1-1, 1-3 and 1-6 showing the fi-globin, hGH and Pax6 loci). Regulatory
elements act in cis- to ensure that appropriate amounts of mRNA are synthesised
from the chromatin template in the right cells and at the correct times in

development. Co-operation between elements results in distinct functional units of

expression that are specific to the appropriate gene. The success in identifying such
elements in the genome has led to more detailed studies of specific regions across

many species to identify all regulatory elements in these areas (Thomas et al., 2003).
While searching for regulatory elements by sequence homology will reveal elements
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of great importance to all species, the similarity of the gene content of genomes

suggests that specific expression patterns and levels are very important in creating

unique species (King and Wilson, 1975; Hill, 2004; Carroll, 2005). As some of these
differences are likely to come about via species specific gene regulation, these will
not be identified through sequence conservation, and hence not identified in these

analyses. It is important to define the regulatory elements of the individual locus,
therefore in vivo strategies such as systematic locus-wide scans for regulatory
elements are incredibly important.

1.3.2. DNase I HSSs mark the positions of active regulatory
elements

For many years researchers have used DNA cleaving agents to differentiate between

regions of chromatin (reviewed Gross and Garrard, 1988). The endonuclease DNase
I is the DNA cleaving agent of choice owing to its low DNA sequence specificity
and its selectivity for nucleosome-free regions (Gross and Garrard, 1988).

Accessibility of the DNase I enzyme is impaired when DNA is packaged in

chromatin, particularly when regular nucleosomal arrays are tightly packaged in

higher order structures (such as that of heterochromatin). Therefore susceptibility to

DNase I can be used as an assay to measure the accessibility of DNA in a region of
chromatin. Two types of DNase I assay have provided valuable insight into
chromatin structure over the years. Firstly the general DNase I sensitivity assay

compares overall compactness of gene loci and can be used to assesses differences in
chromatin structure of a single locus in various tissues (Stalder et al., 1980; Jantzen
et ah, 1986; Gribnau et ah, 2000; Bulger et ah, 2003). This assay can be used to

distinguish regions of euchromatin and heterochromatin. The second is the DNase I

hypersensitive site (HSS) assay which examines local disruptions of the regular
nucleosomal array by identifying sequences that are highly susceptible to cleavage

using low concentrations of DNase I. Sites of extreme sensitivity, so called

hypersensitive sites (HSSs), are thought to indicate nucleosome free regions of DNA

(McGhee et ah, 1981; Elgin, 1988; Buckle et ah, 1991). These sites were first
identified at the SV40 promoter (Varshavsky et ah, 1978; Scott and Wigmore, 1978)
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and have subsequently been revealed in chromatin derived from a variety of

organisms (reviewed Gross and Garrard, 1988; Elgin, 1988) including chicken

(Stalder et ah, 1980), Drosophilla (Wu, 1980) and yeast (Szent-Gyorgyi et ah, 1987).
DNase I HSSs have been identified at a variety of DNA sequences of known

regulatory and structural function including promoters, enhancers, silencers,

insulators, origins of replication, transcription terminators, centromeres and
telomeres (reviewed Elgin, 1988; Gross and Garrard, 1988). HSSs associated with
structural elements are present in all cells and are termed constitutive HSSs (Gross
and Garrard, 1988; Chung et ah, 1993; Li and Stamatoyannopoulos, 1994). HSSs at

functional regulatory elements are only present in cells of specific origin where their
altered chromatin structure labels them as 'active' (Fritton et ah, 1983; Tuan et ah,

1985; Porcher et ah, 1995; Kleinjan et ah, 2001). It is thought that the binding of

transcription factors to the DNA at cA-elements causes the removal or dispersal of a

nucleosome or nucleosomes (Lowrey et ah, 1992; Adams and Workman, 1993;
Reinke and Horz, 2004), although it is also possible that the increased susceptibility
is the result of modification of the nucleosomes, perhaps by histone tail
modifications discussed above (section 1.1.3; Bulger et ah, 2003). HSSs are observed

exclusively at promoters in cells where the corresponding gene is expressed and at

the positions of regulatory elements active in these specific tissues (Fritton et ah,

1983; Groudine et ah, 1983; Fritton et ah, 1984). Therefore active regulatory
elements can be identified by the presence of DNase I HSSs in the chromatin. It is

apparent that sites are not equally susceptible with some requiring a greater amount

of enzyme for detection than others. The chromatin conformation at these sites must

restrict enzyme access to the DNA. Therefore carrying out analysis with various
concentrations of the enzyme ensures that all sites are detected.

HSS mapping by Southern blotting targets specific restriction fragments (Chapter 3,
section 3.2), therefore analysis is usually targeted to candidate regions that are

suspected to possess regulatory elements (Kleinjan et ah, 2001; Tarn et ah, 2006) as

locus wide analysis using this method is time consuming. However, studies at the
GATA1 locus have suggested that the regulatory elements in mouse and human cells

differ, therefore not all regulatory elements can be predicted from sequence
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conservation or analysis in other organisms (Valverde-Garduno et al., 2004). This

emphasises the importance of carrying out locus-wide analysis and this has been
carried out by a number of groups (Schweizer et al., 1999; Martin et al., 2004;
Valverde-Garduno et al., 2004; Pauler et al., 2005; Chapter 3). A number of

strategies have been devised to make the process of identifying regulatory elements
less time consuming and reduce the materials required for analysis over large regions
of the genome. These include analysis of larger restriction fragments (Pipkin and

Lichtenheld, 2006) and the use of sequencing and microarrays which identify the

precise sequence of the DNase I HSSs (McArthur et al., 2001; Dorschner et al.,

2004; Sabo et al., 2004b; Crawford et al., 2004; Crawford et al., 2005; Sabo et al.,

2006; Crawford et al., 2006).

1.3.3. Locus Control Regions

Locus control regions (LCRs) contain all the regulatory elements required for site of

integration independent, copy number dependent expression in transgenic animals

(reviewed Li et al., 2002). In order to achieve this, LCRs are thought to consist of a

number of individual regulatory elements that cooperate to act as a single functional
unit. These elements can overcome the surrounding chromatin environment (position

effects) allowing them to establish an 'open chromatin domain' wherever they

integrate in transgenic systems. LCRs maintain copy number dependent levels of

gene expression at the appropriate developmental stage. Therefore they must contain
enhancer elements that act at the correct stage. Erythroid (and general) transcription
factor binding sites have been identified at the HSSs of the (3-globin locus LCR and
HSS2 has been shown to possess enhancer activity (see section 1.3.5; Philipsen et al.,

1990; Fraser et al., 1993; Kong et al., 1997; reviewed Talbot et al., 1990; Higgs,

1998). Isolated enhancers are subject to position effects so LCRs must also contain
elements with boundary or insulator function (see section 1.3.7). HSS4 of the
chicken fi-globin LCR is a well known insulator element (Chung et al., 1993;
Yusufzai and Felsenfeld, 2004). A number of FCRs have been identified consisting
of varying numbers of regulatory elements including the k5 - VpreBl locus (see
section 1.3.4) and human growth honnone locus (see section 1.3.6; reviewed
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Grosveld et al., 1987; Greaves et al., 1989; Ganss et al., 1994; Jones et al., 1995;

Festenstein and Kioussis, 2000; Li et al., 2002; Giraldo et al., 2003; Fields et al.,

2004). The most fully characterised LCR is the one regulating [3-globin expression.

However, to emphasise the heterogeneity of organisation at these regulatory sites, it
is interesting to note that the mechanisms of control for a-globin expression differ

significantly from fi-globin control (Higgs et al., 2006).

1.3.4. Neighbouring genes on the linear DNA sequence can
have distinct expression patterns

There are many examples throughout the genome where tissue specific genes are

positioned close to genes that are either constitutively expressed, or specifically

expressed in other tissues. Mechanisms are required to allow the correct expression
of these genes to be maintained in all tissues, despite the quite different chromatin

landscape in diverse cell types. The fi-globin locus (section 1.3.5) resides in a cluster
of olfactory receptor genes on mouse chromosome 7. As these two sets of genes are

expressed at different times in separate tissues, the regulatory mechanisms

controlling them are unlikely to conflict with one another. They are held in
functional isolation by differing requirements for protein factors (Splinter et al.,

2006). A similar situation is likely to occur at the human growth hormone receptor

(hGH) locus (see section 1.3.6 and Figure 1-3). Finally, tissue specific genes can be
located very close to genes that are constitutively expressed. For example, the L5 -

VpreBl locus is specifically expressed in pre-B cells by a LCR (consisting of ten

DNase I HSSs) despite the presence 1.5 kb downstream of the promoter of a

constitutively expressed gene, Topoisomerase-3/3, which is transcribed in the

opposite direction (reviewed Sabbattini and Dillon, 2005). An extreme example of
this is the Pax6 gene locus (Figure 1-6) where a number of Pax6 regulatory elements
are located in the constitutively expressed neighbour gene Elp4 (see section 1.6.18).
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1.3.5. The murine p-globin locus

The study of control of the fi-globin locus in human, mouse and chicken has provided
us with a wealth of knowledge on DNA regulatory elements. The murine locus
consists of four genes arranged on the chromosome in the order in which they are

expressed during development. The correct, high level, position-independent

expression of these genes requires a fully functioning LCR. Deletions of regulatory
elements in humans result in various (3-thalassemias (Forrester et al., 1990) and

proper fi-globin expression is dependent on a fully functioning LCR in transgenic
animals (Grosveld et ah, 1987; reviewed Higgs, 1998; Li et ah, 2002). The LCR
consists of a cluster of six DNase I HSSs spread across a 30 kb region located ~ 35
kb upstream of the fTaJ (Hbb-bl) promoter (Figure 1-1). Other HSSs have been
identified further 5' (-60 HSSs and -85 HSSs) and 3' (3' HS1) which are also thought
to also play a key role in /3-globin expression (Bulger et ah, 2003; de Laat and

Grosveld, 2003) although these are not part of the LCR. All of these HSSs, with the

exception of the -85 HSSs are conserved between mice and human erythrocytes and

correspond to regions of high sequence conservation (Bulger et ah, 2003). Sequences
identified at these HSSs correspond to binding sites for both ubiquitous and erythroid

specific transcription factors (Talbot et ah, 1990; Philipsen et ah, 1990; reviewed

Higgs, 1998). One such ubiquitous factor is CCCTC binding factor (CTCF) which
has been shown to occupy each of these regions (-85 HSSs, -60 HSSs, 3' HS1 and
the LCR, where it binds to the constitutive HSS 5; Farrell et ah, 2002; Bulger et ah,

2003; Splinter et ah, 2006). Despite CTCF's association with insulator elements
these positions do not mark chromatin boundaries and the function of these elements
does not appear to shield the surrounding olfactory genes from LCR activation

(Bulger et ah, 2003; Splinter et ah, 2006).
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Figure 1-1: The murine P-globin locus (adapted from Bulger et al., 2003)
The results of DNase I HSS analysis at the murine (3-globin locus carried out in adult
erythroid tissue by (Bulger et al., 2003) are presented. The genes (black triangles) and
control elements (HSSs indicated by downward arrows; short arrow indicates minor HSS) of
the 13-globin locus are embedded in a large cluster of olfactory receptor genes (closest
neighbours shown by white triangles). Triangle direction indicative of transcriptional direction.
Circles and lines below the locus are a cartoon representation of the identified domain of
general DNase I sensitivity. Compact circles DNase I insensitive, spread out circles, DNase I
sensitive.

1.3.6. Gene regulation at a distance

While it is clear that the LCR is crucial for p-globin expression, it is harder to

understand how these distal enhancer sequences can influence transcription. This

problem is not unique to the P-globin locus or LCRs in general. In organisms with
smaller genomes such as yeast, enhancers are located within a few hundred base

pairs of the gene promoter. Therefore attracting transcriptional complexes to this

position is clearly of advantage to gene expression. However in metazoans,

enhancers can be located many tens of kb away from the promoter they are thought
to act on (see Pfeifer et al., 1999; Lettice et al., 2003 for some extreme examples
over one Mb). Mechanisms and models have been proposed over the years in an

attempt to explain how this distal regulation might occur (Figure 1-2; Blackwood and

Kadonaga, 1998; Bulger and Groudine, 1999; Engel and Tanimoto, 2000). These
models fall into two general classes distinguished by their prediction of whether
enhancers and promoters come into close proximity.
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Facilitated tracking
Figure 1-2: Models of long range enhancer action
An enhancer (E) and promoter (P) can be separated by a large distance on the linear DNA
molecule and how enhancers exert their effect over such a distance has been the subject of
much debate. Proposed models have included those where factors recruited to the enhancer
begin the polymerisation of a chain of protein factors that links the enhancer and promoter
(linking; Bulger and Groudine, 1999); those where factors recruited to the promoter track or
scan along the DNA molecule to the promoter (tracking; Travers, 1999); and those where
direct contact exists between the enhancer and promoter (looping; Dorsett, 1999). The
facilitated tracking model attempts to explain evidence for both looping and tracking. See
main text for more details.

The first class of model attempts to explain how communication could occur across

this distance. Enhancer-promoter linking models propose that communication occurs

via a chain of proteins that assembles and extends along the chromatin fibre between
the two sequences (Bulger and Groudine, 1999). Tracking or scanning models

propose that rather than a linked chain of proteins, transcription factors enter the
chromatin at enhancers and then travel (track or scan) along the chromatin until they
encounter a promoter of the correct developmental stage (Travers, 1999). The

intergenic transcripts identified at a number of loci (which are discussed in section

1.5) could be a by-product of this process.

The second class of model postulates direct contact between enhancer and promoter

through a looping out of the intervening DNA leaving the enhancer and promoter in
close physical proximity. Previous studies at a number of loci have identified bound
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transcription factors specifically at enhancers and promoters and have suggested that
factors are directly transferred from the enhancer to the promoter (Dorsett, 1999;

Johnson et al., 2001; Shang et al., 2002; Spicuglia et ah, 2002; Johnson et ah, 2002).

Recently developed techniques that attempt to map the relative proximities of DNA

sequences in the nucleus present convincing evidence for regulatory elements

coming into close proximity to the promoters they act on (see section 1.4; Carter et

ah, 2002; Tolhuis et ah, 2002; Palstra et ah, 2003; Spilianakis and Flavell, 2004;
Murrell et ah, 2004; Eivazova and Aune, 2004; Horike et ah, 2005; Liu and Garrard,

2005; Kurukuti et ah, 2006).

The facilitated tracking model attempts to reconcile differences between the two

mechanisms in order to explain data supporting each hypothesis (Blackwood and

Kadonaga, 1998). This model is similar to the tracking model, however the factors
somehow maintain contact with the enhancer sequence and so the intervening DNA
is looped out as it tracks along. On reaching the correct promoter, a stable looped
structure is formed (Figure 1-2, dashed arrow). Thus a loop is created by a tracking
mechanism. A facilitated tracking mechanism was proposed at the HNF-4a gene

where transcriptional activators binding at an enhancer appeared be recruited to the

promoter by tracking (Hatzis and Talianidis, 2002). There is also support for both

processes at the MHC class II locus. Intergenic transcripts have been detected at this
locus suggesting that tracking occurs, while gene expression requires the binding of
the transcription factor CIITA, a factor known to require dimerization to function, at

both the promoter and upstream LCR (Masternak et al., 2003). This is highly

suggestive that the enhancer and promoter are brought together, with the intervening
DNA looping out.

While these models provide a good basis for the interpretation of experimental data,
it is clear that modifications will be required to understand the processes that occur at

all individual loci. The hGH locus on chromosome 17q22-24 provides an excellent
mammalian example of how complex, tissue specific control is exerted on specific

genes. The locus is made up of five genes: GH-N, which is expressed specifically in

pituitary somatotrope cells, and CS-L, CS-A, GH-V, CS-B, which are all expressed in
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the syncytiotrophoblast cells of the placental villi (Figure 1-3; Jones et ah, 1995).

Fascinatingly, two genes are present directly upstream of the hGH cluster, both with
their own tissue specificities. SCN4A is expressed in skeletal muscle, while CD79b is

expressed in B-lymphocytes. These genes are packed closely together on the
chromatin - in total they only occupy a region of approximately 100 kb. The control
elements for the hGH gene cluster are located in and around the two upstream genes

and together form an LCR consisting of five DNase I HSSs that demonstrate tissue

specificity (Jones et al., 1995; Bennani-Baiti et ah, 1998). HSSI and HSSII are active
in the pituitary, while HSSIV is active in the placenta. HSSIII, HSSV and FISSa are

constitutive (Jones et ah, 1995; Yoo et ah, 2006). Very recently, analysis in B-cells
has identified two additional specific HSSs (HSSB1 and HSSB2; Yoo et ah, 2006).
While the control of gene expression at this locus is still under analysis, mechanisms
have been proposed for three of the tissues (Figure 1-3; Yoo et ah, 2006). In the

pituitary, it is proposed that histone acetlyation spreads from the LCR to the target

genes (Elefant et ah, 2000a; Elefant et ah, 2000b). Intergenic transcripts have also
been detected across this region (Ho et ah, 2006). Both of these encompass the
CD79b gene, resulting in its expression (by a 'bystander' effect; mRNA is not

converted to protein; Cajiao et ah, 2004). In the placenta, two distinct regions of
histone acetylation were identified suggesting that a looping event occurs between
these regions resulting in activation (Elefant et ah, 2000b). Finally, in B-cells it is

thought that CD79b expression is mediated by local control mechanisms as

acetylation is only discovered immediately surrounding the active gene (Yoo et ah,

2006).
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Figure 1-3: The human growth hormone locus. Diagram taken from (Yoo et al., 2006)
The chromatin organisation of the locus in three cell types is shown. Genes are represented
by boxes and these are labelled and described in the main text (with the exception of TCAM,
the testis specific gene 3' of the locus). DNase I HSSs are indicated by thick black downward
arrows, active promoters right angled arrows and regions of acetylated histones (acetyl H3
and H4) grey ellipses. Subsequent experiments in pituitary cells have localised intergenic
transcripts (discussed in section 1.5) to roughly the same region as the acetyl region (Ho et
al., 2006).

Finally, the models of linking, looping and tracking were proposed at a time when it
was largely taken for granted that transcription factors and polymerases travel along
the DNA. However there is growing support for the opposite view where a

transcription factory is formed and DNA is reeled through in the process of

transcription (Cook, 2003). Indeed recent studies have suggested that active

transcription units can co-localise in the nucleus to share a transcription factory

(Osborne et al., 2004). If we assume that regulatory elements are transcribed, this

process could bring these elements to the transcription factory and influence the
recruitment of the linked gene (Cook, 2003).
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1.3.7. Insulators and boundary elements

As their name suggests, insulators and boundary elements are thought to divide the

genome into distinct functional elements. Two classes of insulator element exist

(reviewed West et al., 2002; Kuhn and Geyer, 2003). Barrier insulators protect

against the effects of heterochromatin. In one model of heterochromatin formation
the recruitment of heterochromatic factors attracts more of these factors to the

surrounding DNA resulting in the "spreading" of heterochromatin across a region

(Schotta et al., 2004; Talbert and Henikoff, 2006). This is sometimes witnessed as

position effect variegation, where the heterochromatin does not extend to exactly the
same position in all cells. Where a gene is located near this boundary, it will only be

expressed in those cells where it escapes the heterochromatin environment. The
classic example of this is the variegation observed in Drosophila by Muller where a

translocation places the white gene in close proximity to centromeric
heterochromatin. The white gene (which makes red pigment in its wild-type

expressing form) is normally expressed in all cells, however in some cells with this

rearrangement the heterochromatin spreads into the gene silencing it, and producing
a variegated pigmentation phenotype of red and white speckles in the eyes (Muller,

1930). Barrier insulators are thought to block this recruitment cycle by removing or

modifying the nucleosomes in such a way as to stop the propagation signal. Hence

they protect from heterochromatinisation of the region in a direction dependent
manner. Barrier insulators are found at some heterochromatin / euchromatin

boundaries and are sometimes marked by euchromatic modifications and factors

(reviewed Gaszner and Felsenfeld, 2006).

Enhancer-blocking insulators are thought to prevent interactions between enhancers
and promoters in a position dependent manner. By protecting promoters from the
action of certain enhancers, insulators can divide the genome into functional

expression domains. Possible mechanisms of enhancer blocking mirror possible
mechanisms of enhancer action (seen in section 1.3.6 and Figure 1-2). The insulator
could act to block tracking of a complex through the chromatin (Zhao and Dean,

2004) or it could interact directly with the enhancer, perhaps acting as a promoter
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decoy, preventing other interactions and forming a DNA loop structure (reviewed
West and Fraser, 2005). DNA looping is an emerging theme in the mechanism of
insulator action. Insulators bind protein factors which are capable of binding
nucleolar protein factors. Thus it has been hypothesised that such associations could
tether clusters of insulators at distinct positions in the nucleus forming looped
domains of gene expression (reviewed Gaszner and Felsenfeld, 2006; Kuhn and

Geyer, 2003). CTCF is the only mammalian insulator binding protein that has so far
been identified. It has been shown to be capable of interaction with nucleophosmin

(nucleolar phosphoprotein B23) and such an interaction could tether the chromatin
fibre to the nucleolar surface (Yusufzai et al., 2004). The fact that CTCF binds to

many of the clustering regulatory elements at the murine fi-globin locus (Farrell et

al., 2002; Bulger et al., 2003; Splinter et al., 2006) and other loci where looping has
been suggested to play a key role in regulation (Murrell et al., 2004; Kurukuti et al.,

2006; Ling et al., 2006) suggests that CTCF binding may play a key role in the

structuring of gene expression domains (Kuhn and Geyer, 2003). CTCF is amenable
to post-translational modification and this can block insulator function. CTCF

binding may therefore be context dependent and prove vital to processes of gene

regulation other than insulation (Gaszner and Felsenfeld, 2006).
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1.4. Visualising chromatin structure at specific
loci

While we can observe the smallest (the nucleosome) and largest (the chromosome)
structures of chromatin by microscopy, we are unable to directly view the structural

organisation of a single gene locus (Splinter et al., 2004). This prevents us from

observing directly which proposed mechanisms of regulatory element action
summarised in section 1.3.6 establish gene expression domains. It has been difficult
to examine chromatin structure at this level due to a combination of limitations

linked to resolution, both in terms of microscopy and in our ability to identify

specific sections of interest of the DNA molecule. Despite this, techniques are

available that allow us to begin to address chromatin structure at the gene locus.

The most desirable way to characterise regulatory element interactions is to visualise
them directly. Using Fluorescent in situ Hybridisation (FISH) analysis, the positions
of particular sequences in the nucleus are revealed through the hybridisation of
labelled probes. Multiple probes can be used to determine the position of multiple

sequences, allowing the relative proximities of multiple DNA sequences to be
assessed simultaneously in an individual cell nucleus. FISH analysis has assessed the
relative positions of a number of sequences. For example, 3D FISH analysis has been
carried out at the immunoglobulin heavy chain (.IgH) locus in developing B-cells to

suggests that variable (V), diversity (D) and joining (J) regions are looped in a

conformation that facilitates the joining of these segments in recombination (Sayegh
et al., 2005). However two major considerations limit the use of this technique in the

analysis of chromatin looping. Firstly, there are limits to the number of sequences

that can be simultaneously examined due to the number of labels for probes.

Secondly, the resolution of the light microscope is a major limitation because it is
difficult to distinguish sequences separated by distances of less than 100 kb on the
linear DNA molecule (Lawrence et al., 1990; Trask et al., 1993;). Therefore analysis
in this fashion becomes impossible if you wish to assess the interaction of a number
of putative regulatory elements located within a locus of approximately 200 kb.
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To date, two techniques have addressed such requirements. Both techniques analyse
DNA recovered from populations of fixed cell nuclei.

1.4.1. Formaldehyde Fixation of nuclei

The process of fixation takes a 'snapshot' of the cell nucleus. Formaldehyde (H2CO)
can be used to crosslink protein to protein, DNA or RNA via imino (=NH) or amino

(-NH2) groups such as those found at non-hydrogen bonded base pairs and amino
acids such as lysine. Thus interactions between these molecules at the time of
fixation are preserved and can be identified by subsequent analysis. Formaldehyde is
a good cross-linking reagent for the analysis of interactions between proteins and
DNA. Links or 'bridges' are formed rapidly over a relatively small distance (2 A).
Formaldehyde has a preference for lysine rich proteins such as histones (Siomin et

al., 1973) and there is no reactivity with naked double stranded DNA (Solomon and

Varshavsky, 1985; Jackson, 1999). Crucially, fixation does not cause widespread

damage to the DNA or proteins and cross-links can be reversed in subsequent

analysis. The release of DNA from these complexes is crucial to the success of

formaldehyde based studies such as 3C and chromatin immuno-precipitation as this

permits the detection of the sequences involved. Fixation depends only on

formaldehyde concentration, pH and temperature (Siomin et al., 1973).

1.4.2. RNA TRAP

The first technique to be applied directly in the determination of locus wide
interactions was RNA (FISH) TRAP (for fluorescent in situ hybridisation tagging
and recovery of associated proteins; Figure l-4a; Carter et al., 2002; Chakalova et al.,

2004). This effective technique is a modification of RNA FISH that labels or 'tags'
molecules surrounding the newly synthesised mRNA transcribed from a locus of
interest. Cells are mounted on a slide, fixed with formaldehyde and prepared for in

situ hybridisation. An (early, 5') intron specific probe labelled with digoxigenin is

hybridised to the pre-mRNA before a horse radish peroxidase (HRP) conjugated
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antibody to digoxigenin targets HRP activity to the site of transcription. Biotin-

tyramide is then added to the cells fixed on the slide. Where this molecule makes

contact with HRP a highly reactive free-radical intermediate is formed and this is

deposited as a biotin tag on molecules in the immediate vicinity, including chromatin

(negligible labelling / biotin deposition was observed at a distance of approximately
0.5 pm; Carter et al., 2002). After quenching the peroxidase reaction, the cells are

removed from the slide and the DNA is broken into small fragments by sonication.
DNA is affinity purified on a streptavidin-agarose column to collect a fraction of

tagged DNA sequences. This fraction of DNA can then be hybridised to DNA

fragments covering the locus under scrutiny by slot blots. Areas of the locus that
were in closest proximity to the pre-mRNA during transcription are dramatically
over represented in the purified fraction of DNA. As molecules will be labelled

proportionally to transcript proximity, if a long range control element is located

nearby the transcript it will be labelled to a greater extent (along with the gene

sequence being actively transcribed) than DNA between the two. The data presented
in the paper describing the technique (Carter et ah, 2002), provided the first direct
evidence that enhancers and promoters could be in close proximity in the cell nucleus

as HSS2 of the /3-globin LCR was highly enriched in the recovered DNA (when

probes specific to Hbb-bl and Hbb-b2 (JT'") were used). Significantly, the
level of enrichment was far greater than for other areas of the locus and this is highly

suggestive of a looped structure.

1.4.3. Chromosome Conformation Capture

Chromosome Conformation Capture (3C) was originally developed by Dekker et al
to visualise the structure of yeast chromosomes (Dekker et ah, 2002). It is based on a

nuclear ligation assay capable of revealing promoter-enhancer interactions (Cullen et

ah, 1993). Modification of the technique by Wouter de Laat and co-workers (Tolhuis
et ah, 2002) has provided a powerful method for determining interactions across a

single gene locus. The main steps are outlined in Figure l-4b and described briefly
here. For a more detailed description of this technique please see chapter 4 (with
detailed methods available in chapter 2). Firstly, DNA and interacting proteins are
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cross-linked by addition of formaldehyde, forming bridges between interacting
molecules. After quenching the cross-linking reaction, restriction digestion cleaves
the DNA into fragments, however DNA-protein bridges are maintained, linking

fragments that were in close association. The DNA is then re-ligated at very low

concentration, to favour intramolecular joining (where the ligation takes place
between the ends of the same DNA fragment because this is the only DNA substrate
the ligase molecule can find). This ligation step joins the ends of the cross-linked

fragments, after which the cross-links can be reversed as these sequences are now

part of the same phosphate backbone. PCR can now be used to detect joins between

any two fragments as primers are designed to anneal to the known ends of restriction

digested DNA. In practise, one primer specific to a reference DNA fragment (e.g. the

promoter) is tested in combination with primers for selected fragments across the

gene locus of interest, perhaps focusing on areas thought to contain regulatory
elements. Quantitative PCR allows the frequency of cross-linking events between

fragments to be determined. The relative intensities of the PCR products obtained

using a number of primers across the locus allow prediction of the original chromatin

structure, after normalisation by careful controls (Chapter 4, section 3).
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Figure 1-4: Schematic representation of the RNA TRAP and 3C methods
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Figure 1-4: Schematic representation of the RNA TRAP and 3C methods (legend)
Figure modified from (McBride and Kleinjan, 2004). The positions of a gene promoter and an
upstream DNase I hypersensitive site, hypothesized to be involved in the regulation of this
gene, are indicated. Processes begin at 12 o'clock and proceed clockwise, (a) RNA TRAP
(Carter et al., 2002; Chakalova et al., 2004). (i) Cells transcribing the gene of interest are
mounted on a slide, fixed with formaldehyde and prepared for in situ hybridization, (ii) An
(early) intron-specific probe labeled with digoxigenin is hybridized to the pre-mRNA. (iii) An
HRP-conjugated antibody to digoxigenin targets horseradish peroxidase activity to the site of
transcription, (iv) Biotin-tyramide is added to the cells. Upon contact with HRP, a highly
reactive, free radical intermediate is formed that is deposited as a biotin tag on the chromatin
in the immediate vicinity, (v) After quenching the peroxidase reaction, DNA is broken into
small fragments by sonication. (vi) Affinity purification on a streptavidin-agarose column
enriches for tagged DNA sequences, (vii) The representation of selected sequences across
the locus in the affinity purified chromatin fraction is determined by quantitative PCR,
allowing the visualization of which fragments were in close proximity to the pre-mRNA /
promoter during transcription, (b) Chromosome conformation capture (3C) technology
(Dekker et al., 2002; Tolhuis et al., 2002; Splinter et al., 2004). (i) DNA and interacting
proteins are cross-linked by the addition of formaldehyde, forming bridges between
interacting molecules, (ii) After quenching the cross-linking reaction, restriction digestion
cleaves the DNA into small fragments. DNA-protein bridges are maintained, linking
fragments that were in close association, (iii) The DNA is re-ligated at very low
concentration, so that intramolecular joining is far more likely than a join to any other random
DNA fragment. This ligation step joins the ends of the cross-linked fragments, (iv) Cross¬
links can be reversed, (v) Quantitative PCR is used to detect the frequency of joins occurring
between any two fragments. In practice, one primer for the DNA fragment of reference (e.g.
the promoter) is tested in combination with primers for selected fragments across the gene
locus of interest (e.g. chosen on the basis of sequence conservation or DNase HSS data).
Quantitative PCR allows the visualization of the frequency of cross-linking events between
fragments to inform which DNA segments were in close association at the time of cross-
linking. (vi) The relative intensities of the bands for a number of segments across the locus
allow modeling of the original chromatin structure.

Regulatory element interactions have been most intensively studied across a distance
of approximately 180 kb at the fi-globin locus (Figure 1-1). Due to the fact that 3C

analysis does not require expression of the gene of interest, cross-linking frequencies
can be compared between expressing and non-expressing tissues. Analysis of the
locus in cells derived from brain tissue revealed a linear structure because

frequencies of interaction decrease as a function of increasing distance between

fragments on the linear DNA molecule. However analysis of liver derived cells

suggested that fragments containing sequences from the active genes and the LCR, -

85 HSSs, -60 HSSs and 3'HSl regulatory elements were frequently found in close
association in the nucleus of these /3-globin expressing cells (Tolhuis et al., 2002;

Splinter et al., 2006). Therefore it was proposed that DNase I HSSs cluster in the cell
nucleus. These interactions are conserved at the human locus (Palstra et al., 2003;
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Dostie et al., 2006). While specific interactions uncovered by 3C are different from
those obtained using RNA TRAP, both were indicative of a looping event between
the LCR and the active gene. Further analysis of interactions at different

developmental stages has revealed a chromatin hub (CH) structure containing the
active regulatory elements (DNase I HSSs) in erythroid progenitor cells (Palstra et

al., 2003). The formation of this structure is dependent on CTCF which has been
shown to bind at all positions that cluster across the locus (-85 FISSs, -62 HSSs,
HSS5 and 3'HSl; Bulger et al., 2003; Splinter et al., 2006). At the appropriate

developmental stage, promoters (individually) associate with this hub creating an

active chromatin hub (ACH; de Laat and Grosveld, 2003; Palstra et al., 2003). This
structure is not thought to be dependent on transcription (Patrinos et al., 2004), but
on the binding of a number of erythroid transcription factors such as EKLF (Drissen
et al., 2004), GATA-1 and FOG-1 (Vakoc et al., 2005). Some of these factors have

been shown to bind independently to sites at the promoter and the LCR (Vakoc et al.,

2005). The combined deletion of both the promoter and LCR HSS3 abolished the

interactions, although the structure persisted when these elements were deleted

individually (as was the case with deletion of HSS2; Patrinos et al., 2004).

Interactions have also been well characterised at the Th2 locus on mouse

chromosome 11 (Figure 1-4). This locus contains the 11-4,11-5 and 11-13 genes, all of
which are transcribed in TH2 cells, as well as the constitutively expressed Rad50

gene. The promoters of the Th2 specific genes were found to cluster in the nuclei of
all cells examined (regardless of transcriptional status or the presence of DNase I

HSSs). This structure is thought to isolate Rad50 in a functionally distinct expression

domain, away from TH2 specific gene regulation (Spilianakis and Flavell, 2004). In
cells of the T cell lineage this association is joined by the LCR, a conformation that

requires Gata3 and Stat6 transcription factors. It is assumed that additional Th2
factors are required by this complex to transcribe the TH2 specific genes and pre¬

formation of this cluster is thought to facilitate rapid induction of gene expression
from this locus, allowing rapid T-cell differentiation (Spilianakis and Flavell, 2004).
Further analysis of this locus has extended our understanding of the influence of
chromatin in T cell differentiation. ThI cells express the Ifng gene located on mouse
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chromosome 10. This gene has also been subjected to analysis by 3C (Eivazova and

Aune, 2004; Spilianakis et al., 2005). Fascinatingly the Ifng promoter on

chromosome 10 has been shown to contact elements of the Th2 LCR on chromosome

11 in nai've T cells. These interchromosomal associations are greatly reduced in
differentiated TH1 and TH2 cells, where intrachromosomal associations with the

corresponding regulatory elements are favoured. This suggests that there are

coordinated controls of gene expression at the chromatin level in the fate decisions of
T cells (Spilianakis et al., 2005).

■^rir jr xWrxkjH*- -i-jjnjr -iyi-
1 Rad50 W13\ (Chr11)

Figure 1-5: The TH2 locus (Spilianakis et al., 2005)
Genes are represented by labelled boxes, horizontal arrows represent transcript direction.
DNase I HSSs are indicated by downward vertical arrows.

In addition, chromosome conformation capture has also been carried out at a variety
of other genes including the immunoglobulin k locus (Liu and Garrard, 2005),
human class 1 alcohol dehydrogenase genes (Su et al., 2006), the Gata2 gene (Grass
et al., 2006), a-globin locus (Zhou et al., 2006) and Igf2 imprinted locus (Murrell et

al., 2004; Kurukuti et al., 2006; see Table 1-1). All of these studies reveal that

regulatory elements cluster with active promoters in structures that are thought to

assist gene expression.

1.4.4. Future directions

The 3C technique has recently been adapted by a number of groups in an attempt to

discover more about nuclear organisation and its role in gene regulation. Only one of
these adaptations (chromosome conformation capture carbon copy - 5C) measures

cross-linking frequencies as described above and this has been used to assess

interactions over a far wider area than was previously practical. Analysis of a 400 kb

region surrounding the fi-globin locus confirmed previously characterised
interactions (see section 1.4.3) and identified a previously uncharacterised interaction
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between the fi-globin LCR and the y-d-globin intergenic region in the K562 cell line

(which express y-globin; Dostie et al., 2006). This region was previously found to

contain the promoter for a developmental stage specific intergenic transcript (see
section 1.5; Gribnau et ah, 2000) and thus this interaction may be highly significant
for the activation of downstream [1-globin genes (Dostie et ah, 2006).

Other adaptations to 3C attempt to characterise previously unknown interacting

partners from across the genome with an anchor fragment. These provide a

significant advance on the original technique which can only be used to determine
interaction frequencies between pre-determined points. The simplest of these

methodologies involves PCR amplification of all fragments ligated to the anchor

fragment. This is done using primers specific to either end of the anchor fragment in
an orientation such that they amplify across the unknown region that has been ligated
to the anchor. This method was used in the initial identification of interacting

partners with an odorant receptor enhancer element (Lomvardas et al., 2006) and a

modification of this technique integrating microarrays as the reporter system has
been described recently (Zhao et al., 2006). A second method to identify interacting

partner sequences involves a second digestion and re-ligation step on the 3C template
akin to an inverse PCR (using a more frequently cutting enzyme than was used in the
3C reaction). This method has been used to confirm FISH analysis that revealed the
Hox locus de-condenses and repositions outside the chromosome territory during

expression in differentiating ES cells (Chambeyron and Bickmore, 2004; Wurtele
and Chartrand, 2006). This inverse PCR method has been combined with

microarrays to create chromosome conformation capture on chip (4C) technology
which requires specialist microarrays to identify genome wide locus interactions

(Simonis et al., 2006). This technique has the power to examine relationships within
chromosome territories.

A summary of analyses carried out using techniques based on 3C technology is given
in Table 1-1.
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Table 1-1: Chromosome Conformation Captured List of loci where 3C experiments have been
carried out. These are divided by whether relative cross-linking frequency was determined or not.

Gene Locus i Elements involved ! Distance ! Reference

Determination of cross-linkinq frequency

/3-globin All active elements /
CTCF binding sites:
LCR 5' & 3' HSSs.

50- 160 kb Tolhuis et al., 2002;
Palstra et al., 2003;
Splinter et al., 2006;
Dostie et al., 2006

Th2 Co-regulated genes &
regulatory elements

(LCR)

120 kb &
interchromosomal

interactions

Spilianakis and Flavell,
2004; Spilianakis et al.,
2005; Cai et al., 2006

IgK Promoter / enhancers 25 - 46 kb Liu and Garrard, 2005

ct-globin Active genes /
enhancers

130 kb Zhou et al., 2006

Igf2-H19 Enhancers, promoters,
imprinting control

regions, differentially
methylated regions

> 160 kb Kurukuti et al., 2006

Ifng Matrix attachment

regions / general
chromatin fibre /

regulatory elements

24 kb - 40 kb &
interchromosomal

interactions

Eivazova and Aune,
2004; Spilianakis et al.,
2005; Eivazova et al.,
2006

FMR1 General chromatin fibre 170 kb Gheldof et al., 2006

GATA2 GATA switch sites 150 kb Grass et al., 2006

Class I ADH Active genes /
enhancer

50 kb Su et al., 2006

Determination of nuclear proximity

The P-globin locus Other active genes 40 Mb Osborne et al., 2004;
Simonis et al., 2006

Dlx5 - Dlx6 Silent genes 60 kb Horike et al., 2005

MECP2

Igf21 H19

Promoters / enhancers
/ silencers

Imprinting control
regions

210 kb

Interchromosomal

Liu and Francke, 2006

Ling et al., 2006; Zhao
et al., 2006

Odorant receptor
genes

HoxB1

Communal enhancer
element / individual

genes
General chromatin fibre

Interchromosomal

800 kb

Lomvardas et al., 2006

Wurtele and Chartrand,
2006
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1.4.5. Proteins involved in looping

While there is evidence for interactions involving looping at many loci, little is

currently known about how these interactions might be mediated. CTCF has been

proposed to play a major role in the structure of genomes because of its potential

ability to anchor DNA sequences to a nucleoprotein matrix (section 1.3.7). This

protein has been found at a number of clustering regulatory elements at the [3-globin
locus (-85 HSSs, -60 HSSs, 3' HSSs and HS5 of the LCR; Farrell et ah, 2002; Bulger
et ah, 2003; Splinter et ah, 2006) and recent evidence that it is required for
interactions between imprinting control regions at the Igf2 / H19 Wsbl / Nfl loci

(Ling et ah, 2006) suggests that its action may be more widespread. SATB1, a

protein expressed in high levels in thymocytes is thought to play a similar role at the

Th2 locus (Cai et ah, 2006).

Other proteins have been more generally implicated in promoter / enhancer
communication. Genetic screens in Drosophila melanogaster to identify proteins that
interfered with the long range (approximately 85 kb) activation of the cut and
Ultrabithorax genes have identified the proteins Chip and Nipped-B (Morcillo et ah,

1997; Rollins et ah, 1999). Chip is a ubiquitous chromosomal factor, found at

multiple sites across chromosomes that is required for normal expression of a

number of genes (Morcillo et ah, 1997; Dorsett, 1999). Chip is a homologue of Nli /
Ldbl / Clim-2 proteins that bind nuclear LIM domain proteins. These proteins are

thought to be involved in facilitating protein-protein interactions. This has led to the

proposal that these factors could be involved in the linking of enhancers to

promoters, whereby chains of LIM domain protein complexes bind to the chromatin
between the promoter and the enhancer (as described in the linking model of

activation, section 1.3.6 and Figure 1-2; Dorsett, 1999; Bulger and Groudine, 1999).

Disruption of Nipped-B enhanced the effect of a gypsy transposon insulator element
inserted between the enhancer and the promoter, suggesting that the protein plays a

role in long range communication between the two elements (Rollins et ah, 1999).
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Interestingly, disruption of the human homologue of Nipped-B, NIPBL has recently
been identified as a cause of Cornelia de Lange syndrome (CDLS; OMIM 122470), a

dominantly inherited multi-system developmental disorder (Krantz et al., 2004;
Tonkin et al., 2004; Strachan, 2005).

1.5. Increasing recognition of the influence of
RNA

RNAs have many diverse functions and are no longer seen as merely the messenger

in protein synthesis (mRNA). RNAs that do not encode protein are termed non-

coding RNAs (ncRNAs). Different classes of ncRNAs have been described with
diverse roles in gene regulation, including the well established ribosomal RNAs

(rRNAs), small nuclear RNAs (snRNAs), and transfer RNAs (tRNAs) which play

key catalytic roles in the processes of protein production (translation, processing and
translation respectively). Newer classes include entities such as micro RNAs

(miRNAs; Sevignani et al., 2006), small interfering RNAs (siRNAs), small nucleolar
RNAs (snoRNAs; reviewed Mattick and Makunin, 2005) and the proposed class of

transcription regulating, ultra conserved non coding RNAs (trucRNAs) (Feng et al.,

2006) which regulate the level of gene expression. In light of the findings in recent

microarray experiments that at least 10% of the human genome (Cheng et al., 2005)
and as much as 62% of the murine genome is transcribed (Carninci et al., 2005;

Katayama et al., 2005), it is likely that RNA mediated regulation will be of

increasing importance (Mattick and Makunin, 2006), especially as aberrant

transcripts have already been implicated in animal (Takeda et al., 2006) and human

(Sutherland et al., 1996; Ninomiya et al., 1996; Lee et al., 1999; Nemes et al., 2000;
Tufarelli et al., 2003) disease.

A number of findings support a key role for the process of transcription in gene

regulation. For example, regulation can be purely mechanical. Only one RNA

polymerase II complex can occupy a particular sequence at any one time and the

transcription of upstream sequences can prevent initiation events at a downstream

gene. Examples of such transcriptional interference have been witnessed in yeast
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(Greger et al., 2000) where there are even examples of this process being regulated

(Martens et ah, 2005). Similarly, transcription of the opposite DNA strand (anti-
sense transcription) will hinder gene expression. Anti-sense transcripts have been
identified around the Pax6 Po promoter and may influence Pax6 expression in the
retina (Anderson et ah, 2002; Alfano et ah, 2005). Alternatively, transcription may

influence gene regulation by chromatin modification. Elongating polymerases are

known to interact with a variety of chromatin modifying enzymes (Studitsky et ah,

2004; Eissenberg and Shilatifard, 2006) and 'pioneer polymerases' could be

responsible for the initial preparation of a locus for expression (Orphanides and

Reinberg, 2000).

A number of studies have examined intergenic transcription at the p-globin locus.

Transcripts are readily detectable around the human, mouse and transgenic LCR in

erythroid cells (Ashe et ah, 1997; Long et ah, 1998; Gribnau et ah, 2000; Plant et ah,

2001; Kim and Dean, 2004). Transcription is tissue specific (only minor amounts, if

any, of transcripts are detected in non-erythroid cells) and has been widely

speculated to play a role in fi-globin regulation. The presence of these transcripts and
RNA polymerase II at various locations between the LCR and the promoter supports

a tracking component in the mechanism of LCR mediated fi-globin transcriptional

control, where factors enter the chromatin at a distal enhancer and track along to the

appropriate promoter (see section 1.3.6 and Figure 1-2). However the mechanism of

control, even at this most highly studied locus, is still unclear. Initial reports

correlated intergenic transcripts with developmental stage specific regions of

heightened DNase I sensitivity (Gribnau et ah, 2000). These regions were roughly
similar to, but not exactly the same as, areas of active histone modifications (Bulger
et ah, 2003) and similar correlations were seen at other loci regulated by LCRs such
as the MHC class II locus (Masternak et ah, 2003) and the hGH locus (Ho et ah,

2002). However closer analysis of two of these loci has revealed no correlation
between transcript level and chromatin modification (Haussecker and Proudfoot,

2005; Ho et ah, 2006), despite an influence on gene expression.
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Three positions around the human fi-globin LCR are capable of initiating transcripts
in artificial plasmid constructs (HSSs 2, 3 and a region just upstream of HSS5; Tuan
et al., 1992; Kong et ah, 1997; Long et al., 1998; Plant et ah, 2001; Leach et ah,

2001; Routledge and Proudfoot, 2002; Ling et ah, 2005) and the insertion of an

independent transcription unit into this region is known to result in a severe

phenotype (Fiering et ah, 1995; Hug et ah, 1996). The region upstream of HSS 5

corresponds to the position of a LTR retrotransposon (ERV-9; Long et ah, 1998). As
these retrotransposons are not present in rodent, it is thought that other

retrotransposons may be utilised in transgenic mice where the human locus is

successfully expressed (Plant et ah, 2001). Intriguingly, the majority of transcription
occurs from the enhancer towards the nearby promoter, providing a possible

explanation for the position dependent nature of the fi-globin LCR (Kong et ah,

1997; Routledge and Proudfoot, 2002). Further characterisation of these transcripts,
sometimes in an artificial system, determined that they are distinct, un-capped, non-

coding nuclear transcripts that are less than 3 kb long, suggestive of a series of short

transcripts (Ling et ah, 2003; Ling et ah, 2005). This is in contrast to the previously
envisioned continuous long range transcript (Gribnau et ah, 2000). Characterisation
of intergenic transcripts across the whole locus at various developmental stages

identified another promoter located between Ay and d-globin genes. Deletion of this

promoter abolished intergenic transcripts in this adult stage region and prevented the
increase in DNase I sensitivity observed in mice containing an unmodified transgene.

These mice showed greatly reduced fl-globin gene expression (Gribnau et ah, 2000).

Other studies have used different methods to abolish or hinder intergenic

transcription in an effort to assess the effect on nearby genes. Analysis of fi-globin
locus derived transfected plasmids reveals that preventing polymerase passage from
the HSS 2 enhancer to a linked gene promoter by inserting a repressor complex
reduced expression of the reporter gene (Ling et ah, 2004). A second study revealed
that inserting the chicken HS4 insulator element between these elements causes

accumulation of RNA polymerase II at the insulator element (Zhao and Dean, 2004).
While transcript levels were not assessed in the second of these experiments, the

implication would be that these are also reduced, however HSS5 (the cHS4
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homologue) was previously found not to block transcription from the ERV9 element

(Ling et al., 2003). The disruption of intergenic transcription at a transgenic hGH
locus by insertion of an RNA polymerase II terminator sequence triggered a

corresponding reduction in hGH-N expression (Ho et al., 2006). The authors of this

study show that while intergenic transcription is an important factor in gene

expression, its effects on the promoter are not direct. Multiple pituitary specific

transcripts are detected on both strands of the DNA in a region spreading from the

enhancer, however a non-transcribed border exists between these and the hGH-N

promoter located approximately 14.5 kb away. The region encompassed by the

transcripts coincides roughly with a region of H3 and H4 acetylation (Ho et al.,

2002), however transcriptional disruption had no effect on these histone
modifications (Ho et al., 2006). Considering that transcription is bi-directional (at
this and other loci), this suggests that a 'spreading' of histone modification via

polymerase passage is not the general action of these transcripts.

Evidence from other loci suggests that the transcripts encoded are the crucial factor.
In Drosophila, continual transcription of polycomb / trithorax response elements

(PRE / TREs) is required for the prevention of repressive polycomb group protein

binding to these regions, which would lead to the silencing of local gene expression

(Hogga and Karch, 2002; Schmitt et al., 2005). Subsequent analysis has revealed that

transcription of these elements leads to the recruitment of these chromatin modifying

enzymes, even when transcription occurs only from transfected plasmids containing
the element, separate from the locus, presumably through direct protein-RNA
interaction (Sanchez-Eisner et al., 2006). There is increasing evidence for
interactions between RNA and regulatory proteins such as chromatin modifying

enzymes (Bernstein and Allis, 2005; Mayer et al., 2006) including that transcribed
from ultra-conserved elements (Feng et al., 2006).

Finally, while most of the above studies suggest positive correlations between

intergenic transcription and gene expression this may not always be the case. Non-

coding RNA products have also been implicated in repressive mechanisms (Moore et

al., 1997; Plath et al., 2002) and quantitative analysis of the intergenic transcripts at
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the /3-globin and 11-4 / 11-13 loci reveals that, while transcripts are present, the level
of intergenic transcription does not directly correlate with chromatin activation or

gene expression and the transcripts may be involved in gene silencing (Haussecker
and Proudfoot, 2005; Baguet et ah, 2005). Knocking out the Dicer protein resulted in
an increase in the transcripts detected at the [3-globin locus (Haussecker and

Proudfoot, 2005). Dicer is a dsRNA specific RNase III - RNA helicase that plays a

key role in the process of transcriptional gene silencing (TGS; Almeida and Allshire,

2005). TGS is the collective term given to a number of newly discovered processes

that use RNA as a substrate to target the silencing of specific genomic regions, such
as the centromeres. TGS can protect against the effects of transposable elements and
viruses by attacking RNA intermediates. RNA interference (RNAi) is the most well
known method of TGS and two major pathways have been identified that deal with
different RNA substrates (reviewed Echeverri and Perrimon, 2006). Both result in
the generation of RNA molecules of approximately 22 bp that are used in the

targeting of RNA-induced silencing complexes (RISCs; Hammond et ah, 2000). This

process can target mRNA, resulting in the post-transcriptional down regulation of a

gene, however RISCs are also thought to target silent chromatin modifications such
as methylation to homologous DNA sequences, silencing the locus (Morris et al.,

2004; Almeida and Allshire, 2005). This probably occurs through the recruitment of

complexes such as DNMTs, HDACs and HMTs (Bayne and Allshire, 2005),

although a series of retractions has left direct evidence for this lacking.
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1.6. Pax6 as a model locus for regulatory
element interactions

Previous studies of regulatory element interactions have focused on genes that are

controlled by multiple active regulatory elements acting in a single tissue. We wished
to see whether such interactions occurred at loci with more complex expression

patterns and regulation. The genomic region containing the Pax6 gene is the ideal
locus for these studies to take place. Pax6 exhibits a complex expression pattern with

expression in multiple tissues at multiple stages of development. More importantly,
the regulatory elements responsible for this regulation have already been studied

extensively, through the generation of reporter transgenic mice. Finally, many Pax6

regulatory elements are present in a constitutively expressed neighbouring gene

(Elp4\ see section 1.6.18). Therefore the analysis of this locus will give insight into
the mechanisms of action of regulatory elements in a complex chromatin
environment. In addition, a deeper understanding of how the complex Pax6

expression pattern is achieved is likely to be important for assessing the mechanisms
of a number of conceptually intractable diseases.

The Pax6 gene located on mouse chromosome 2E3 encodes a 422 amino acid

transcriptional regulator that contains a paired domain, a paired-class homeodomain
and a proline-serine-threonine (PST) rich domain. The paired domain and
homeodomain appear to be involved in both protein-DNA and protein-protein
interactions - hence targeting the activity of the transcription factor to particular areas

of the genome - and have been shown to act both independently and co-operatively

(Glaser et al., 1992; Jun and Desplan, 1996; Planque et al., 2001; Punzo et al., 2001;
Mishra et ah, 2002). By utilising the two domains separately the protein may

recognise a large number of DNA sequence targets, while using them co-operatively
would likely reduce these targets but make these highly specific. Both scenarios may

play a role in vivo. In addition, the introduction of 14 amino acids encoded by an

alternatively spliced exon (5a) to the protein (which occurs in a very minor level of

transcripts; Engelkamp et ah, 1999), disrupts the Pax6 paired domain and this is

thought to alter its DNA binding affinity (Beimesche et ah, 1999). The PST rich
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domain is thought to be involved in the process of transactivation - how the

transcription factor actually enhances transcription - an activity to which the whole
domain appears to contribute (Tang et al., 1998). Pax6 has four alternate promoters

and consists of 14 exons (Figure l-6a). In addition, Pax6 auto regulation occurs and
is required for expression in certain tissues (Aota et al., 2003; Kleinjan et al., 2004).
Therefore the situation at this locus is complex, even before taking into account the

many enhancers spread across a > 150 kb region that drive expression (Figure 1-6
and sections 1.6.11-1.6.17).

1.6.1. The role of PAX6 in Human Disease

Disruption of a single copy of the Paired box gene 6 (PAX6) transcription factor
causes aniridia (absence of the iris - OMIM #106210), an autosomal dominant

panocular congenital disorder that affects between 1 in 50,000 and 1 in 100,000
newborns. PAX6 has been implicated in aniridia through the identification of PAX6
mutations in many aniridia patients (http://pax6.hgu.mrc.ac.uk/). The majority (but
not all) of these introduce a premature stop codon in the coding sequence (creating a

nonsense or null allele) and are hence predicted to reduce the cellular level of
functional PAX6 protein product below 50%. Where this mutation occurs before the

penultimate exon this is likely to occur through the mechanism of nonsense-mediated

decay (NMD; Tzoulaki et al., 2005). The correlation of the disease with reduced

protein level is strongly indicative of the disease being a result of PAX6

haploinsufficiency. Other classes of mutation such as missense, anti-termination and
in-frame insertion or deletion have also been seen in aniridia patients (Hanson, 2003;
Tzoulaki et al., 2005).

The aniridia phenotype is highly variable, not only with respect to the extent of iris

loss, but also in terms of associated phenotypes. There are a number of these,

including cataracts, glaucoma and corneal vascularisation, which may or may not

develop at any time in the patient's life (for a more complete picture see Hanson and
van Heyningen, 1995; van Heyningen and Williamson, 2002). This suggests that
PAX6 also plays a critical role in the maintenance of the adult eye (van Heyningen
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and Williamson, 2002). In addition, PAX6 disruptions have also been found in

patients with Peters anomaly (Hanson et ah, 1994), ectopia pupillae (Hanson et al.,

1999), corneal dystrophy, congenital cataracts and foveal hypoplasia, as well as a

variety of optic nerve malformations (Azuma et al., 2003;

http://pax6.hgu.mrc.ac.uk/). Taken together, these studies cement PAX6's strong

association with the eye, however PAX6 is also key to the development of a range of
other tissues (see sections 1.6.6 - 1.6.10). Therefore patients with known PAX6

mutations have been screened for additional phenotypes to examine the effect of
PAX6 disruption on other tissues. In particular, magnetic resonance imaging has
revealed widespread structural brain abnormalities such as absence of the pineal

gland and unilateral polymicrogyria in patients with known PAX6 disruptions

(Mitchell et al., 2003).

1.6.2. Molecular Lesions

While the cases above focus on mutations that affect PAX6 coding sequence

integrity, aniridia is also associated with other mechanisms of mutation such as

chromosomal rearrangements and deletions. PAX6 disruption accounts for the
aniridia component of the WAGR contiguous gene syndrome that is caused by the
simultaneous deletion of a group of adjacent genes on chromosome lip. Once the
molecular mechanism of this syndrome was identified, it became vitally important to

identify the cause of a patient's aniridia in order to ascertain whether these
individuals were also at an increased risk of developing Wilms' tumour (which is the
case in a significant proportion of sporadic cases; reviewed Hanson, 2003). Not all
deletions involving PAX6 cover such a large area. Smaller deletions encompassing

only the PAX6 gene have been identified in aniridia patients (Crolla and van

Heyningen, 2002). In addition, deletions have been reported that do not encompass

the gene coding sequence, yet still result in aniridia (Fantes et al., 1995; Lauderdale
et al., 2000). So far these have only involved the deletion of sequences downstream
of PAX6 and are thought to disrupt critical PAX6 regulatory elements (Fantes et al.,

1995; Lauderdale et al., 2000; Kleinjan et al., 2001; Kleinjan et al., 2006). As the

integrity of individual regulatory elements is so far not assessed, it is not fully

Chapter 1: Introduction 1-43



understood what contribution disruption of these will play in both patients with
ocular abnormalities and other currently un-associated phenotypes.

1.6.3. Downstream Targets

As PAX6 is a transcription factor, these abnormalities presumably arise from failure
to activate downstream genes. Studies have implicated PAX6 in the activation of a

range of targets including other transcription factors indicating PAX6 may play a

role in cell cycle regulation, cell determination, cell differentiation and cell death

(reviewed Simpson and Price, 2002). Exon 5 of PAX6 was identified in a screen for

highly methylated regions in colon and bladder cancer cells, however instead of

preventing gene expression, this methylation led to ectopic PAX6 expression in a

variety of tumour cells (Salem et ah, 2000). The role of this modification is
unknown.

1.6.4. PAX6 is highly conserved across the phyla

PAX6 is located on chromosome 11 p 13 in humans and is encoded by 14 exons that

span less than 30 kb. In mice, Pax6 genomic structure is mostly conserved and

occupies a region of synteny on chromosome 2E3. PAX6 is incredibly well
conserved across the phyla with high amino acid identities (> 90%) found throughout
the protein in vertebrates. This level of conservation extends to the paired and
homeodomains in species as distant as Drosophila melanogaster and Caenorhabditis

elegans. The hypothesis that the functions of the protein are also conserved has been

demonstrated, at least with respect to eye development, as expression of the

Drosophila PAX6 homologues eyeless and twin of eyeless in imaginal discs cause

these to differentiate into eyes (Haider et ah, 1995; Czerny et ah, 1999). This is also
the case in vertebrates, as witnessed when Pax6 or eyeless is over expressed in

Xenopus laevis (Altmann et ah, 1997; Chow et ah, 1999; Onuma et ah, 2002). In
further experiments in these systems, expression of DNA sequence encoding the

homologous protein from other organisms also induced eye formation and the fact

Chapter 1: Introduction 1-44



that human PAX6 can fully compensate for the lack of murine Pax6 has been

exploited in the analysis of PAX6 regulation (Schedl et al., 1996; Kleinjan et ah,

2001; Kleinjan et ah, 2004). The fact that the role of the gene in eye development is
conserved across all these species is incredible considering the distinctness of camera

and compound eyes (Treisman, 2004). In addition, the wider pattern of PAX6

expression is also highly conserved. As well as expression in the eye and more

primitive light receptor organs, PAX6 is expressed in specific regions of the brain

(where it has been shown to be critical in Drosophila; Callaerts et ah, 2001; Adachi
et ah, 2003), the olfactory system and the pancreas. The conservation of extensive
head expression suggests it may be more appropriate to call PAX6 a patterning gene

for the head (Harris, 1997), however it clearly plays an extra special role in eye

development.

1.6.5. The Sey mouse

The high degree of PAX6 conservation has permitted detailed studies of PAX6

regulation and control that would not have been possible in the human system alone

(van Heyningen and Williamson, 2002). Of particular importance to the study of the
role of PAX6 in higher organisms is the small eye (Sey) mouse (Hill et ah, 1991;
Hanson and van Heyningen, 1995). Sey alleles are semi dominant and mutations
have been identified (Hill et ah, 1991). The Sey phenotype is well characterised and
there are a number of phenotypic similarities to aniridia in humans. Sey mice also

develop corneal opacification and cataracts in later life (Hogan et ah, 1986; Hogan et

ah, 1988). Sey / Sey mice lack eyes, nasal primordium and have brain abnormalities,
a phenotype that is not dissimilar to the few human patients thought to be

homozygous for mutations in PAX6 (Hodgson and Saunders, 1980; Glaser et ah,

1994). However, unlike PAX6 heterozygous humans, mice heterozygous for Pax6
mutations have reduced eye size (detectable by El5) in addition to lens and iris
defects. The Sey mouse model has been used to highlight Pax6 dosage dependent
differences throughout development between homozygous, heterozygous and wild

type littennates.
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1.6.6. Pax6 expression and proposed roles in the murine
system

As one might expect from a system that displays haploinsufficiency, Pax6 appears to

be under tight spatial, temporal and quantitative control (Schedl et ah, 1996; Kleinjan
et ah, 2001; Dimanlig et ah, 2001). Expression is crucial in both the neuroectoderm
and surface ectoderm-derived components of the eye, in brain, spinal chord,

olfactory system and endocrine pancreas at various stages in development (Kleinjan
et ah, 2001; Dimanlig et ah, 2001; Azuma et ah, 2003; Griffin et ah, 2002).

The expression patterns described in sections 1.6.7 — 1.6.10 were mainly observed in
two studies, the first looked for Pax6 expression in the developing mouse (Walther
and Gruss, 1991), while the second examined the effect of a lack of Pax6 (by

comparing wild type and homozygous Sey mouse) on these structures (Grindley et

ah, 1995). These studies have been complemented by the analysis of conditional
knock out mice.

1.6.7. Pax6 expression in the eye

Studies in wild type, Sey and Pax6+/ <-> Pax6~ ~ chimeric mice indicate that Pax6

expression is highly dynamic and required at many stages of eye development

(Walther and Gruss, 1991; Grindley et ah, 1995; Ashery-Padan et ah, 2000;

Marquardt et ah, 2001; Collinson et ah, 2004; Ashery-Padan et ah, 2004). Vertebrate

eye formation is dependent on co-operative interactions between cells of the surface
ectoderm (which develop into the lens and the cornea), and the diencephalon of the

developing brain (which develop into the retinal pigment epithelium and

neuroretina). Pax6 is expressed in structures derived from both of these progenitor

regions. The optic sulcus, a lateral envagination of the forebrain expresses Pax6 at

E8.5. Pax6 continues to be expressed as this structure develops into the optic vesicle
which grows towards and contacts the surface ectoderm after which its
differentiation into the optic cup is triggered (E9.5 to E12; Walther and Gruss, 1991;

Grindley et ah, 1995). In the surface ectoderm, early Pax6 expression is seen in a
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broad domain in the region where the eye will develop (E8 to E9.5). Pax6 expression

gradually becomes more constricted, being specifically maintained in the developing
lens placode, a thickening of the surface ectoderm that is induced by the close
association of the optic vesicle (Grindley et al., 1995). The lens placode invaginates
and pinches off by way of controlled cell death to form the lens. This process occurs

almost simultaneously with the invagination of the optic cup into the two-layered
retina. By E15.5 most adult eye structures are visible and Pax6 expression is less
intense but clearly present in the lens (pit and vesicle), cornea, neural retina and

pigmented retinal epithelium (Grindley et al., 1995).

In Sey mice (Sey / Sey) the early (E9.5 - 10.5) expression patern of (mutant) Pax6 is

similar, however the optic vesicle is much larger than nonnal. This larger structure

persists and fails to interact with the lens pit to form the bilayered optic cup. By
El 1.5 structures such as the retina, retinal pigment epithelium and the lens are absent

(Grindley et al., 1995). Expression of the Pax6 mutant RNA fails to become as

constrained as observed in the wild type and heterozygous littermate mice at E15.5,

particularly in the surface ectoderm, which showed little difference at E8.0 to E8.5,

although failure to develop the lens placode was obvious by E9.75. Studies using
chimeras show that Pax6"" cells are absent from the layers of the cornea and both the

early (E9.5; Collinson et al., 2001) and late (El2.5; Quinn et al., 1996) developing
lens. More detailed analysis of the lens in chimeras revealed that the level of Pax6 in
the lens placode is critical to the correct fonnation of the eye (van Raamsdonk and

Tilghman, 2000). This group found that the lens consisted of 50% fewer cells at

E10.5, suggesting the defect originates prior to this stage. They confinned that pre-

placode fonnation is largely unaffected in heterozygotes, however there is a delay in
the formation of the lens placode. Critically it appears that apoptosis fails to occur,

preventing detachment of the lens from the surface ectoderm. Absence or lower

dosage of Pax6 has often been reported as the cause of delaying structures in

development, something that is especially likely to cause problems in a system that
relies on tissue interactions at specific time points for correct organ development.
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Despite the information gained from the study of Sey mice, the fact that Pax6

expression occurred in two interacting tissues (the surface and neural ectoderms)

prevented identification of the underlying cause of the phenotype. Transgenic mice
have been created in an attempt to resolve this. In the first study, a conditional
knockout of the Pax6 gene occurred in cells where the ectodermal enhancer (EE;

Figure 1 -6b; see section 1.6.11) was active (Ashery-Padan et ah, 2000). This allowed
the role of the interaction between the two tissues to be assessed. It was found that in

the absence of the lens, multiple (though normal looking) neuroretinal folds were

formed, suggesting that the interaction between the developing lens and the neurally
derived structures leads to the correct placement of a single retina (Ashery-Padan et

ah, 2000). These studies also revealed that lens development beyond E9.5 is

dependent on Pax6. Another group produced transgenic mice that completely lacked
the EE (Dimanlig et ah, 2001). Interestingly this did not result in a complete loss of,
but a greatly reduced level of Pax6 from the lens placode, primarily on the nasal side;

indicating that enhancers drive expression in different sub domains. These mice had
thinner lens placodes and smaller lens pits and vesicles, presumably due to reduced

proliferation in these regions at early stages and studies of homo- and heterozygotes
showed that a gene dosage effect took place. This led the authors to propose that the
EE is an adaptation to increase the size of the lens, allowing evolution of the eye

(Dimanlig et al., 2001).

1.6.8. Pax6 expression in the olfactory system

Pax6 is also involved in nasal development. Similarly to the eye, the nasal cavity is
formed by the invagination of an ectodermal placode and this is also absent in Sey
mice. Pax6 transcripts have been observed from E8.5 in nasal progenitor embryonic
structures (Walther and Gruss, 1991; Grindley et al., 1995). The olfactory bulb is
reduced in heterozygous Sey / + mice and absent in homozygotes (Dellovade et al.,

1998).
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1.6.9. Pax6 expression in the central nervous system

In addition to a role in sensory organ development, Pax6 also plays a large part in
CNS development where expression is seen in the presumptive forebrain

(telencephalon and diencephalon), hindbrain (myelencephalon) and spinal chord

(Walther and Gruss, 1991). Pax6 expression is absent from the midbrain region. The
earliest Pax6 transcripts are detected in the neural plate at E8.0 (Walther and Gruss,

1991). Pax6 expression in the neural tube is seen from its closure at E8.5 across the
entire anteroposterior axis to the rhombencephalic isthmus. Transcripts are also
detected in the ventricular zone, which contains a number of undifferentiated

neuronal progenitors that will form the forebrain. At E9.0 fewer transcripts are

detected in the dorsal neural tube, suggesting expression is restricted in this area,

however expression continues in the ventral part of the neural tube (the basal plate)
until El0.5 when the ventral horns form. Areas of Pax6 expression are often
associated with actively dividing cells and this is particularly true of those in the
ventral ventricular zone (the single layer of cells that surrounds the lumen formed at

E10.5) where expression is seen in all but the most ventral and dorsal cells. The

telencephalon also demonstrates high levels of expression from El0.5 in both the
lateral and dorsal neural epithelia. This is also the case in the olfactory bulbs that are

formed from the rostro-ventral telencephalon. At El2.5, progenitor cells have
divided to form the diencephalon (prosomeres pl-p3). Pax6 expression occurs in

many cells in these regions that divide to form the pretectum, dorsal thalamus and
ventral thalamus. These structures exhibit Pax6 expression from specific forebrain
nuclei (Griffin et al., 2002). Transcripts were also seen in the pituitary (the posterior
lobe of which is formed from the diencephalon) and the olfactory epithelium (from

E10.5). The anterior pituitary is formed from a structure called Rathke's pouch
which was shown to express Pax6 from El 1.5. Interestingly, the levels of transcripts
were seen to decrease after a peak at El2.5.

As with studies in the eye, Sey mice have revealed the importance of Pax6

expression in CNS and brain development, particularly in the role of boundary
formation and regional patterning (Grindley et al., 1995). These include defects in
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the precerebellar nuclei and cerebellar neurons (Engelkamp et al., 1999), axonal

guidance (Mastick et al., 1997), and motor and glial cell subtype specification

(Ericson et al., 1997; Osumi et al., 1997; Gotz et al., 1998). Additionally Pax6 loss of
function causes distortion of the cortical plate and migration defects of the cortical
neurons (Caric et al., 1997) probably due to failure of the radial glia cell
differentiation (Gotz et al., 1998).

1.6.10. Pax6 expression in the pancreas

Pax6 is required for the production of pancreatic endocrine hormones and is

expressed throughout pancreas development. Pax6 transcripts are first seen in the

developing pancreas at E9.0 at the foregut / midgut endoderm. By E9.5 glucagon

expressing cells that co-express Pax6 are detected. At El5.5 many cells in the

developing pancreatic duct express Pax6 (reviewed Simpson and Price, 2002). Pax6
is crucial for successful expression of all pancreatic endocrine hormones from the

four cell types (glucagons - a, insulin - (3, somatostatin - y, pancreatic polypeptide -

5; Slack, 1995).

In Sey mice the pancreas appears normal at very early stages however the numbers

of a-cells are clearly reduced at stages El0.5 - 12.5, by El8.5 it is obvious that there
are reduced numbers of all the endocrine cells (reviewed Simpson and Price, 2002).
More detailed pancreatic specific Pax6 knockout mice analysis (similar to those

using the EE; Ashery-Padan et al., 2000) revealed that while Pax6 expression is not

required for much of the development of the organ, it is vital for the expression of
hormones (such as insulin) in the final stages of organ differentiation (Ashery-Padan
et al., 2004).

In summary, radioactive in situ hybridisations have detected Pax6 transcripts in

developing mice from E8.0. These are found in distinct regions including the neural

tube, developing and adult eye, brain, pancreas, pituitary, olfactory bulbs and

olfactory epithelium. Expression persists in some cells of several adult tissues,

including cortex of forebrain, olfactory migratory stream, retina, cilliary body and
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corneal stem cells. These analyses determine the location of Pax6 transcripts

(Walther and Gruss, 1991; Grindley et al., 1995). Many more studies have examined
the roles that particular regulatory elements play in the creation of this complex

expression pattern.

1.6.11. Control of Pax6 expression

With such a complex expression pattern it is not surprising that Pax6 is regulated by
a wide variety of mechanisms and regulatory elements. A number of enhancer
elements have been identified upstream, within, and downstream (in the intronic

sequence of a neighbouring gene) of the Pax6 coding sequence. Because of the
extensive conservation of regulatory mechanisms outlined above, regulatory
elements taken from one species can drive Pax6 expression in another (Plaza et ah,

1995; Schedl et ah, 1996; Kammandel et ah, 1999).

Much early work on the control of Pax6 expression was carried out in quail. The

promoters Po and Pi were originally identified in quail and subsequently found in
other organisms (Plaza et ah, 1999). Pax6 has at least four distinct transcription start

sites in humans and mice (Po, Pi Pa and P7; Figure l-6a) which may be at least partly

responsible for expression in different tissues (Kammandel et ah, 1999; Plaza et ah,

1999; Xu et ah, 1999; Anderson et ah, 2002; Kleinjan et ah, 2004; Kim and

Lauderdale, 2006). An analysis of Po and Pi initiated transcripts by radioactive in situ

hybridisations showed that some expression took place from both promoters at

different stages of development. While both promoters appear to be used in the lens

placode, there is a trend towards Po initiated transcripts in the corneal epithelia and

conjunctival epithelia whereas Pi initiated transcripts were more abundant in the

optic vesicle and the central nervous system (Xu et ah, 1999). Paired-less transcripts

(those that initiate from Pa and P7) appear to be most abundant in the optic vesicle
and rostral telencephalon, at least in the transgenic situation (Kim and Lauderdale,

2006).
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Figure 1-6: The Pax6 locus and previously characterised enhancers.
a: The Pax6 locus. Pax6 is shown in red with the neighbouring genes Ren in blue and Elp4
(see section 1.6.18) in green. Thick coloured horizontal arrows indicate transcriptional
orientation and span the region between the first and last exons of the gene. Individual
exons are drawn to scale and represented by black vertical lines. Promoters are depicted by
flags. Yellow boxes represent previously defined highly conserved sequences with
characterised enhancer function. Regions of interest (Pax6 exons, above and Pax6
functional gene domain, below) are zoomed in on for clarity. Below (b-h): Arrows point to a
selection of reporter transgenic mice that contain the appropriate reporter element linked to a
lacZ reporter gene. Each element regulates several tissues and each tissue is regulated by
several elements, nr: neural retina; d: diencephalon; r: rhombencephalon; t: telencephalon;
VT: ventral thalamus; o: olfactory region; p: pretectum; m: midbrain; nt: neural tube; DRR:
downstream regulatory region (section 1.6.13; Kleinjan et al., 2001).

Kleinjan ef al. 2004
D A Kleinjan unpublished

Transcription from these promoters appears to be driven by a number of enhancer
elements that act in specific tissues at specific developmental stages (see Figure 1-6).
Three neuroretinal enhancers have been defined in quail and subsequently identified
in other organisms. Analysis in quail indicated enhancers located 3 kb and 8 kb (NR)

upstream of Po (Plaza et al., 1999) and 13 kb downstream in intron 4 in mice (NRE;
Plaza et al., 1995; Kammandel et al., 1999) specifically enhanced initiation at Po

(Plaza et al., 1995; Plaza et al., 1999). The element 3 kb upstream has also been
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found by two other groups to drive expression in the surface ectoderm in mice (EE;
Williams et ah, 1998; Kammandel et ah, 1999), a completely unrelated tissue.
Further analysis of the element in intron 4 (NRE) revealed four neuroretina specific

protein binding sites (DF1-4) that are very highly conserved across species, however
the protein factors that bound to these sites remain to be identified (Plaza et ah,

1995). This element was subsequently shown to drive reporter gene expression in the
neural retina, retinal pigment epithelium and iris in transgenic mice (Figure 1 -6b;
Kammandel et ah, 1999).

Many putative Pax6 enhancers have been identified by sequence conservation, and
confirmed functionally by ability to drive reporter constructs in transgenic mice.

Interestingly, enhancers used to drive expression of the reporter genes are not always

compatible with generic promoters (Kammandel et ah, 1999). A particularly
informative study by Kammandel et al found a number of Pax6 regulatory elements

using this strategy. The ectodermal enhancer (EE) is located 3 kb upstream of Po in
mice and is capable of driving expression in the lens, cornea, lacrimal gland and

conjunctiva (Williams et ah, 1998; Kammandel et ah, 1999). At E10.5 a reporter

gene driven by this element was highly expressed in the lens pit, with reduced

peripheral expression (Williams et ah, 1998). A pancreatic enhancer element (P,

Figure l-6a), located within 100 bp of EE (Kammandel et ah, 1999), has been shown
to drive expression in all pancreatic endocrine cells, both in the developing embryo
and after birth (Kammandel et ah, 1999). The roles these elements play in Pax6

expression have now been studied in more detail by the generation of conditional
knock outs in the cells where they drive expression (see section 1.6.7; Ashery-Padan
et ah, 2000; Dimanlig et ah, 2001; Ashery-Padan et ah, 2004). Kammandel et al also
found an element (T), located between the Po and Pi promoters capable of driving

expression in the dorsal telencephalon, diencephalon, pretectum, hindbrain, spinal
chord and nasal epithelium (Kammandel et ah, 1999).
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1.6.12. Regulatory elements located in intron 7

Further Pax6 intronic regulatory elements have been identified in intron 7 where four

highly conserved sequence elements have been shown to drive expression in

transgenic mice (Figure l-6c; Kleinjan et al., 2001). Conserved element (CE) 1 was

found to drive reporter expression in the eye and in the proximal retina after El2.5,
while CE3 driven expression was observed in the rhombencephalon in a pattern very

closely resembling that of endogenous Pax6. CE2 drives expression in the

diencephalon and, unexpectedly, in the heart, where Pax6 expression is not observed.

Expression of the reporter gene in this tissue suggests that binding sites for heart

specific transcription factors are present in CE2. These sites are presumably
inaccessible at the wild-type Pax6 locus in heart cells. Further crosses revealed that
in homozygous Sey mice (where no functional Pax6 is present), CE2 appears to drive

reporter gene expression in early but not later stages, suggesting that Pax6 is required
for the maintenance, but not the initiation of expression driven by CE2 in the

prosomere 2 region of diencephalon. CE4 is only conserved across mammalian

species and was not seen to drive expression in the embryonic stages analysed.
Further analysis of CE4 indicated that it was part of an alternative paired-domain-

lacking Pax6 transcript that initiates around CE1 (P7). This appears to be spliced and

present only in Pax6 expressing cells, accounting for around 1% of the total Pax6
mRNA in the cell line analysed (Kleinjan et al., 2004). Other studies have also

suggested the presence of such transcripts in various organisms (Carriere et al., 1993;
Chisholm and Florvitz, 1995; Zhang and Emmons, 1995; Mishra et al., 2002; Kim
and Lauderdale, 2006).

1.6.13. The downstream regulatory region (DRR)

Although most studies only look for regulatory elements upstream of genes, the
search for Pax6 regulatory elements has focussed on downstream regions due to

patient breakpoints and Sey rescue experiments (section 1.6.17; Fantes et al., 1995;
Schedl et al., 1996; Lauderdale et al., 2000; Kleinjan et al., 2001). These have
identified Pax6 regulatory elements > 150 kb downstream of the gene. DNase I FISS
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analysis revealed a downstream regulatory region (DRR) consisting of eight

hypersensitive sites (HSSs 1-8). Subsequent sequence comparisons between human
and mouse, chicken, zebrafish and Fugu have revealed conservation of DNA

sequence elements corresponding to these HSSs. Interestingly, the EI (SIMO)
element which is highly conserved across species was not found to be hypersensitive
in any of the human cell lines analysed, despite its ability to drive a reporter gene

from E9.5 in lens, diencephalon and hind brain (Figure l-6f). A fragment containing
HSSs 2, 3 and 4 drives reporter construct expression in the neural folds at E8, the

optic primordium of the telencephalon at E8.5 and the dorsal optic vesicle at E9.5,
followed by expression in the whole retina at E10.5. These elements are > 150 kb
downstream of the PAX6 coding sequence, and are located in the large last intron of
the constitutively expressed neighbouring gene ELP4 (see section 1.6.18). The
critical role of these regulatory elements in PAX6 expression is confirmed by the

finding that their deletion leads to aniridia (Fantes et al., 1995; Lauderdale et al.,

2000). Additional support has come recently from the analysis of reporter transgenic
YACs where deletion of this region reduces or abolishes reporter gene expression in
a number of tissues (see section 1.6.17; Kleinjan et al., 2006).

1.6.14. The E100 element

Comparative sequence analysis is increasingly used to identify long range enhancers.

Percentage identity plots (PIPs) revealed the E100 element (CI 170; Griffin et al.,

2002). The sequence of this element is > 90% conserved over 1 kb between humans
and mice, and conservation to Fugu was also observed. Detailed sequence analysis

using VISTA identified three highly conserved regions (CI 170 Boxes 1-3). DNA

fragment containing all three boxes linked to a lacZ reporter drove expression in the

pretectum, neural retina, and olfactory regions (Figure l-6e). CI 170 Box 3 alone
drove expression in the neural retina. CI 170 Box 123 neural retina expression is
confined to the central portion with no staining in peripheral cells; in contrast, the
NRE in intron 4 gave the opposite pattern (Kammandel et al., 1999) hinting that
distinct enhancers may act in distinct subsets of cells. CI 170 Box 1, the most highly
conserved of the three boxes, does not drive any expression on its own (at stages
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E12.5 and E13.5) suggesting that this element either requires the other CI 170
elements or its endogenous chromatin environment to exert any effect on Pax6

expression. Despite the low sequence homology of Boxes 2 and 3 to Fugu, the Fugu
elements can replicate the full murine Box 123 pattern, indicating that the function of
this region is conserved (Griffin et ah, 2002).

1.6.15. The RB element

The RB element is more than 200 kb downstream from the PAX6 Pi promoter and is
the most distal element implicated in PAX6 expression analysed thus far. Analysis of

transgenic mice with this element driving a reporter reveals that RB plays a central
role in the developing brain. Expression is seen as early as E8.5 in the region that
will become the forebrain. At E9.5 strong expression is seen in the prosomere P2

region of the diencephalon. There is a gradual extension of the domain of expression

through to El7.5 where expression is seen in the cortex, pineal gland and in the case

of some embryos, the olfactory bulb (Kleinjan et ah, 2006). The comparison of full

length and truncated YACs also confirmed these sites of expression (Kleinjan et ah,

2006).

1.6.16. The E60 element

The E60 regulatory element has also been identified and characterised through the

generation of reporter transgenic mice but has not yet been published. E60 is an ultra
conserved region exhibiting complete sequence identity for 900 bp in human and
mouse. Other elements with similar levels of conservation have been identified

across the genome and are subject to close scrutiny (Nobrega et ah, 2003; Bejerano
et ah, 2004; Bernstein et ah, 2006; Feng et ah, 2006). In addition to generating mice
driven by the entire conserved element (Figure l-6d), E60 has been split in two and
each half has been used to generate transgenic reporter mice. The PAX6-distal
subsection drives reporter gene expression at El0.5 in the optic stalk, optic cup,

future ventral thalamus and telencephalon, while the proximal half directs later
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(El3.5 onwards) expression in telencephalon, olfactory bulbs, lateral olfactory tract,

pontine migratory stream and pontine nuclei (Dirk A. Kleinjan, in preparation).

Pax6 expression is controlled by a number of regulatory elements, some of which are

located at a great distance from the Pax6 promoters. A summary of these regulatory
elements and where they act is shown in Figure 1-7.

PAX6 long-range control elements

P/EE T NRE
PO PI

Jhh
INT7 E60A/B El 00+ SI MO HS234

ELP4

22 kb 130 kb

Upstream & intragenic enhancers

P/EE pancreas, lens ectoderm
PO upstream promoter
T telencephalon
P1 promoter
NRE neuroretina

int7 diencephalon,
NT, hindbrain, heart

Downstream enhancers

E60A early telencephalon, optic cup,
ventral thalamus.

E60B late telencephalon, pontine nuclei
and migratory stream, olfactory bulbs, LOT
E100+ neuroretina, diencephalon P1,

SIMO lens diencephalon P1,
rhombencephalon (Rh2, Rh6-8)
HS234 neuroretina, n lacc

Figure 1-7: Summary of PAX6 long-range control elements (courtesy of V. van
Heyningen)
The Pax6 locus is represented above with enhancers divided by location below. Tissues of
expression are colour coded.
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1.6.17. Insight into locus-wide control from YAC transgenics

YAC transgenic mice have played a critical role in the analysis of PAX6 expression.
A series of human derived YACs were isolated. Two of these YACs, the largest of
420 kb encompassing approximately 200 kb on either side of the PAX6 gene (see

Figure 5-2 for 3' extremity), and the smaller one of 310 kb, being 80 kb shorter on

the 3' side, were used in an attempt to rescue the Sey phenotype. Only the larger
YAC was capable of rescuing the Pax6-mx\\ phenotype (Schedl et al., 1996; Kleinjan
et ah, 2001). Interestingly, when five copies of the YAC are present in wild-type
mice the increased PAX6 expression leads to micropthalmia and reduced numbers of

photoreceptors, indicating that the eye is particularly sensitive to PAX6 dosage with
both under and over expression being detrimental to the organism (Schedl et ah,

1996). The rescue of the Sey phenotype with a human YAC underlines the conserved
mechanisms of PAX6 regulation and suggests that the majority of critical PAX6

regulatory elements are present on the 420 kb YAC. This has focussed subsequent

analyses onto this region (although regulatory elements not essential for viability

may remain to be discovered out-with this region).

Manipulation of YAC transgenic mice has led to a new role in recent experiments. A
tauGFP construct has been inserted into the PAX6 coding sequence of the Sey

rescuing YAC (Tyas et al., 2006). This has created a PAX6-driven tauGFP-PAX6

reporter mouse, that is providing new insight into the where and when the multiple

regulatory elements of the PAX6 locus drive expression. In addition, truncations and

targeted deletions of this YAC reveal the critical nature of far downstream regulatory
elements to PAX6 expression, despite the presence of other regulatory elements
located closer to the gene with overlapping expression pattern. Observations strongly

suggest that the interaction of multiple regulatory elements across this region is

required for successful gene expression (Kleinjan et al., 2006).
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1.6.18. The Pax6 neighbour gene Elp4

Elp4 was first identified as a ubiquitously expressed gene located in the Pax6
downstream region. Due to a lack of recognisable sequence motifs or other clues to

its function it was initially called PAXNEB (for PAX6 neighbour gene) and
determined to be constitutively expressed based on in situ and northern analysis

(Winkler et al., 2001; Kleinjan et ah, 2002). It is transcribed towards Pax6 from the

opposite strand of the DNA (green arrow, Figure 1-6). The final exon of the Elp4

gene lies immediately downstream of Pax6, and many Pax6 regulatory elements lie
in the long final intron of this gene. Subsequent sequence homology studies
identified the neighbour gene as the Elp4 subunit of the Elongator complex, which
had previously been characterised in Saccharomyces cerevisiae. Elongator is a

histone acetyltransferase (HAT) complex that associates with the elongating form of
RNA polymerase II (Winkler et ah, 2001). This complex is thought to assist

polymerase passage through chromatin by acetylating H3 and H4 tails. Histone tails
have been shown to reduce the speed that polymerase can travel across DNA and

acetylation has been seen to counteract this effect (reviewed Svejstrup, 2002). Elp4 is

required for HAT activity but is not required for Elongator association with the

polymerase (Winkler et ah, 2002; Petrakis et ah, 2004). Elp4 expression is driven by
a constitutive bi-directional promoter (which directs IMMP1L expression in the

opposite direction) and the ubiquitous nature of EIp4 expression suggests that the

gene is not subject to complex control mechanisms through interactions with
additional regulatory elements. All cw-elements found within Elp4 introns studied
thus far are shown to direct reporter gene expression in a subset of the Pax6 specific

expression pattern. The location of these elements within the Elp4 transcription unit

presents an additional consideration in Pax6 regulation.
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1.7. Proposed Research

Identification of distal regulatory elements at a number of loci has led to much

speculation on how these elements might influence gene expression. Experiments
carried out at a number of loci expressed in a tissue specific manner have revealed
the clustering of regulatory elements, including promoters resulting in looped
structures. These structures are thought to play a crucial role in gene expression by

facilitating contact and interaction between regulatory elements (see section 1.3.6).

Pax6 is a transcription factor with a highly complex expression pattern (see section

1.6). Control is exerted spatially, temporally and quantitatively to deliver expression
to multiple tissues throughout development. Pax6 has been shown to be under the
control of a complex array of enhancer elements that are spread across > 150 kb (see
section 1.6.11 - 1.6.17). Many of these elements have been examined individually for

ability to drive reporter gene expression in transgenic mice, revealing that the overall
Pax6 expression pattern is a reflection of the sum of component parts.

These features make Pax6 an attractive model for the analysis of a locus active in

multiple tissues. At the initiation of this project, detailed analysis had only been
carried out on the [i-globin locus where active regulatory elements act to control

expression of a temporal succession of clustered genes in a single tissue type. We
were interested to determine whether multiple structures are formed at one locus

depending on which regulatory elements are driving expression of the gene in a

particular tissue (tissue specific active chromatin hubs). Determining the relationship
of regulatory elements at a complex single gene locus should allow us to predict
mechanisms for the tight regulation of the Pax6 locus, with implications for a variety
of other genes.
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Materials (and their maintenance)

2.1. Stock solutions

Many stock solutions were made up by HGU technical services using the amounts

and volumes given in Table 2-1.

Table 2-1: Solutions made up by HGU technical Services
Solution Details

L-Glutamine 30 g in 1 L
Penicillin / Streptomycin 7 g /13 g in 1 L
Phosphate Buffered Saline (PBS) Dulbecco's (purchased from Unipath)
Trypsin 2 g Trypsin 1:250, 5 ml Phenol Red, 0.06 g

Penicillin, 0.13 g Streptomycin in PBS, to pH
7.8 by NaHC03 in 1 L

Versine 0.4 g EDTA, 5 ml 0.2% Phenol Red in PBS
in 1 L

L-Broth 10 g Tryptone, 5 g Yeast extract, 10 g
Sodium Chloride, 1 g Glucose in 1 L

20x SSC 175 g Sodium Chloride and 88.2 g Sodium
Citrate in 1 L.

Neutralizing Solution 100.9 g Tris base, 175.3 g Sodium Chloride
in 1 L

TE 10 mM tris-HCL, pH 7.5, containing 1 mM
EDTA

20x TBE 216 g Tris base, 80 ml 0.5 M EDTA (pH 8),
110 g Boric acid in 1 L

0.5 M EDTA 186.1 g EDTA, -20 g NaOH to pH 8 in 1 L
5 M Na OH 200 g in 1 L
5 M Na CI 292.2 g in 1 L
P1 1.8 g Tris, 20 ml 0.5 M EDTA, 0.1 g RNase A

in 1 L
P2 40 ml 5 M NaOH, 10 g SDS in 1 L
P3 147.2g KOAc in 1 L

Additional solutions were made up personally as defined in Table 2-2.
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Table 2-2: Stock Solutions

Solution Details
DNase 1 Buffer A 10 mM HEPES pH 7.9, 10 mM KCI, 0.1 mM

EDTA, 0.1 mM EGTA, 1 mM DTT
DNase 1 HSS Buffer 15 mM Tris.HCI pH 7.4; 60 mM KCI; 15 mM

NaCI; 0.2 mM EDTA; 0.2 mM EGTA; 5%
glycerol; 1 mM DTT; 0.15 mM Spermine; 0.5
mM Spermidine

Denaturing Solution 1.5 M NaCI/0.5 M NaOH
3C Cell Lysis Buffer 10 mM Tris pH8; 10 mM NaCI; 0.2% NP-40

and 1x Complete protease inhibitors (Roche)
Church and Gilbert Solution 136.8 ml 1 M Na2 HP04, 63.2 ml 1 M

NaH2P04, 200 ml 14% SDS in 400 ml

2.2. CELL LINES

To permit analysis on a uniform and readily available source we selected three
immortalised cell lines derived from different tissue origins to carry out this research.

The MV+ lens cell line was originally derived by hybrid SV40 / Adeno virus
infection of cultured lens epithelia from a wild type C57B16 littermate control of the
Vimentin knock-out mouse (Colucci-Guyon et al., 1994). These cells were a gift
from Dr Alan Prescott (Dundee). The Neuro 2a cell line (N2A; ATCC® number

CCL-131; Olmsted et al., 1970) was derived from a neuroblastoma of an albino
mouse and is available from the American Type Culture Collection (ATCC;

http://www.lgcpromochem-atcc.com/). These cells were a gift from Dr David Price

(Edinburgh). As a non Pax6 expressing control the renal adenocarcinoma (RAG;
ATCC® number CCL-142; Felluga et al., 1969) kidney cell line was used. This cell
line is derived from a BALB/c mouse and is also available from the ATCC®.

2.2.1. Cell culture

MV+ and RAG cells were cultured in Dulbecco's modified eagle medium (DMEM;

Invitrogen) supplemented with 10% foetal calf serum (FCS; Sigma), 1% L-
Glutamine and 1% penicillin / streptomycin (Table 2-1). To remove cells from
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flasks, excess FCS (an inhibitor of trypsin) containing media was washed away with
PBS before treatment with equal volumes of trypsin and versine (Table 2-1).

N2A cells were cultured in DMEM supplemented with 10% FCS, 1% Glutamine, 1%

penicillin / streptomycin and 1% Non Essential Amino Acids (Sigma) and did not

require treatment with trypsin. These cells were washed from the growing area by

gentle aspiration in media.

Cells were usually grown in 75 cm2 cellstar® flasks (Greiner bio-one) supplemented
with 25 - 30 ml of the appropriate media.

2.2.2. Cell freezing

Cell lines were stored in liquid Nitrogen. Approximately 1 x 107 cells were collected

by centrifugation in a Heraeus Megafuge 1 .OR (300 r.c.f. for 5 min) and taken up in 1
ml freezing media (10% DMSO in FCS). Ampoules were placed in polystyrene in
the -70°C freezer to allow the temperature to drop slowly. After 24 hours they were

transferred to liquid nitrogen. Cells were recovered by thawing in a 37°C water bath,
followed by dilution of the cell suspension in 20 ml of pre-warmed culture medium.
The cells were collected by centrifugation. The pellet was re-suspended in fresh
culture medium (~5 ml) and transferred to a small flask.

2.2.3. Cell counting and harvesting

Cells were harvested and transferred in 50 ml PBS or medium to a 50 ml cellstar®

PP-test tube (Greiner bio-one). An appropriate dilution of the cells was made for

counting. This was typically 1 in 10 for 3C and 1 in 20 for DNase I HSS analysis. A
10 pi aliquot of this suspension was spread over an improved neubauer

haemocytometer (Hawksley Crystallite BS748; 0.1 mm depth, 1/400 mm2). The
number of cells in four 1 mnT areas was counted and the average of these was

multiplied by 104, and appropriately for the dilutions, to determine the number of
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cells per ml in the suspension. The remaining cell suspension was harvested by

centrifugation in a Heraeus Megafuge 1.0R (300 r.c.f. for 5 min) before re-

suspension in an appropriate volume for the experiment.

Cells collected for DNA or RNA extraction were either processed immediately or

stored as pellets at -40°C.

2.3. Isolation of embryonic liver and brain cells

Liver and whole heads (from litters of El0.5 embryos), liver and forebrain (from
litters of El4.5 embryos), and cortex (from litters of El7.5 embryos) cells were

obtained by dissection of these organs (carried out by D. A. Kleinjan), followed by

homogenisation of the tissues by repeated pipetting through a yellow (200 pi) tip in 5
ml PBS. This solution was passed though a 40 pm nylon cell strainer (BD Falcon) to

yield a single cell suspension.

2.4. Bacterial cell culture

Cultures were inoculated into and cells were grown in 400 ml L-Broth with the

appropriate selective marker (ampicillin at 20 mg / ml, kanamycin at 20 mg / ml or

chloramphenicol at 13 mg / ml; made up as described, Sambrook et ah, 1989) in an

Innova 4200 incubator shaker (New Brunswick Scientific) set to 220 r.p.m. for >16

hours at 37°C.
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Methods

2.5. General molecular biology techniques

2.5.1. Gel electrophoresis

Unless otherwise stated, DNA samples were separated by electrophoresis through a

1% Hi-pure low EEO Agarose (biogene.com) gel made up in 0.5 x TBE buffer

(Table 2-1) supplemented with 1 - 2 pi 10 mg / ml electran® (BDH) Ethidium
Bromide. Samples were loaded in an appropriate volume of 6 x gel loading buffer

type III (0.25% bromophenol blue, 0.25% xylene cyanol FF & 30% glycerol in

water; Sambrook et al., 1989; except for 3C samples, which were loaded in buffer

lacking bromophenol blue as this migrates at around the same rate as the products of
interest and would interfere with DNA fragment quantification on the

phosphoimager). Sizes of DNA fragments were estimated with the assistance of
either 0.26 - 0.65 pg 100 bp DNA molecular weight marker (Promega; Chapter 4) or

0.1 pg X. DNA / Hind III marker (Invitrogen; Chapter 3).

2.5.2. Phenol / chloroform extraction and ethanol

precipitation

Isolation of DNA from a mixture of proteins, salts and enzymes was required at

many stages of these experiments. General procedures followed are outlined here
with specific detail for individual techniques given in the appropriate sections. For

large volume samples (such as the DNase I and 3C treated samples) extraction was

carried out by mixing the solution thoroughly with an equal volume of phenol

(liquefied, washed in Tris buffer for purification of DNA; Fisher Scientific),
followed by centrifugation in a Heraeus Megafuge 1.0R at 3 345 r.c.f. for at least 10
minutes. Small volume reactions were made up to at least 300 pi with water before
addition of phenol (for ease of handling) and centrifuged in a Heraeus Biofuge Pico
at 12 846 r.c.f. for at least 10 minutes. Organic and aqueous components divided into
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phases and the aqueous DNA containing top phase was taken to the next stage of the

procedure, leaving many impurities behind in the organic phase. The aqueous phase
was further purified by mixing the solution thoroughly with an equal volume of

phenol / chloroform followed once again by centrifugation. This time DNA was

precipitated from the extracted aqueous phase by addition of 2.5 times ethanol and
one tenth 3M Sodium Acetate to precipitate the DNA (ethanol precipitation). This
was left at -20°C overnight to ensure precipitation of small DNA fragments, before

centrifugation at 12 846 r.c.f. for at least 30 minutes at 4°C to collect the DNA.
Collected DNA was then washed by adding 70% alcohol before re-pelleting. The

purified, pelleted DNA was re-suspended in the desired volume of dH20 (Sigma).

2.5.3. General primer design

PCR primers were designed with the assistance of the Primer3 web based utility

(http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi; Rozen and Skaletsky,

2000). The rodent and simple mis-priming library was used to avoid selection of

primers in repetitive regions. Settings were modified to target the correct sequence

and obtain the desired size of DNA fragment. Where possible, primers that had a GC

clamp were selected.

2.5.4. PCR product purification

PCR products were purified using the QIAquick gel extraction kit (Qiagen) and
reaction products were sized by gel electrophoresis. Products of appropriate size
were cut from the gel using a scalpel blade and dissolved in QG buffer (Qiagen) by
incubation at 50°C with frequent vortexing for 15 minutes, or until completely
dissolved. The solution was passed through the silica-gel column membrane of a

Qiagen spin column which retains DNA with high affinity at high salt
concentrations. DNA was adsorbed and the column washed to remove further

impurities before elution of the DNA in 30 pi of dH20. PCR products were stored at

4°C (short term) or -20°C (long term).
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2.5.5. Determining nucleic acid quantification

DNA and RNA quantitation was carried out on a Nano Drop ND-1000

Spectrophotometer. One or two pi of each sample was loaded onto the pestle where

ability to absorb light of specific wavelengths (260 nm) was examined using the
DNA-50 or RNA-40 settings.

2.5.6. Sequencing

The ABI PRISM* BigDye™ Terminator v3.1 cycle sequencing ready reaction kit was

used to carry out all sequencing reactions. Each lOpl reaction was made up of the

following components:

2 pi Big Dye Terminator Mix (PE-Applied Biosystems)
3.3 pmol appropriate primer,
~ 150 ng PCR product as template,
to 10 JJ.1 distilled H2O (Sigma).

Reactions were cycled at:

95°C for 30 seconds, —

50°C for 25 seconds,
60°C for 4 minutes.

for 25 cycles

Ethanol precipitation of the reaction was performed to remove excess terminators by

mixing the sequencing reaction with 50 pi absolute alcohol (Sigma), 10 pi water and
2 pi 3M Sodium Acetate followed by incubation at room temperature for 1 hour.
DNA was collected by centrifugation at room temperature in a Heraeus Biofuge Pico

(12 846 r.c.f. for 1 hour) and washed in 70% alcohol which was evaporated by
incubation at 95°C for 5 minutes. Cleaned up sequencing reaction products were run

on an ABI Prism01 3730 DNA Analyzer by HGU Technical Services staff. Data files

containing traces from these runs were imported into Sequencher™ Version 4.0.5

(Gene Codes) for analysis.
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For many 3C PCR products too little DNA was synthesized for satisfactory analysis

by sequencing. In order to obtain clean data, three or four identical sequencing
reactions were set up and pooled after cycling. These were ethanol precipitated

together as one to yield high quality sequencing traces.

2.5.7. BAC end sequencing

No end sequence data was available for bacterial artificial chromosomes (BACs)
obtained from Genome Systems (BAC 46F10 and BAC 67L02). Therefore BAC end

sequencing was carried out to determine the exact position of each BAC on the

genome using modification of a protocol found at BAC PAC Resources

(http://bacpac.chori.org/cyclesere.htm). The ABI PRISM® BigDye™ Terminator v3.1

cycle sequencing ready reaction kit was used to carry out sequencing reactions. Each

25 pi reaction was made up of the following components:

10 pi Big Dye Terminator Mix (PE-Applied Biosystems),
1.3 pi 25mMMgCl2,
9 pmol T7 or SP6 primer,
3-6 pi BAC prep template,
to 25 pi distilled H2O (Sigma).

Reactions were cycled at:

96°C for 2 minutes,

96°C for 10 seconds,
50°C for 10 seconds,
60°C for 4 minutes.

for 80 cycles

Ethanol Precipitation was used to remove excess dye terminators by mixing the

sequencing reaction with 125 pi absolute alcohol (Sigma), 25 pi water and 5 pi 3M
sodium acetate followed by incubation at room temperature for 1 hour. DNA was

collected by centrifugation at room temperature in a Heraeus Biofuge Pico (12 846
r.c.f. for 1 hour) and washed in 70% alcohol. Cleaned up sequencing reaction

products were run on an ABI Prism* 3730 DNA Analyzer by HGU Technical
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Services staff. Data files containing traces from these runs were imported into

Sequencher™ Version 4.0.5 (Gene Codes) for analysis.

2.5.8. RNA Isolation and cDNA synthesis

At least 5 x 106 cells (from cell line or dissected embryonic tissue) were re-suspended
in 1 ml of TRIZOL" reagent (Invitrogen) by homogenisation through a 0, 80 x 40
mm needle. This reagent is a mono - phasic solution of phenol and guanidine

isothiocyanate which disrupts cells and dissolves cellular components without

disrupting RNA. After briefly resting on ice (5 minutes), 200 pi of chloroform

(CHCfi) was added, the reaction inverted several times and separation of aqueous

and organic phases was achieved by centrifugation at 5000 r.c.f. for 5 minutes at 4°C
in an accuSpin™ Micro 1R (Fisher Scientific). RNA is held in the upper aqueous

phase which was transferred to a fresh tube. RNA was precipitated by addition of
500 pi Isopropanol and incubation on ice for 20 minutes before centrifugation at 12
846 r.c.f. for 20 minutes at 4°C. RNA was washed in 70% ethanol and made up with
RNase free water (Sigma), before re-suspension in 100 pi RNase free water and
stored at

-70°C.

RNA examined in intergenic transcription analysis (Chapter 5) was subsequently
treated with DNase I. Each 20 pi reaction consisted of an aliquot of RNA (10 pi of
the above), 4 pi 5x AMV buffer (Roche) and 10 Units of DNase I (RNase free;

Roche). This was incubated at 37°C for 30 minutes before phenol / chloroform
extraction and ethanol precipitation (in a 3 times volume of ethanol) to recover the

treated RNA.

First strand cDNA synthesis was carried out using AMV Reverse Transcriptase

(Roche). A random section of the RNA population of the cells (2 pi of the above,

typically approximately 4 pg) was primed using 100 pmol random hexamers (d(N)6)

by incubation at 70°C for 5 min in the presence of 40 Units RNase Inhibitor (Roche)

to protect the RNA and 1 pi 100 mM DTT. RNA was converted to cDNA by the
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addition of 20 Units of AMV-Reverse Transcriptase supplemented with lx AMV RT

buffer, 1 pi of 5 mM dNTPs and incubated at 42°C for 1 hour. All reactions were set

up in duplicate, with and without the addition of AMV-Reverse Transcriptase.

The cDNA synthesis reaction was used as template in standard PCRs (see section

2.8) using mRNA specific primers for Pax6 (standard lab primers, designed by D.A.

Kleinjan) and ErccS. The sequences of these primers are given in Table 2-3.

Table 2-3: mRNA primers. Pax6 primers the gift of D.A. Kleinjan.

Primer Primer Sequences

Pax6 F: GCTCTAGATGGGCGCAGACGGCATG
R: GCTCTAGATCTATTTTGGCTGCTAGTC

Ercc3 F: GAGGTGCACACCATTCCAG
R: TCGGTAGAACTCGGGAGACA

2.5.9. TA cloning

Due to the small size of the 3C PCR products, direct sequencing did not always
reveal the desired sequence information. Such products were cloned using the TA

cloning kit (Invitrogen) for sequencing using T7 and M13R primers. TA vectors are

linearised and have 3' deoxythymidine overhangs that can anneal to the 3'

deoxyadenosine that is frequently added to the ends of PCR products by Taq

polymerase in a non-template directed fashion. This promotes efficient ligation of the
PCR product into the vector cloning site. Approximately 50 ng of gel extracted PCR

product was mixed with 50 ng pCRK2.1 vector in lx ligation buffer with 4 Weiss
Units of T4 DNA ligase and incubated at 4°C overnight. Ligated TA vectors were

then used to transform chemically competent E-Coli cells.

2.5.10. Transformation of chemically competent cells

A 50 pi aliquot of DH5a™ cells (Invitrogen) was mixed gently with 2 pi of ligation

product and incubated on ice for 20 minutes. Cells were heat shocked at 42°C for 30
seconds to facilitate transformation of the plasmids across the cell membrane into the
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competent cells, then left on ice for a further 2 minutes before addition of 500 pi
SOC media (Invitrogen) and incubation at 37°C for 45 minutes in an Innova 4200
incubator shaker (New Brunswick Scientific) set to 220 r.p.m. Each transformation
reaction was plated on agar plates containing ampicillin to select for transformant
cells and X-gal (40 pi 20 mg / ml) / IPTG (5 pi 200 mg / ml) to identify insert

containing re-ligated vectors. The small size of these PCR product inserts did not

always prevent P-galactosidase synthesis from the plasmid, resulting in some

colonies appearing blue in the very centre despite the presence of an insert. Insert

containing cell colonies were passed on to HGU technical services to recover and

sequence plasmid DNA.

2.5.11. Immunohistochemistry on cells

The presence of Pax6 protein in our cultured cell lines was analysed using the
Vectastain ABC detection system (Vector labs). All steps were carried out at room

temperature. Cells were fixed in a solution of ice cold methanol : acetone (1:1) for
10 minutes. Non-specific antibody binding was blocked by incubating the cells for
20 minutes in blocking buffer (10% sheep serum, previously inactivated at 60°C for
1 hour, in PBS). Blocking buffer was removed and an appropriate dilution of Pax6

primary antibody in blocking buffer was added. A combination of two previously
described Pax6 monoclonal antibodies that recognise the linker domain of Pax6, 1.5
and 2.3 (Engelkamp et al., 1999), was found to give a good signal in Pax6 positive
cells (using a 1 in 20 dilution of 1.5.6 and 1 in 50 of 2.3.7). Cells were washed twice
with PBS and once with 0.2% tween in PBS before the addition of biotinylated anti
mouse secondary antibody (1 hour incubation took place at room temperature).

Again cells were washed twice with PBS and once with 0.2% tween in PBS before
addition of Vectastain ABC reagent. This alkaline phosphatase conjugated

streptavidin reagent binds to the biotinylated secondary antibody through high

affinity avidin / biotin binding. Cells were washed twice with PBS and once with
0.2% Tween in PBS before detection with Vector® BCIP / NBT substrate which

turns blue on contact with Vectastain ABC reagent. Cells were examined using an

Axiovert 40C light microscope (Zeiss).
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2.6. Experimental procedures

2.6.1. DNase I hypersensitive site (HSS) mapping

For a description of the overall strategy see section 3.2. DNase I treatments were

carried out as described previously (Kleinjan et al., 2001). Cell nuclei were prepared
from approximately 3 x 108 cultured cells (thirty 75 cm2 flasks for each cell type).
Cells were harvested into a 50 ml cellstar® PP-test tube (Greiner bio-one) by

centrifugation in a Heraeus Megafuge 1.0R (300 r.c.f. for 5 min) and counted. Cells
were washed twice by disruption of the pellet by aggressive flicking and addition of
50 ml PBS (Table 2-1), before re-suspending in 2 ml PBS and transferring 1 ml

aliquots to 1.5 ml polypropylene TreffClear Microtubes (Anachem), splitting the
nucleus population in two. Successful isolation of this many nuclei required the cell

population to be split into at least two aliquots which were treated in parallel through

subsequent stages of the protocol until re-suspension in HSS buffer (Table 2-2). Cells
were harvested then re-suspended in 1 ml buffer A (Table 2-2) and incubated for 15
min on ice. The salt levels in this buffer allow water to flow into the cells, causing
them to swell. Cells were passed through a 0, 80 x 40 mm needle to obtain a single
cell suspension, then 30 pi 10% NP-40 (0.002% final concentration) was added to

disrupt the cell membrane and release intact nuclei. This was confirmed by assessing
the ability of 10 pi 0.4% Trypan blue in PBS to stain the nuclei in a 10 pi aliquot of
the cell suspension. A high proportion of single blue cells are required - too many

clumps will prevent the dye (and hence the DNase I enzyme in the remainder of the

population) from accessing the nucleus and can be observed by a lack of blue

staining. The remaining cell nuclei were collected by centrifugation at 1500 r.c.f. for
30 seconds in a Biofuge Pico (Heraeus). Cell debris remained in the supernatant and
was removed. Nuclei were re-suspended in 1 ml HSS buffer before combining the
two (or more) aliquots of isolated nuclei in an appropriate volume of HSS buffer

(typically 5-6 ml). The nuclear suspension was split in 10 equal volumes containing

approximately 5 x 107 nuclei each, which were incubated with 0, 100, 200, 300, 400,

600, 800, 1000, 2000 or 3000 Units of DNase I (Roche) and 50 pi 100 mM MgCb
for 25 min (commencing from the time of MgCh addition) on ice. To prevent
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clumping and maintain single nuclei the reactions were mixed by gentle flicking at

regular intervals. The reaction was stopped by addition of 20 pi 0.5 M EDTA (the

sample incubated with 0 units of DNase I had EDTA added immediately to prevent

endogenous DNases from cleaving the DNA). Nuclei were dissociated overnight by

addition of 25 pi 20% SDS and 100 pi Proteinase K (10 mg / ml) to each reaction at

37°C. DNA was recovered by phenol / chloroform extraction followed by ethanol

precipitation. Recovered DNA was treated with 5 pi RNase (10 mg / ml) for 30
minutes at 37°C. Successful DNase I treatment was confirmed by gel electrophoresis
of 10% of each reaction (Figure 2-1).

Figure 2-1: DNase I treated DNA
RAG nuclei were incubated with an increasing amount of DNase I as shown by the triangle.
0 - no DNase I; M - A DNA / Hind III marker

An aliquot (40 pi; not less than 50 pg) of DNase I treated DNA was incubated with
the selected restriction enzyme in 1 x buffer under appropriate conditions (50 pi final

volume). Reactions were incubated overnight to ensure complete digestion which
was confirmed by gel electrophoresis of 10% of the reaction on an agarose gel. The
remainder of the digest was mixed with diluted Electran® Ethidium Bromide (BDH;
5 pi 0.02 pg / pi) and 1 x loading dye, before electrophoresis through a 1% agarose

gel. Electrophoresis extended overnight at low voltage to ensure good fragment
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separation. Ethidium bromide was added to the DNA sample before transferring it to

the gel to ensure that the large quantity of DNA would run consistently and without

'smiling' of the gel. A lane was loaded with 0.2 pg A DNA / Hind III marker to

monitor progress of electrophoresis and to assist in the determination of fragment
size after radioactive hybridisation. This marker was chosen because the number of

fragments is few enough to allow distinct visualisation of each after probing.

2.6.2. Southern Blotting

Size separated DNA was prepared for transfer to a membrane by incubating the

agarose gel post electrophoresis in freshly made denaturing solution on an orbital
shaker for 30 minutes to make the DNA single stranded, followed by a further 30 -

45 minutes in neutralizing solution. DNA was transferred to Zeta-probe"' Genomic
Tested membrane (Biorad) overnight by placing the membrane and gel between a

wad of 3 mm chromatography paper (Schleicher&Schuell; total thickness 1-1.5 cm)
saturated in 20 x SSC and three sheets of chromatography paper saturated in 2 x

SSC. This, in combination with a wad (between 5 and 10 cm thick) of dry paper

towels facilitated the movement of buffer to carry the DNA onto the membrane.
Successful transfer was confirmed the next morning by visualization of ethidium

bromide on the membrane. The membrane was then baked at 80°C for at least 2

hours (typically 4-6 hours) to immobilize the DNA.

2.6.3. Probe Generation

Probes to identify specific DNA fragments on the Southern blots were generated by
PCR. Primer sequences used in the generation of these probes are given in Table 2-4.
The positions these primers anneal to in the genome can be derived from the probe

positions in Figure 3.3.A-J. Primers were designed in order to amplify fragments of
around 1 000 bp from restriction fragments across the locus. Each restriction

fragment was analysed in Repeat Masker (www.repeatmasker.org; Smit et al., 2006)
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to avoid targeting repetitive DNA sequences. Each 25 pi reaction consisted of the

following components:

2.5 pi 1 Ox PCR buffer (200 mM Tris-HCl (pH 8.4), 500 rnM KC1),
1.75 pi 50mMMgCl2,
2.5 pi 5 mM dNTP mix,
1 pi of each 10 mM primer, as appropriate,
1 pi template DNA (-30 ng appropriate BAC DNA)
0.2 pi Platinum® Taq DNA polymerase (1 unit).
to 25 pi distilled water (Sigma).

Reactions were cycled on an MJ research DNA engine Tetrad 2 Peltier Thermal

cycler:

94°C for 5 minutes (Hot Start),

for 36 cycles
94°C for 45 seconds, _

55°C for 45 seconds,
72°C for 90 seconds, —

72°C for 10 minutes (final extension step).

Typically five reactions were carried out in parallel and then combined during

purification to ensure a high yield of probe. All probes were sequenced to confirm

they corresponded to the correct position in the genome.
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Table 2-4: DNase I HSS probe primers
The probes generated using these probes are drawn on the Pax6 locus in Chapter 3. The
positions of BACs used to amplify these probes can be seen in Chapter 4, Figure 2.

Probe name Primer Sequences BAC Tomplato

POL F: GTACGCAGCAAGCTCTTTCC
R: GTTAGAGGCAACCCCAGGAT

BAC67L02

PEER F: CCAAGGAGTTGAAGGGAGGT
R: GTCTCCATCTCCACCCAGAC

BAC67L02

POPEEL F: CATAGAAACCCTCCCCGAGT
R: GAGAGCCAAACGATCTGGAC

BAC67L02

P1R F: TCCCGCTTCTTTCTTCTCAA
R:CCCTTTAGGCCACACAAAGA

BAC67L02

NRER F: CTCTGGCGCGTCTTTATCTC
R: GCGAGTGCACACTACTGCAT

BAC67L02

AlphaL F: ACCCTAGCTACCGGCCTAGA
R: TCTACGGATGCCAGAGTGTG

BAC67L02

CE1 F: CGAACCTGCAGCTTTGAGTT
R: TCCCTAAAACCACCAAATCG

BAC67L02

CE4M F: GGCCAGCAACACTCCTAGTC
R: ACGGGCCAGGGTATTATAGG

BAC67L02

8841R F: CGGACCCTATTGATGGTGAC
R: GAAGTGTGAGGCCATCAGGT

BAC67L02

13111R F: TCTGGTCACCAAAGGAGCTT
R: TAGAAGGTTCCCAGGCCATT

BAC67L02

4470R F: AGGGAGGGGGTTTGTAACTG
R: GGGCACAATCATCGCTATCT

BAC67L02

E60L F: TTTGCTGGGAAACTGTTCCT
R: TTGAGGTAAACCCGAGCATC

BAC225G18

E60M F: GCTCCCTGAGACAAATGAGC
R: GCTTCCTTGCAAAGGGTATG

BAC225G18

E60R F: CAGTGGGAAGGCAGTAAGGA
R:GCACCAGTAGCACTGCATTT

BAC225G18

9206M F:TGGCAGTAAAGAAACTGCTGAA
R: CATGTTAAATTCATAGTAGGTCACCA

BAC225G18

5547M F: GGATGGTGCTCAGCTTTTGT
R: ATGCTGCAGGAGCTCTAAGG

BAC225G18

7205M F: CATTGAAAGCTGGGTGACCT
R: TCATCTGCCAGCTTACCAAA

BAC225G18

E100 F: AGCAAACCGAAGGCCTAAAG
R: CCAAGCTGGCCTCACACTTA

BAC46F10

5627R F: ATTGGTCAGGTTGGCTTCAA
R: CGGACACATTACTGCCAAGA

BAC46F10

12120 F: ATCAGGATCTTGGGGTGGAT
R: CTTACATTGCTGGGCACCAT

BAC46F10

SIMO F: TCTTCAGCTATCAATTCTTTCAGTG
R: TGCCCTCCTGACACI I I I CT

BAC46F10

3085R F:GTGAAAAACTGCCCCACAAG
R: CAAGTGAGACCACTCCCTTCA

BAC46F10

6921L F: AAGCAGCATGTGCAGCCTGAATTCAACG
R: TTGAGTCATCCTAGATTTCCTATCCAG

BAC46F10

6123R F: ACAGAAGAGAGCTGGTGTCTAGGAG
R: TTAATAGACATTGTAAGTCAGTTGG

BAC46F10

6818L F: TTTCCTTCCCGCATTATCAC
R: AGTGTGACTAGGGGCAGAGC

BAC46F10

7458M F: AGACACACACTGGCACCAAA
R: GATGGAGCTAATCCCCAGGT

BAC46F10

11912L F: CAAAAGGTCCCCGCCATTA
R: CAGCAGAAAAGCTTAAAATGAAA

BAC46F10

RB F: TCAGCAAGCAGCAGTGATTT
R: GGACTCCGGGACACTCTACA

BAC46F10

16088M F: GGCCCTAGGGGTTAAGACTG
R: TCACCCATCAGCTGTGTACC

BAC46F10
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2.6.4. Probe radio-labelling

Each probe was radioactively labelled to allow visualisation of regions of interest.
Radioactive [a 32P] dCTP (50 pCi; GE Healthcare) was incorporated into 100 ng of
the appropriate denatured (95°C for 10 min) probe using 1 x High Prime mixture

(Roche). This mixture contains Klenow polymerase and random oligonucleotides
which are used to incorporate the radioactive nucleotides into the probe during a 30

min incubation at 37°C. Successful incorporation of radioactive [a 32P] dCTPs was

confirmed by Trichloroacetic Acid (TCA) precipitation. A single drop of the reaction
was added to a Whatman Glass Microfibre GF/B filter. The level of radiation emitted

from the drop was estimated with a Geiger counter before 20 ml of 5% TCA was

passed through the filter using a vacuum pump, taking with it any unincorporated [a

32P] dCTPs. A second reading was made with the Geiger counter and this was
32

compared to the first to give an indication of the level of incorporation of [a P]
dCTP into the probe. Typically probes showed > 95% incorporation. Probes found to

have less than 40% incorporation were discarded as the high level of non-labelled

probe would compete with the radioactively labelled probe resulting in loss of signal.
Excess unincorporated nucleotides were removed from the probes by size separation

using Sephadex™ G-50 DNA NICK™ columns (GE Healthcare). Columns were

equilibrated with 3 ml of TE (Table 2-1) before taking up the entire labelling reaction
in 75 pi TE and loading this on to the column, immediately followed by loading a

further 400 pi of TE. This was allowed to enter and run through the gel in the column
before the addition of a further 400 pi of TE which was used to elute the probe.

A labelled X DNA / Hind III marker probe was produced as above by labelling 100

ng of X DNA / Hind III marker however the column purification step was omitted.
After confirming successful incorporation of radio-labelled nucleotides 800 pi of TE
was added to the reaction and 30 to 100 pi of this was hybridised to each probe

depending on the number of half lives the radiation had passed through.
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2.6.5. Probe hybridisation

Hybridisations were carried out in Techne large glass hybridisation tubes (FHB11)
and incubated in a Techne Hybridiser HB-1D incubator at 65°C. The larger diameter
of these hybridisation bottles ensured that the membrane did not overlap with itself

during hybridisation. All membranes were pre-hybridised at 65°C in 20 ml

hybridisation buffer (Church-Gilbert; Sambrook et al., 1989; Table 2-2) freshly

supplemented with denatured Sonicated Salmon Sperm (SSS) DNA (200 pi 10

mg/ml) for one hour to mask repetitive DNA sequences. Denatured (95°C for 10

min) radioactively labeled probes were added to this hybridization buffer and left to

anneal to the DNA on the blot overnight.

The next day, membranes were washed in 2 x SSC / 0.1% SDS, lx SSC / 0.1% SDS
and 0.5x SSC / 0.1% SDS (30 minutes each) at hybridisation temperature to reduce

background signal. Membranes were exposed on storage phosphor (Molecular

Dynamics) or BAS-MS2025 (Fujifilm) screens for 3 nights at room temperature to

enable visualisation of faint HSS fragments. The screen was transferred to a FujiFilm
FLA-5100 phosphoimager (Raytek) for signal detection and visualisation using
Advanced Image Data Analyser (AIDA) version 3.44.035.
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2.7. Chromosome Conformation Capture

Chromosome Conformation Capture (3C) was carried out as previously described

(Tolhuis et al., 2002; Palstra et al., 2003; Spilianakis et al., 2005; Splinter et al.,

2004) with minor modifications.

2.7.1. Formaldehyde fixation and nuclear isolation

Approximately 1 x 107 cells were fixed in 10 ml of DMEM containing 10% Fetal
Calf Serum and 2% formaldehyde (Molecular Biology Grade; Sigma) for 10 minutes
on a roller mixer SRT1 (Stuart Scientific) at room temperature. The cross-linking
reaction was quenched by the addition of 1.425 ml 1M glycine before collection of
the cells by centrifugation in a Heraeus Megafuge 1.0R (353 r.c.f. for 8 min at 4°C).
Cells were washed twice by disruption of the pellet by aspiration and addition of 50
ml cold PBS before incubation in 5 ml 3C cell lysis buffer (Table 2-2) on ice for 10
minutes to disrupt the cell membrane. Nuclear access was confirmed by assessing the

ability of 10 pi 0.4% Trypan blue in PBS to stain nuclei of a 10 pi aliquot.

2.7.2. DNA digestion

Nuclei were collected by centrifugation in a Heraeus Megafuge 1 .OR (677 r.c.f. for 5
min at 4°C) and taken up in 1 x restriction buffer. To allow the DNA in the cross-

linked nuclei to be cut, non-cross-linked proteins were first removed by incubation
with 7.5 pi 20% SDS at 37°C for 1 hour, followed by addition of 50 pi 20% Triton
X-100 for a further hour to sequester the SDS (Dekker et al., 2002; Splinter et al.,

2004). DNA was digested with 400 U of Hind III (high concentration; Roche) in an

Innova 4200 incubator shaker (New Brunswick Scientific) set to 220 r.p.m. overnight
at 37°C. The restriction enzyme was inactivated by addition of 40 pi 20% SDS and
incubation at 65°C for 20 minutes.
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2.7.3. Intra-molecular ligation

The reaction mixture was taken up in 7 ml 1 x ligation buffer (Promega) and SDS
was sequestered by the addition of 375 pi 20% Triton X-100 with incubation at 37°C
for 1 hour and occasional shaking. The ends of the tethered fragments were joined by
intra-molecular ligation mediated through the addition of 100 units of high
concentration T4 DNA ligase (Promega) and incubation at 16°C for 4 hours,
followed by 30 minutes at room temperature.

2.7.4. Reversal of cross-linking and DNA isolation

Cross-links were reversed by addition of 30 pi 10 mg / ml Proteinase K (Roche) and
incubation overnight at 65°C. RNA was destroyed by incubation with 30 pi 10 mg /
ml RNase A before removal of impurities by phenol, then phenol / chloroform
extraction (see section 2.5.2) and DNA recovery by addition of the final aqueous

phase to 12 ml absolute alcohol and 700 gl 2M Sodium Acetate pH 5.6. This was left
on dry ice until frozen (> 2 hours) before centrifugation in a Heraeus Megafuge 1 .OR

(3345 r.c.f. for 45 minutes at 4°C). DNA was washed in ice cold 70% alcohol before

spinning down and re-suspension in 150 gl dTEO (Sigma). This was left on a see-saw

rocker SSL4 (Stuart Scientific) for at least one night (typically three) at 4°C to ensure

complete re-suspension.

2.7.5. Detection of ligation products

Platinum® Taq DNA Polymerase (Invitrogen) was used to amplify unique junctions
created by ligation of restriction fragments. Primers were designed to minimise
differences between reactions, primers had similar melting temperatures (62°C) and

amplified fragments of approximately the same size (200 bp). See section 4.3.3 for
an explanation of the strict design process. Primer sequences are given in Table 2-5.

Each 15 gl reaction consisted of the following components:
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1.5 |nl 1 Ox PCR buffer (200 mM Tris-HCl (pH 8.4), 500 mM KC1),
1.2 |il 50 mM MgCF,
0.75 Jul 5 mM dNTP mix,
1 pi of each 10 mM primer, as appropriate,
3 pi template DNA (between ~ 300 ng and 2.5 pg)
0.2 pi Platinum® Taq DNA Polymerase (1 unit).
to 15 pi distilled water (Sigma).

Reactions were cycled on an MJ research DNA engine Tetrad 2 Peltier Thermal

cycler:

94°C for 5 minutes (Hot Start),

for 34 cycles
94°C for 45 seconds,
65°C for 45 seconds,
72°C for 15 seconds, —1

72°C for 2 minutes (final extension step).

To ensure that reliable, reproducible and comparable results were obtained across the
locus a strict procedure was followed to set up these reactions. First a test PCR was

carried out on all templates to examine whether the Ercc3 control locus interactions
could be detected. A serial dilution of the template was carried out: a 4 pi aliquot of

the template (above) was diluted in 4 pi of water and 4 pi of this was subsequently

diluted in another 4 pi of water to yield a gradient of template concentrations that

spanned one half to one sixteenth. PCR master mix (as described above) was added
to this template and subsequent PCR products were subjected to electrophoresis on a

2% gel for detection. If good signal was obtained in all lanes, a master serial dilution
of template was set up using appropriate volume for all primer combinations required
in duplicate across the same gradient of template. The use of such a large amount of

template may seem wasteful, but in doing so, we ensured that we were able to detect

reproducible results in the linear range of amplification of each template for all

primer pairs. It is essential that each PCR is in the linear range of amplification in
order to ensure that the amount of PCR product obtained directly correlates to the
amount of that particular ligation product in the 3C template (see section 4.3.2). The

Chapter 2: Materials and Methods 2-22



appropriate volume of template was aliquoted into each well of non-skirted 96 well

plates (AB Gene) as shown in Figure 2-2.

Template
f > > >i "4 1 16

■oooo
oooo
=0000
«oooo
oooo
=0000
'OOOO
oooo
oooo
'OOOO
"OOOO
'OOOO

f > > >i 1 1 16

oooo
oooo
oooo
oooo
oooo
oooo
oooo
oooo
oooo
oooo
oooo
oooo

Figure 2-2: 96 well plate layout
3C PCRs were carried out according to this procedure. This set up ensures linear range of
amplification for each primer pair for every template. Reactions were always set up in the
proportions given above each column, as it is the linear range that is important for each
template, rather than the actual amount. However the approximate concentration of template
at these positions is 1/16: 300 ng / pi; 1/8: 600 ng / pi; 1/4: 1.2 pg / pi and 1/2: 2.5 pg / pi).
Reaction products were run on gels as seen in Figure 4-9a.

PGR products were separated on 2% agarose gels using modified 96 well apparatus

(AB gene). This allowed greater separation of the products and ensured that only the

fragment of correct size was quantified (some reactions yielded a number of artefact

bands, as seen in Figure 4-9). Gels were pre-cast with equal amounts of ethidium
bromide (2 pi ethidium bromide for each 200 ml gel). Gels were scanned on a

FujiFilm FLA-5100 phosphoimager (Raytek), where DNA fragments stained with
ethidium bromide are visible in Fluorescence mode when scanning with the 532 nm

green laser and detecting with the LPG filter. Gels containing products from the
same 3C template were grouped and scanned together, to ensure that results across

the locus were highly comparable. Analysis and quantification of bands was carried
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out using AIDA version 3.44.035. Values were imported to and analysed in
Microsoft® Excel.

PCR products obtained from each primer set were gel extracted (section 2.5.4) and

sequenced (section 2.5.6) to confirm their identity at least once from a cross-linked

template, in addition to the control BAC derived template.

Table 2-5: 3C PCR primers
Hind III fragments detected by these primers can be seen in Chapter 4 (Figure 4-3 and
throughout the chapter). All primers recognise sequence approximately 50- 100 bp from the

Primer Primer Sequence

12R GTATTTTGGTCACAGCAGTTTGAAT
PEER GGACTTTTAGAAGGGCAATGG
POR GATTGACTTTCCCAGCTTCTCTGT
P1R GGCGAATATCATTTTTACAACCTCTC
aR CTACCTTGGCTTTCTAGATCTCAGTT
15R AAAGTATTTACCTATGGCTGTGTTGG

E60AR GCCCACCCAGTGTGTTCTC
E60BR GGAACATTTATCCTCCAGGCTTC

17R ATTCAAGGCTGTCCTGTTCTACAAT
100R TGAAATTCTTTCTTGACTATTTACCATGT

negR TCAGAAGTGGTGAGGAAACTAAAAC
19R AGAGGGAAGAAACTATGGCTTTAGA

SIMOR AGAGTGGGGAAGAACCTCGAACAC
HS2R CAAGTGATGGCAAATCACACC

HS3 1R TGAGCTGGTGCTATGTTGAGG
HS3 2R TTGCCTTGCCAGGTATGATG
HS4-7R TTGAAGTGTGACTTTGTTAAATTTGGT
HS8R TTTCATTACAGAGCATTACACAGAGC
21R GTCTCACAGACTCGGGAAGTAGAC
RBR CTCCCAATTCCAAGAAGG
24 R GAGTTACTCAACACACCCACACTTC
25R TCTGCCTTCAGAATATTGCAAAGTA

1r (Palstra et al., 2003) TGACCTCCACACTCCTGAC
3r (Palstra et al., 2003) ATGCGCAATTAGAAACTGC

HS-26 (Drissen et al., 2004) GAATCTCCATCTCCAAGGG
a2 promoter (Drissen et al., 2004) AAGAGGTGCAGGTGTATTACTG
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2.7.6. Generation of Control template

A control template for the 3C assay that contains approximately equal concentrations
of all possible combinations of re-ligated restriction fragments is required to assess

differences in primer pair efficiency (see section 4.3.3). This was created in yeast by
the random digestion and re-ligation of a sample of genomic DNA; however this is
not usually possible in mammalian genomes due to their relatively larger size. To
address this problem, re-ligated DNA sequences of interest need to be enriched in the
control template. The preferred method for doing this is digestion and re-ligation of a

PAC or BAC that spans the region of interest (Palstra et al., 2003). Owing to the size
of the Pax6 locus the generation of a control template proved difficult and two

different strategies were used as different resources became available.

2.7.6.1. Preparation ofBACs

The original Pax6 locus control template was generated by the digestion and random

re-ligation of a combination of two BACs (BAC 46F10 and BAC 67L02; Genome

Systems). A control template for the Ercc3 control locus primers was derived by

digestion and re-ligation of a PI-derived Artificial Chromosome (PAC) that spanned
the Ercc3 locus (PAC 334G18; a gift from Wouter de Laat). Large batches of E-Coli

containing appropriate constructs were grown to ensure a very high yield of plasmid
DNA. Six 400 ml cultures per construct were harvested in a Sorval RCN5B

centrifuge (5465 r.c.f. for 5 min). BAC and PAC DNA were isolated using a Plasmid
Maxi kit (Qiagen) by a modified protocol. Collected cells were re-suspended in 10
ml buffer PI (Table 2-1) before addition of 10 ml buffer P2 (Table 2-1). The

combination of these buffers resulted in an alkaline lysis reaction. The reaction was

neutralised by addition of 10 ml buffer P3 (Table 2-1) leading to precipitation of
some proteins and cell debris which were separated from the plasmid DNA by

centrifugation (21 859 r.c.f. for 45 min). To remove the remaining impurities, the
low salt supernatant was passed though a Qiagen column containing an anion-

exchange resin. The low salt and pH promote DNA binding to this membrane.

Impurities, including RNA and proteins, were removed by a medium salt wash
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before plasmid DNA was eluted in a high salt buffer (15 ml QF buffer (Qiagen)).

Isopropanol precipitation was carried out by addition of 10.5 ml Isopropanol and
incubation on ice for at least 2 hours before recovery of the DNA by centrifugation in
a Heraeus Megafuge 1.0R (3345 r.c.f. for 45 minutes) at 4°C. Plasmid DNA was

washed in 70% Ethanol before collection by centrifugation and re-suspension by

rolling in 5 ml of TE overnight at 4°C on a roller mixer SRT1 (Stuart Scientific). The
BACs were phenol / chloroform extracted (section 2.5.2), ethanol precipitated and

re-suspended in 100 pi dFLO to ensure maximum purity and yield of the constructs.

Two 40 pi aliquots were digested overnight with 80 Units of high concentration Hind
III (Roche) at 37°C. These were phenol / chloroform extracted (section 2.5.2) and
left at -20°C overnight to ensure precipitation of fragments of all sizes. DNA was re-

suspended in 50 pi of dFLO overnight at 4°C on a roller mixer SRT1 (Stuart

Scientific). Re-ligation took place by the addition of 5 - 10 Units of high
concentration T4 DNA ligase (Promega) and appropriate buffer. The reaction was

left overnight at 4°C and left at room temperature the next morning for at least 1 hour
to complete ligation. DNA was phenol / chloroform extracted (section 2.5.2) and

precipitated overnight before re-suspension in 50 pi of dFLO.
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2.7.6.2. Preparation of long range PCR products

BAC 46F10 and BAC 67L02 are separated by approximately 30 kb (Figure 4-3).
This gap in control template coverage included the E60 regulatory element. In an

attempt to assay these sequences three 10 kb sections covering the area between the
two BACs were amplified by long range PCR. Primers were designed at Hind III
restriction sites so that they could be digested and purified before re-ligation

avoiding additional overlapping sequence. Primer sequences are given in Table 2-6.

The Expand Long Template PCR System (Roche) was used to amplify regions
between the BACs 67L02 and 46F10. Each 50 pi reaction was made up of the

following components:

5 pi lOx PCR buffer 1,
8.75 pi dNTP mix (2 mM of each),
3 pi of each primer (10 pM stock),
lpl template DNA (1 / 30 of the mini-prepped BAC225G18)
0.75 pi Expand Long Template Enzyme Mixture (2.5 units),
to 50 pi dH20 (Sigma)

Reactions were cycled on a MJ Research PTC-225 Peltier thermal cycler at:

94°C for 2 minutes,

94°C for 10 seconds,
65°C for 1 minute,
68°C for 8 minutes,

for 10 cycles

94°C for 10 seconds,
65°C for 1 minute,
68°C for 8 minutes + 20 seconds for each cycle,

for 20 cycles

68°C for 7 minutes.

PCR products were digested with Hind III before separation on a 1% Agarose gel.

Fragments of appropriate size were gel extracted (section 2.5.4).
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Table 2-6: Long Range PCR Primers.

Primer Primer Sequences

LinkBACs_1 F:GGGGAAGCTTGGCATGTTTGAAGGGGACAAAGATCCC
R:GGGGAAGCTTAACTCTTTTAAAAATTGGGCTTTATGTTC

LinkBACs_2 F:GGGGAAGCTTTCACAAAATACTAAGAAATAGGTGCC
R:GGGGAAGCTTTATGGCCATGACCTGTCCATGACTTC

LinkBACs_3 F:GGGGAAGCTTTTGTCTTGTGCTTTCTTTTAGAAATTTTAG
R:GGGGAAGCTTCTAGCCTCCATACAACCTAATCTAGGCC

2.7.6.3. Creation ofa Pax6 enriched template

BACs and PCR products were combined to obtain a mixture with an equal

representation of each base pair across the Pax6 locus. The relative size of each of
the fragments was taken into account along with the quantity of the DNA i.e. BAC
46F10 is 20 times longer than the long range PCR product, so to obtain equal
numbers of each base in these sequences 20 times more BAC 46F10 DNA is added
than the long range PCR product. Sizes and relative sizes used for this calculation are

given in Table 2-7.

Table 2-7: Relative amounts of digested products for re-ligation

Component Size (kb) Relative amount added
to ligation reaction

Long Range PCR products
1 10 lx
2 10 lx
3 10 lx
Constructs
BAC67L02 ~ 100 lOx
BAC46F10 ~ 200 20x
PAC334G18 ~ 65 6.5x

All components were digested separately then combined for ligation in the

proportions given above to ensure that each base pair across the locus is represented
in equal amounts.
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The presence of all areas of interest was confirmed by successful amplification using

appropriate primer pairs. Despite this, there were concerns that mixing such a large
number of different components was not as clean as using a single BAC that covered
the whole region. Over the course of the project, a longer BAC became available

(RP23-403K1; kindly provided by Judy Fantes; Figure 4-3) that covered the majority
of the sequences of interest and this was used in place of BAC67L02, BAC46F10
and long range PCR products 1, 2 and 3.

The final component of the control template is re-ligated mouse genomic DNA.
DNA was extracted as in the DNase I HSS assay protocol from aliquots of

approximately 5 x 107 cultured mouse cells. Cells were re-suspended in

approximately 1 ml HSS buffer and disrupted overnight by addition of 25 pi 20%

SDS and 100 pi Proteinase K (10 mg / ml) at 37°C. DNA was recovered by phenol /
chloroform extraction (section 2.5.2) followed by ethanol precipitation. Recovered

DNA was treated with 5 pi RNase (10 mg / ml) for 30 minutes at 37°C. The

digestion and ligation protocol was exactly the same as that followed for the BACs

given above (section 2.7.6.1).

Test PCRs were carried out on re-ligated BAC template to determine the amount

required for amplification in the linear range under these conditions (typically a one

hundred fold dilution of the above was used as the maximum). PCRs were carried

out in the same manner as the cross-linked template with the exception that each
reaction had approximately 1-2 pg of re-ligated gDNA added to control for the
amount of template being added in the cross-linked reaction.
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2.8. INTERGENIC TRANSCRIPTION ANALYSIS

Total RNA was extracted and converted to cDNA for a variety of pelleted cell lines
and embryonic tissues as described (section 2.5.8), with the exception of deviations
indicated in chapter 5 (some cDNA synthesis reactions took place at 60°C and
sometimes experiments required the substitution of random hexamers for other

primers in first strand synthesis). Intergenic transcripts were detected by RT PCR

using the primers given in Table 2-8. The positions for the majority of these primers
are given by their name (which indicates the conserved element they recognise), for
other primers, regions recognised are shown in Figure 5-5. DNase I treated RNA was

used as template in a standard PCR. Each 25 pi reaction consisted of the following

components:

2.5 [il 1 Ox PCR buffer (200 mM Tris-HCl (pH 8.4), 500 mM KC1),
1.75 pi 50 mM MgCl2,
2.5 pi 5 mM dNTP mix,
1 pi of each 10 mM primer, as appropriate,
2 pi cDNA template from RT,
0.2 pi Platinum® Taq DNA polymerase (1 unit).
to 15 pi distilled water (Sigma)

Reactions were cycled on an MJ research DNA engine Tetrad 2 Peltier Thermal

cycler:

94°C for 5 minutes (Hot Start),

for 34 cycles
94°C for 45 seconds, —
60°C for 45 seconds,
72°C for 90 seconds, —1

72°C for 10 minutes (final extension step).

Products were separated on a 1 % Agarose gel.
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Table 2-8: Intergenic Transcription primers. Single primers named with numbers were
designed by D.A. Kleinjan who had used these in previous analyses of the PAX6 locus.
Primers are ordered by their location on the PAX6 locus and grouped in pairs.

Primer Primer Sequences

272 F: GGTATCTGAGCAGGTGAGAGA
271 R: TGCTTTCTAAGCCCCTGAGGT
188 F: GAGGCTAGCCACTCCGCTGTGACCTGAGGA
189 R: TTTCTAGAGCCGGTTCTTAGCGCT
130 F: AGAATTCAAAGAGTAGTTTTCTCT
259 R: GAAGTCAGGTTGCCTAGAGGA
258 F: AAAGGTAGAGTGTGTCTTCGA
257 R: CTACACCCTGCTGTAAGTGGA
28 F: TGGAATTCACTGTGCTTTTAAAAAGATAC
57 R: CCCATGGGCTACCTGTGC

E60B100 F: CTATAGGCGCATTCCACCAT
R: TGGGGAACAGAGTGAGATCC

E100BSIMO F: TTTGCTGAGCTCACACATCC
R: CTGAATGGAGGGTGGAAGAA

260 F: ACAGGGACACAACACTTCGCA
128 R: ATGCCTCCATATCAACCTAGA

SIMOWF F: GGAGAGAGACTTCCCTTTTGC
R: CCTTTTTGACACTAATAATGACTGAG

HS2E F: GCCTAAGGGAAAGTCAGCAA
R: CAAGATGTGGTTGCATAAGTGTT

HS3E F: GTTGCCGGTAAGAAATGCTC
R: CATGCCAATTTCCCTTTGAT

HS4WF F: AAAAGGGCCAAAGTGGTCA
R: GAGAGATGGC I I I I GGGTGA

HS5E F: AAAAGGGCCAAAGTGGTCA
R: GAGAGATGGCTTTTGGGTGA

HS6WF F: TCAATCACGTGGGCACACTA
R: CCACCCCAACATTGTTCAGT

HS6B7 F: TGCACAGCCTAGATTTCACAA
R: GCAAAATAAATGTGCAGAAAGC

HS7WF F: CCTCCTCCTTGCCCATCT
R: GCTTATTTGCAACACCAI I I GA

HS8WF F: TCTTGGGCTACAGACTTCACAA
R: AGCAAACTTTTTGTGTCAACATT

HS8d1 F: CAAAACTCATGTTTTCTCACAGG
R: GAGCCCTGTGTGTTCAAGCTA

HS8d2 F: CCGGGTATCAGCATGTGTAG
R: CAAATTCCAGTGACTTTGTGTCA

HS8d3 F: TGACTGAAGGTGGTGTTATGC
R: AGCAATGGACCGCTTTAGAA

103 F: GAAGATCTCGAGGTGGATGACAAATTTTGCT
104 R: CGGGATCCAAATATTAGTAGCATCACCA
150 F: CCTATTCTTAAAATGTTTCTCTGT
151 R: AAGATCAGGCAGTAGGTAGGA
154 F: ATTTTGGTTCACAACGCCTTGCCT
155 R: GGCTTTCTATTTCTGGCTCTGCTG
264 F: ACACAGATTTAACCGCAGACACT
263 R: GGAGAGAATAGCCTGGTCTGA

Chapter 2: Materials and Methods 2-31



Chapter 3:
DNase I hypersensitive site

mapping across the Pax6
locus



3.1. Introduction

Information stored in the DNA molecule is brought to life through the interaction of

many proteins at specific sequences. DNA-protein associations form chromatin and
are dynamic and variable features that allow the generation of diverse cell types from
the same DNA sequence. DNA is ordered and protected in the cell nucleus in
nucleosome arrays and these associations allow greater than two meters of DNA to

fit inside an approximately 5 Jim diameter nucleus. The first level of compaction
involves DNA being wound around histone octamers. Far greater levels of

compaction are achieved through association between nucleosomes that form higher
order structures. This compaction is antagonistic to the expression of genes because
it restricts access to the underlying DNA sequence (Lewin, 2000).

Differences in DNA-protein interactions across the chromatin molecule can be
revealed by assessing the susceptibility of different regions of the genome to DNA

cleaving agents. Areas of the genome that are accessible to protein factors are also
more accessible to DNA cleaving enzymes and are therefore more susceptible to

digestion (Stalder et al., 1980; Bulger et al., 2003). These are termed regions of

'open' chromatin. These regions often contain genes that are either poised to start, or

are actively in, the process of transcription, although recent studies suggest that this
correlation is not exact (Gilbert et al., 2004). Sequences of restricted access to the

enzyme are often protected from cleavage by higher order nucleosome structures.

Crucially areas of open chromatin vary between cell types, reflecting their different

transcriptional profiles.

In addition to regions of susceptibility, particular sequences show extreme

hypersensitivity to enzymatic digestion. These sequences are thought to be entirely
devoid of nucleosomes (Gross and Garrard, 1988; Elgin, 1988; Stalder et al., 1980).
For many years the Deoxyribonuclease I hypersensitive site (DNase I HSS) assay

(see section 3.2) has been used to reveal sequences that are implicated in gene

regulation such as promoters, enhancers, insulators, LCRs, and terminators (Fritton
et al., 1983; Tuan et al., 1985; Gross and Garrard, 1988; Carson and Wiles, 1993;
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Montoliu et al., 1996; Schedl et al., 1996; Chung et al., 1997; Su et al., 2000;

Vazquez and Schedl, 2000; Li et al., 2002; Lee et al., 2003; Tam et al., 2006; Sabo
et al., 2006; Crawford et al., 2006). Additionally, HSS analysis at specific loci has
associated HSSs with CpG islands, interspersed repeats, and exons that are

alternatively spliced (Castronuevo et al., 2003; Pauler et al., 2005). The presence of a

HSS at these elements signifies that they are 'active,' as it is assumed that the

binding of a transcription factor has disrupted the nucleosome array, leaving these

sequences hypersensitive to DNase I (see section 1.3.2).

The main aim of this project was to determine if known Pax6 regulatory elements,
some of which are separated by over 150 kb from the traditional gene transcription

unit, interact with one another to regulate Pax6 expression (Chapter 4). The murine

fi-globin locus is a paradigm for distal DNA regulatory element interaction (see
sections 1.3.5 and 1.4). A number of regulatory elements have been identified

through DNase I HSS analysis, each of which have been studied intensively (Tuan et

al., 1985; Forrester et al., 1986; Grosveld et al., 1987; Tuan et al., 1989; Fraser et al.,

1993; Li et al., 2002; reviewed Li et al., 2002; de Laat and Grosveld, 2003;

Dorschner et al., 2004; Patrinos et al., 2004). The full compliment of DNase I HSSs
is only present in cells where the fi-globin genes will be or are expressed (Tuan et al.,

1985; Forrester et al., 1986). Hence the correct state of these DNA elements is
essential for fi-globin gene expression (reviewed Li et al., 1999). The active

regulatory elements form a locus control region (LCR; see section 1.3.3), which is
defined by it's ability to confer position independent - copy number dependent

regulation on the associated gene (Li et al., 2002). Data from a number of groups

suggest that the LCR is frequently in closer association to the active (3-globin

promoter than the sequences located between the two on the linear DNA molecule

(Carter et al., 2002; Tolhuis et al., 2002; Palstra et al., 2003). These findings led to

the hypothesis that active regulatory elements (the DNase I HSSs) cluster to fonn a

'chromatin hub' (CH) which becomes an 'active chromatin hub' (ACH) on

association with a promoter when the gene is transcribed (de Laat and Grosveld,

2003; see sections 1.4.3 and 4.1 for further details). The identified hub(s) are absent
in cells where these DNase I HSSs are not formed and the fi-globin genes are not
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expressed. Hence it appears that DNase I hypersensitive site formation is required for
DNA sequences to cluster in a chromatin hub structure in vivo at the (5-globin locus

(Tolhuis et al., 2002; Palstra et ah, 2003; de Laat and Grosveld, 2003).

Although not subjected to such intense scrutiny, a detailed picture is emerging of the
role various DNA elements play in the regulation of Pax6 expression. The ability of
a yeast artificial chromosome (YAC) containing the human PAX6 locus to rescue the
Pax6 point mutation associated Small eye (Sey) mouse phenotype (see section 1.6.5;
Hill et ah, 1991), defined a critical region that contains all essential Pax6 regulatory
elements (see section 1.6.17; Schedl et ah, 1996; Kleinjan et ah, 2001). Analysis of

transgenic mice made with truncated YAC transgenes and a close examination of

interspecies sequence conservation in this region has identified potential regulatory

elements, a large number of which have been assessed individually for their ability to

drive reporter gene expression in transgenic mice (see sections 1.6.11 to 1.6.16;

Kleinjan et ah, 2001; Griffin et ah, 2002; Kleinjan et ah, 2004; Kleinjan et ah, 2006;
D.A. Kleinjan, unpublished). These analyses have revealed that multiple enhancers
exist for most of the Pax6 expression sites in the embryo. The enhancers are spread
over at least 200 kb of the Pax6 genomic locus (Figure 1-6). At the fi-globin locus,
all regulatory elements participating in the chromatin hub are active, i.e. form HSSs,
in fi-globin expressing cells. The finding that each Pax6 regulatory element drives a

distinct overall pattern of reporter gene expression is highly suggestive that each of
these elements is 'active' in specific places rather than all of these elements being
active in all tissues. It was therefore important to determine which of the many

regulatory elements present in the Pax6 genomic locus were 'active,' potentially

allowing them to participate in regulatory element interactions (chromatin hub-like

structures) in particular cells. In addition, as no systematic, un-targeted functional

analysis to detect Pax6 regulatory elements throughout this previously defined
critical region (Schedl et al., 1996) has been carried out, this was a good opportunity
to search for previously uncharacterised regulatory elements in the region.

DNase I HSS mapping was carried out across an approximately 200 kb region of
mouse chromosome 2E3 (including the Pax6 locus) to identify active regulatory
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elements. Three cell lines derived from different tissue origins provided a uniform
and readily available source of chromatin to perform analysis. Lens (MV+; Colucci-

Guyon et ah, 1994) and brain (N2A; neuroblastoma; Olmsted et ah, 1970) cells both

express Pax6 and were analysed in order to identify tissue specific regulatory

elements, while analysis in kidney (RAG; Felluga et ah, 1969) cells provided a

comparison of the locus in a Pax6 negative cell line. Active sequences are expected
to be highly accessible to DNase I. The DNase I HSSs identified in this analysis were

mapped onto a percentage identity plot (PIP) produced by comparing sequences from
mouse chromosome 2E3 to human chromosome 11 p 13 and chicken chromosome 3

(analysis carried out by Philippe Gautier). The PIP maps regions highly conserved
across species. Such sequences are more likely to serve critical function because they
have been conserved in all subsequent branches of the evolutionary tree. Highly
conserved sequences are usually considered as candidates for involvement in gene

regulation and HSSs frequently coincide with highly conserved sequences (Groudine
et ah, 1983; Kleinjan et ah, 2001; Martin et ah, 2004; Tarn et ah, 2006; Sabo et ah,

2006). However, it must also be noted that differences in gene regulation are likely to

play an important role in phenotypic differences between species (King and Wilson,

1975; Hill, 2004; Carroll, 2005). Therefore the focus should not solely be on

sequence conservation and previous studies have shown that not all potential

regulatory regions are conserved across species (Valverde-Garduno et ah, 2004). In

plotting the HSSs identified in our study onto the PIP of conserved sequences around
the Pax6 locus we sought to highlight correlations between conserved sequences and

regulatory elements.
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3.2. The DNase I Hypersensitive Site Assay

To visualise DNase I HSSs across the Pax6 locus a conventional Southern blot based

strategy (Wu, 1980; Gross and Garrard, 1988; Elgin, 1988; Fritton et al., 1983) was

carried out, using the following procedures (also see section 2.6.1):

Nuclei were isolated from each cell line and divided into ten equal portions. Each

portion was treated for a set amount of time (25 minutes) with an increasing amount

of DNase I (from 0 to 3000 units). The use of a variety of DNase I concentrations
allows the identification of sequences with different relative susceptibilities to the

enzyme and assists in validating results. DNase I treated DNA is extracted from the
nuclei before further digestion with a restriction enzyme. The restriction enzyme is

usually chosen so that it will cut the DNA to produce a fragment that encompasses

sequence(s) of interest. As this analysis sought to identify HSSs without a priori

knowledge of regulatory element positions, enzymes were chosen (where possible)
that would yield a fragment of between 7 and 12 kb that overlapped with adjacent
selected fragments. This required detailed restriction maps to be constructed of the
area of interest. Approximately 560 kb of DNA sequence from mouse chromosome
2E3 encompassing the Pax6 gene was obtained from Ensembl (www.ensembl.org).
This sequence was imported and re-assembled using Sequencher™ computer

software. The "Cut Map" feature of this software was used to generate a series of
restriction maps by selecting restriction enzymes that were readily available to our

laboratory. The restriction maps were examined and fragments selected that would

give best coverage of the region.

DNA fragments from treated DNAs were separated on an agarose gel. Samples were

loaded such that DNase I concentration increases from left (0 Units DNase I) to right

(3000 Units DNase I). DNA fragments were immobilised on a nylon membrane by
Southern blotting (see section 2.6.2). This membrane is hybridised with a radioactive

probe (see section 2.6.5) unique to the fragment of interest that ideally recognises
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one end of the fragment (See Figure 3-1). Probed membranes were exposed on a

phosphor cassette which was transferred to a phosphoimager for detection.

Probing the membrane should reveal a fragment of expected size in the non-DNase I

treated lane, which we term the 'parent band.' Looking across the lanes of the gel,
this fragment gradually disappears as the amount of DNase I added increases. If
DNase I HSSs are present, the disappearance of this parent band will coincide with
the appearance of smaller but distinct degradation fragments. The size of the

degradation fragment allows prediction of the location of the HSS within the

fragment of interest. The accuracy of HSS placement can be increased when one

probe is used to recognise one end of the fragment and the membrane is subsequently

re-probed (after fading / stripping of signal) with a second probe that recognises the
other end of the fragment (see Figure 3-1).

Chapter 3: DNasc I HSS mapping across the Pax6 locus 3-7



Probe A

Digested DNA
(Expected fragment)

Degradation
Fragments

23.1 kb
9.4 kb
6.6 kb

4.4 kb

2.3 kb
2.0 kb

HSS

Probe B

6.4 kb

Figure 3-1: The DNase 1 hypersensitive site assay
Top: A 6.4 kb restriction enzyme generated DNA fragment (black line, top) that contains a
DNase I HSS (black arrow, top) is probed with either Probe A (left, red) or Probe B (right,
green). These probes recognise the indicated degradation fragment when DNA is pre-
treated with DNase I. Bottom: Both probes detect the expected fragment and indicated
degradation fragments. The 6.4 kb expected fragment gradually disappears from left to right
across the gradient of increasing DNase I concentration. This coincides with the appearance
of a degradation fragment, the size of which allows the HSS to be positioned on the
restriction fragment. M: Marker lane A / Hind III fragments. These are shown on the following
blots in this chapter. 0 lane: no DNase I added. Black triangle represents increasing DNase I
concentration.

While the ends of the restriction fragments are the ideal probe positions it was not

always possible to use probes derived from these locations. Firstly it is vital that the

probe can uniquely identify the fragment of interest. If a probe contains part or all of
a repetitive element, hybridisation results in a strong smear due to annealing at many

sites across the genome. Each fragment of interest was scanned with repeat masker
software (www.repeatmasker.org) to identify positions that could be uniquely
identified by a probe. Secondly, because initial experiments gave disappointingly
weak signals, probes were designed to avoid known regulatory elements in order to

maximise the signal from each probe on the blot (i.e. if a probe were to recognise

sequences at a site of cleavage annealing would only take place to each degradation

Chapter 3: DNase I HSS mapping across the Pax6 locus 3-8



fragment produced along a portion of the total probe length, hence the signal

intensity would be reduced). Finally, to save time and resources, fragments that could
be identified by reusing another probe did not have a probe designed specifically for
them.
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3.3. Results

3.3.1. Pax6 expression status of MV+, N2A and RAG cell lines

Three cell lines were used in this analysis: MV+, N2A and RAG. These are derived
from lens, brain and kidney respectively and allow comparison between cells of
different tissues. To confirm that Pax6 expression status in these cells is the same as

their tissues of origin, (i.e. MV+ and N2A are positive, while RAG is negative) we

carried out immunohistochemistry with a Pax6 antibody. This analysis revealed
localisation of Pax6 protein to the nucleus of MV+ and N2A cells but not RAG cells

(data not shown). In addition, RT-PCR analysis using primers specific to Pax6
mRNA confirmed that the lens and brain cells both transcribe Pax6 while no Pax6

transcription is observed in the kidney cells (see Figure 3-2). One or both of these

analyses was carried out on each population of cells in parallel to HSS analysis to

confinn Pax6 expression status.
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Figure 3-2: Analysis of Pax6 and Ercc3 expression in MV+, N2A and RAG cell lines
Expression status of Pax6 in MV+ (top), N2A (middle) and RAG (bottom) cells was
determined by RT-PCR. The constitutively expressed Ercc3 gene (described in section
4.3.4) was used as a positive control. M: 100 bp marker. +: RNA was converted to cDNA by
RT-PCR, RNA incubated in the absence of RT polymerase.
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3.3.2. DNase I HSS analysis of the Pax6 locus

DNase I HSS analysis was performed across a region of mouse chromosome 2E3
from 13 kb upstream of the Pax6 Po promoter to RB, a previously characterised Pax6

regulatory element, located approximately 190 kb downstream of the Pax6 promoters

(Kleinjan et ah, 2006). Analysis was carried out in three cell lines: MV+ (lens cell

derived; Pax6+), N2A (neurally derived; Pax6+) and RAG (kidney derived; Pax6~). In

the following pages, radioactively hybridised membranes from each of these cell
lines are arranged in columns and these are grouped and labelled by the restriction

fragment under analysis (in an appropriately coloured box) throughout the results
section of this chapter. Owing to the size of the figure, it is divided into ten segments

(Figure 3-3.A-J). Each page of data is followed directly by a description of the data
in that page. An additional copy of Figure 3.3 is supplied separate from the thesis for
convenience. The blots are presented alongside a PIP of the region generated using
the mouse sequence as base line (analysis carried out by Philippe Gautier). DNase I
HSSs are marked in the tracks above the PIP by a black or grey line, the intensity of
which corresponds to the frequency of the HSS in the cell population under analysis.
HSSs that correspond to previously identified regulatory elements are indicated
above the tracks. Where HSSs correspond to previously uncharacterised regions, the
site is given the name HS« where n is the approximate position on the PIP x axis. A
more detailed description of the manner in which the data is presented appears in the

figure legend (section 3.3.2.1).
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3.3.2.1. Figure Legend

Figure 3-3.A-J: DNase I HSS analysis of the Pax6 locus.
The blots: Sequences across the locus were examined one restriction fragment at a time for
presence of DNase I HSSs. Each coloured box represents one restriction fragment and
groups membranes probed by radioactive hybridisation from each cell line (columns left to
right: MV+, N2A, RAG). Coloured boxes are labelled in the top left hand corner with the name
of the restriction enzyme used to generate the (parent) fragment and the size of the fragment
generated in kb. The parent fragment is indicated and labelled (usually in white) to the left of
the blots by the probe used to identify it and an appropriately coloured line. Degradation
fragments are labelled in black with their predicted size in kb in brackets. Marker and DNase
I lanes are indicated at the top of each column; triangle represents increasing DNase I
enzyme concentration; 0 = no DNase I control.

The PIP: The Pax6 locus is represented in 20 kb segments by a percentage identity plot
(PIP; generated by Philippe Gautier) rotated 90° clockwise and positioned to the right of the
coloured boxes. The x axis represents the mouse genomic sequence which is compared to
sequences from the human and chicken genomes (upper and lower y axis) in 100 bp
windows. Sequence identity greater than 50% in the 100 bp window between the compared
sequences is plotted on the appropriate y axis. Exons are indicated by red boxes, Pax6
introns yellow boxes, Elp4 introns orange boxes. Additional genomic features recognised by
the PIP maker program are represented above the PIP and correspond to various repetitive
elements and CpG islands (see http://pipmaker.bx.psu.edu/pipmaker/; and below for further
details). Probes and restriction fragments utilised in DNase I HSS analysis are colour-
coordinated. Restriction fragments are drawn in tracks below the PIP, with probes shown
below these tracks, while DNase I HSSs are summarised above the PIP with data from each
cell line presented in a separate track using a black or grey line: MV+ - top, N2A - middle,
RAG - bottom. Thickness and colour of the line roughly corresponds to the relative frequency
of the HSS in the cell population analysed (thick black highest HSS, thin grey least), however
this was not determined quantitatively. Where the HSS corresponds to a previously identified
regulatory element, this is the name given to the site. Otherwise the site is given the name
HS/7 where n is the approximate position on the PIP x axis. (M)arker lane: A / Hind III
molecular weight marker (Invitrogen), fragment sizes on these membranes from bottom to
top: 2 027 bp, 2 322 bp, 4 361 bp, 6 557 bp, 9 416 bp, and 23 130 bp (as seen in Figure 3-
1). See section 3.4.13 for an explanation of poor correlation between these and expected
restriction fragment sizes. PIP legend: White pointed boxes ( ) - L1 repeats; Light grey
triangles (0) - SINEs (excluding MIR); Black Triangles (i) - MIRs; Black pointed boxes (€) -

LINE2s; Dark grey triangles (^) and pointed boxes (HI) - other interspersed repeats (e.g.
LTRs and transposons); short dark grey boxes (Hi) - CpG islands (CpG / GpC ratio > 0.75);
short white boxes (i ) - CpG islands (CpG / GpC ratio between 0.6 and 0.75).
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3.3.2.2. Region surrounding the Pax6 coding sequence

PO PI

p,eel£isi E60A/B EIOO SIMO HS345 678 KB

The DNase I HSS analysis of the Pax6 locus is described in order across the linear
Pax6 locus, beginning with a fragment located approximately 13 kb upstream of the
Pax6 Po promoter and proceeding through the genie region, followed by the region
downstream of the gene. The first fragment analysed was generated by cleaving
DNA with the Eco RI restriction enzyme to release a 7.63 kb fragment (light blue;

Figure 3-3.A) that is detected by the POL probe (dark blue). This fragment persists in
the presence of all but the highest concentrations of DNase I in each cell line,

suggesting that the DNA in this region is relatively inaccessible to the enzyme in a

high percentage of cells. An approximately 1.7 kb fragment can be seen in all lanes
of MV+ and N2A. The presence of this fragment was not predicted by bioinfonnatics

analysis and is likely to be the result of a very strong cross hybridisation by this

probe to an unknown genomic region. Additionally, a number of weak hybridisation

signals were visualised on hybridisation with DNA derived from N2A nuclei. Some
of these are present in the absence of DNase I treatment (lane 0) - indicating that
these are also cross hybridisations - however this is not the case for fragments of

approximately 2 kb (HSS 12.5) and 3 kb (NR), suggesting that these DNase I HSSs
are present in a minority of N2A nuclei. Mapping these DNase I degradation

fragments to the PIP (Figure 3-3.A) reveals that NR corresponds to a small island of

sequence conserved to chicken that was previously identified in quail as a neural
enhancer element that acts on Po (see section 1.6.11; Plaza et al., 1999). HSS 12.5

corresponds to sequences that are highly conserved between human, mouse and
chicken. Neither of these HSS fragments is apparent in hybridisations involving MV+
or RAG nuclei, however as the overall hybridisation signal on these membranes is

weaker, signal from minor HSSs may not be visible. Additionally, the position of this

probe prevents analysis of a number of highly conserved sequences to the right of the

fragment.
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The second fragment assayed for DNase I HSSs is a 7.89 kb Nco I generated

fragment (brown; Figure 3-3.A extending into Figure 3-3.B) encompassing the Pax6

Po promoter. This fragment is detected with the PEER probe (dark green). DNase I
treatment in MV+ nuclei reveals three degradation fragments. The fragment of

approximately 6.5 kb is likely to have been created by DNase I cleavage in a region
conserved to chicken between Po and Pi promoters (HSS21.4; Figure 3-3.B). This

region is a CpG island as it has an elevated CpG / GpC ratio (> 0.75). A fragment of
similar size would be produced by DNase I cleavage at EE (see section 1.6.11;

Figure 3-3.A; and these fragments cannot be distinguished on this blot). Only
HSS21.4 could be confirmed in subsequent analysis due to the positions of

surrounding restriction sites. Two fragments of approximately 5 kb are likely to be
the result of cleavage around the Po promoter (Figure 3-3.A). These HSSs were not

detected in nuclei from N2A or RAG cells. Closer examination of these

hybridisations reveals ladders of very faint cross-hybridisations of equal intensity
across all lanes.
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An 8.17 kb Bgl II generated fragment (light blue; Figure 3-3.B) lies just downstream
of the Po promoter. This fragment is detected with the POPEEL probe (dark blue).

Fragments of approximately 6.8 and 7 kb are present in MV+ and N2A nuclei

mapping HSSs to positions close to the Pax6 Pi promoter. The positioning of an

open chromatin conformation at this promoter suggests that it is active in both cell
lines. It is interesting to note that the sequences around this promoter are two-fold
more susceptible to DNase I in N2A than in MV+ nuclei where Po is also utilised

(although this may simply reflect differential ease of DNase I access between the
nuclei of the two cell lines and a control region which is known to be similar in both
cell lines would be required to verify this). In addition to the previously characterised
Pax6 Pi promoter (Kammandel et al., 1999), there are a number of CpG island

sequences in this region that correspond to DNase I FISSs. Fragments of 3.1 and 3.4
kb (HSS23.9; Figure 3-3.B) are common to MV+ and N2A, while this hybridisation
also allows for a more detailed analysis of HSS21.4 that was first revealed in the

analysis of the 7.89 kb Nco I generated fragment described above. Four fragments
between 1 and 1.8 kb are generated from cleavage around this position in MV+, two

of which are also present in N2A (although these are far less common here as

determined by the greatly reduced hybridisation signal). In addition, analysis of N2A
nuclei in this region reveals strong hybridisation to a fragment of approximately 4.3
kb (HSS24.9). This N2A specific HSS does not appear to map to a region of

significant sequence conservation or any other genomic landmark. Hybridisation

signals corresponding to fragments of a variety of sizes are visible in the RAG

hybridisation however these are likely to be the result of cross hybridisations to

unknown regions of the genome due to the failure to confirm any of these HSSs with
a different probe and enzyme below.

The presence of the HSSs at Pi and HSS23.9 in MV+ nuclei was confirmed by

analysis of an 8.72 kb Eco RI generated restriction fragment (pink; Figure 3-3.B) that
was detected using the P1R probe (pink). This assay also confirmed absence of these
HSSs in RAG nuclei. The presence of a HSS at Pi in N2A nuclei was confinned

using the P1R probe to detect a 5.36 bp Bam HI restriction fragment (light orange).
MV+ and N2A hybridisations revealed DNase I degraded fragments indicating a

Chapter 3: DNase I HSS mapping across the Pax6 locus 3-18



further HSS (HSS27.2) is present in MV+ and N2A cells, again corresponding with a

region of elevated CpG / GpC ratio. Detection of HSS27.2 in the Bgl II / POPEEL

assay was presumably hindered by the position of other HSSs in the region which
would have generated fragments of similar size.

The Hpa I restriction enzyme was used to isolate a 6.22 kb fragment (dark orange;

Figure 3-3.B) that spans Pax6 exons 4 to 7. This fragment was detected using the
NRER probe (red). Analysis in the MV' cell line reveals fragments of 3.6 and 4.1 kb

suggesting DNase I cleavage occurs at the position of the previously identified

highly conserved neural retina enhancer (NRE; see section 1.6.11; Kammandel et al.,

1999). This element has been shown to drive reporter gene expression in the neural

retina, pigment layer of the retina and the iris when linked to the Po promoter and
was also found to be the site of initiation (Pa) of an alternative Pax6 transcript

(Kammandel et al., 1999). The PIP highlights this region, along with another

approximately 2 kb downstream, to be of increased CpG / GpC ratio. As with the

CpG enriched sequences surrounding the Pi promoter, HSSs map to the borders of
these islands (HSS35.1). Initiation of transcripts in this region may be the most likely

explanation for these HSSs existing in lens derived cells. While none of these

fragments were observed in N2A nuclei, there are faint, smeary hybridisation signals
of corresponding size in the RAG cells. These may indicate hypersensitivity in a

minor population of RAG nuclei, although it is possible these are cross

hybridisations, similar to those observed in the 8.17 kb Bgl II fragment described

above, a theory supported by that fact that the parent band appears highly resistant to

DNase I cleavage and the failure to confirm these sites using an overlapping 10.19 kb
Bam HI fragment (apple green; probed with AlphaL).

In addition to NRE and HSS35.1 described above, the 10.19 kb Bam HI fragment

(green; Figure 3-3.B extending into Figure 3-3.C) reveals HSSs of 6.1 and 7.5 kb in
MV+ nuclei that correspond to conserved sequences CE1 and CE2 located in intron 7

of Pax6 (Figure 3-3.B). Presence of these sites was confirmed by probing a 6.24 kb

fragment generated by the Asp 718 restriction enzyme (yellow; Figure 3-3.B

extending into Figure 3-3.C) which identifies intron 7 with the CE1 probe (dark
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green). The location of the CE1 probe in this fragment prevents definitive positioning
of these HSSs, however this blot suggests that three of the four previously described
intron 7 highly conserved sequence elements (Figure 3-3.B and Figure 3-3.C; see

section 1.6.12; Kleinjan et al., 2004) are hypersensitive in MV+ nuclei. Fragments

ranging in size between 2.1 and 2.5 kb (yellow; Figure 3-3.C) correspond to the

region surrounding CE2 (Figure 3-3.B). A smaller fragment of approximately 1.8 kb

(yellow; Figure 3-3.C) is likely to have been created by simultaneous cleavage of

sequences around CE1 and CE2 (Figure 3-3.B) while a fragment of approximately
5.2 kb (yellow; Figure 3-3.C) corresponds to the position of CE4 (Figure 3-3.C). This
5.2 kb fragment is indistinguishable from the expected 5.5 kb fragment that would be

generated by CE1 alone. Of these FISSs only CE4 is visible in nuclei derived from
N2A and RAG cell lines, although the parent band in both appears relatively resistant
to DNase I treatment. Weak hybridisation signal from fragments of 4 and 4.5 kb are

visible in N2A treatments suggesting that sequences around the remaining previously
identified intron 7 enhancer, CE3, are hypersensitive in this cell line.
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A closer analysis of the 3' end of intron 7 is provided by a 6.37 kb fragment (light

blue; Figure 3-3.C) generated by Eco RV. This fragment is detected with the CE4M

probe (dark blue). This analysis confinns the presence of the HSSs at CE4 in MV+
and CE3 and CE4 in N2A nuclei. Interestingly, the HSS at CE4 in RAG nuclei was

not confirmed, although a very faint signal may be present with an optimistic squint

(!) Faint hybridisation signals were also observed from fragments of 5 and 5.3 kb in
MV+ derived nuclei, suggesting that CE3 is indeed hypersensitive here. Detection of
a HSS at CE3 in the 6.24 kb Asp 718 fragment may have been hindered by the
weakness of the HSS relative to the many other degradation fragments derived from
this fragment. The presence of a HSS at CE4 is further confirmed by analysis of a

6.82 kb Hpa I generated fragment (dark orange; Figure 3-3.C).

Analysis of the region encompassing the Pax6 coding sequence is completed by

examining an 8.8 kb fragment (brown; Figure 3-3.C) generated by the Asp 718
restriction enzyme that extends into the final exon of the neighbour gene Elp4. The
8841R probe (purple) reveals the parent fragment along with a number of other

fragments of far weaker intensity. The strength and similarity of these additional

fragments across the cell lines suggests that these are likely to be cross

hybridisations, however it is of interest that the fragments of 3.8 and 4 kb map to the
final exon of Pax6 (UTR) and the fragment of 2.8 kb (HSS49.0) maps to a highly
conserved sequence conserved to chicken. A fragment of approximately 6 kb may

also be present in N2A and RAG treatments (*), although is more likely to be

background on these blots. However, it could be argued that the 6.82 kb ///?a I

fragment yields a degradation band of 6 kb in N2A (*) which would confirm this site
and position a weak HSS in N2A and RAG at a very short run of sequence with a

CpG / GpC ratio of between 0.6 and 0.75 (* on PIP).
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3.3.2.3. The Elp4final intron region
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Many previously identified Pax6 regulatory elements are located in the introns of the

constitutively expressed neighbour gene Elp4, transcribed from the opposite strand
towards Pax6 (see section 1.6.18). Analysis continued in this region to assess the
status of previously identified regulatory elements with a view to discovering others
that remained uncharacterised. A 13.11 kb fragment generated with the Asp 718
restriction enzyme (dark green; Figure 3-3.C extending into Figure 3-3.D) extends
from the Elp4 final exon (exon 10) and is visualised using the 13111R probe (light

purple). A number of degradation fragments are revealed in addition to the parent

fragment, all of which correspond to repetitive elements. Fragments of 2.4 and 6 kb

(HSS62.4; Figure 3-3.D & HSS59.5; Figure 3-3.C) correspond to positions of LINE 1
elements (LlMd_F2 & Ll_Mus3). HSS59.5 appears in all three cell lines, however
HSS62.4 is only visible in MV+ and RAG derived nuclei. The presence of a 4.5 kb

fragment (HSS61.0; Figure 3-3.D) in all cell lines suggests that a HSS is located in a

sequence identified as a SINE (B4A) by the PIP maker program. Finally, a 3.5 kb

fragment present only in MV+ and RAG cells maps to a LTR (MLT1J; HSS61.7;

Figure 3-3.D).

The overlapping 14.19 kb Bam HI generated fragment (light orange; Figure 3-3.D)
contains two areas of exceptionally high sequence conservation across multiple

species. This region has been shown to drive reporter gene expression in transgenic
mice (see section 1.6.16). DNase I HSS analysis was attempted with three different

probes (E60L, M and R; all red; specific probe used indicated in the top right of the

blot). In all cell lines, degradation of the parent band occurs on incubation with

increasing amounts of DNase I. While this is often the fate of the parent band in

DNase I hypersensitive site analysis, such a marked sensitivity to the enzyme usually

corresponds to the appearance of one of more degradation fragments. Additionally,
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'smearing' of the parent fragment occurs in a way that appears distinct from other

fragments across the locus. In an attempt to reveal HSSs in this region, the DNase I

gradient was altered to ten times less in each lane across the gradient of the original
blots (bottom left MV1 blot in panel, altered gradient indicated by white triangle).
Therefore lane 8 of the blot in the altered gradient is the equivalent of lane 2 of the
normal gradient. Hybridisation with E60L failed to reveal any HSSs although a

marked degradation is seen in lane 10. This suggests that some property of the

protein-DNA interactions in this region that has not been clearly defined is

responsible for this distinct DNase I sensitivity (see section 3.4.7). We therefore

highlight this region as being of increased DNase I susceptibility, pending further

investigation.

The lack of clear results for the 14.19 kb Bam HI fragment prompted closer
examination of the sequences surrounding the E60 UCS. Asp 718 was used to

generate a 4.47 kb fragment (light blue; Figure 3-3.D) that did not contain the core

E60 conserved sequence and this was detected using the 4470R probe (dark blue).

Analysis reveals a very faint degradation fragment of 3.6 kb (HSS66.8) that is visible
in all three cell lines. The presence of this fragment suggests that a DNase I HSS is
located just downstream of an island of highly conserved sequence. The parent

fragment in these hybridisations is typical of other DNase I blots across the locus and

appears relatively resistant to DNase I digestion until very high concentrations of the

enzyme are used. This suggests that the cause of the strange smeared bands can be
localised to the final 7 kb of the 14.19 kb Bam HI fragment. A similar assessment of
the region 3' of the E60 element has yet to be carried out as it has proved difficult to

find an appropriate enzyme.
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A 9.21 kb fragment (brown; Figure 2.2.D extending into Figure 3-3.E) is generated

by Bel I and is detected with the 9206M probe (pink). This fragment contains a

cluster of repetitive elements and at least two HSSs of approximately 6.0 kb are

revealed in all three cell lines (HSS85.0). These fragments are unlikely to correspond
to the mouse / human conserved sequence located in the middle of the 9206M probe
because this would reveal two fragments on hybridisation (the shorter of which at ~

3.5 kb is clearly not present). Therefore this HSS appears to correlate to a LINE1
element (LIM3).

Eco RI was used to isolate an overlapping 5.55 kb fragment (light orange; Figure 3-

3.E). This fragment was detected by the 5547M probe (red). DNase I treated nuclei
from all the cell lines reveal a degradation fragment of approximately 4.2 kb

(HSS91.1). This fragment maps a HSS to the position of a (TA)n repeat. MV+ and
N2A hybridisations reveal three additional fragments. Two of approximately 2.5 kb

map to an extended run of conservation between mouse and human sequences

(HSS90.0). The presence of the 3 kb fragment (*) also supports this position as the

probe would detect sequences on either side of a site of DNase I cleavage at this

position. Analysis of the same region using a 7.64 kb Bgl II generated fragment

(green; Figure 3-3.E) and probe 7205M (blue) confirms the presence of these HSSs
in MV+. However this analysis also suggests that, contrary to the data from the 5.55
kb Eco RI fragment, this site is present in N2A and RAG. This was surprising,
however the weak intensity of HSS90.0 suggests that this site may be difficult to

detect in all hybridisations.

The 7205M probe (blue) detects a fragment of 7.21 kb (light blue; Figure 3-3.E)
isolated by digestion with Elpa I. This fragment appears especially susceptible to

DNase I treatment in N2A nuclei where a smear at around 6 kb is visible. Cleavage
at this position suggests that a cluster of LTRs (RMER6A) which are located in this

region are hypersensitive to DNase I cleavage (HSS95.5). These sites are also

present in MV+ and RAG nuclei although the signal appears weaker in these cell
lines.

Chapter 3: DNasc I HSS mapping across the Pax6 locus 3-27



Eco Rl
(13.18)

11.0)
ISO) 108.1 —I
14.0) 107.9 -

Hpa I
(5JS3)

5627

Figure 3-3.F

Chapter 3: DNase I HSS mapping across the Pax6 locus 3-28



A 10.04 kb Hpa I generated fragment (yellow; Figure 3-3.E extending into Figure 3-

3.F) contains the previously identified highly conserved El00 regulatory element

(CI 170 Boxl23; see section 1.6.14; Griffin et al., 2002). Probing this fragment using
the El00 probe (yellow) failed to reveal any degradation fragments. The El00 probe
was also used to detect a 13.18 kb Eco RI generated fragment (green; Figure 3-3.F)
that extends downstream of the El00 conserved sequence. This fragment yielded

multiple HSSs of comparable strength in all cell lines analysed including

(unexpectedly) an approximately 11 kb fragment, suggestive that a HSS is indeed
located at the E100 element (CI 170). The other degradation fragments revealed by
this hybridisation correspond to SINEs. The 5 kb fragment (HSS 108.1) corresponds
to the position of a SINE (B3A) while a 4 kb fragment (HSS 107.9) corresponds to

the position of a (CCAA)n repeat element.

A 5.63 kb Hpa I fragment (light blue; Figure 3-3.F extending into Figure 3-3.G) is
detected with the 5627R probe (dark blue; Figure 3-3.G). This parent band is highly
resistant to cleavage by DNase I in all three cell lines and there appear to be no HSSs
in this region. Upper bands are from previous hybridisations that failed to reveal
HSSs. The same probe is used to detect a 7.54 kb Bam HI fragment (red; Figure 3-
3.F extending into Figure 3-3.G). Multiple degradation fragments are visible in all
cell lines. Fragments of 6.5 kb (HSS 125.4; Figure 3-3.G), 4 kb (HSS 123.9; Figure 3-

3.G), 3.5 kb & 3.2 kb (HSS123.4; Figure 3-3.G), and 2.1 kb (HSS122.2; Figure 3-

3.G) are common between MV+ and N2A although at variable intensity between the
cell lines. HSS 123.4 & HSS 125.4 are also present in RAG nuclei. The majority of
these sites appear blurred as if regions are susceptible to DNase I rather than distinct
sites. There appears to be no obvious genomic landmarks in the regions of these
HSSs with the exception of HSS 125.4, which corresponds to a site of CpG / GpC
ratio between 0.6 and 0.75, and HSS 122.2 which is located close to a SINE (PB1D7).

Unfortunately the most highly conserved sequence in the fragment is not tested in
this assay because of the positioning of the probe.
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3.3.2.4. The Pax6 DRR
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The Pax6 downstream regulatory region was previously identified as a cluster of
DNase I HSSs in human cell lines (see section 1.6.13; Kleinjan et ah, 2001). All but
one of these sites corresponds to highly conserved sequences allowing easy

identification of these on the PIP. The importance of this region to Pax6 expression
was first suggested by aniridia patients who lacked mutation in the Pax6 coding

sequence but chromosomal analysis revealed downstream rearrangement (Simola et

ah, 1983; Fantes et ah, 1995) and this region has subsequently been shown to be
crucial to Pax6 expression in both transgenic mice and cell lines (Kleinjan et ah,

2001; Lauderdale et ah, 2000; Kleinjan et ah, 2006).

Probing a Bel I generated 12.12 kb fragment (yellow; Figure 3-3.G) with the 12120

probe (dark orange) results in a distinct series of fragments in MV+. An 8.5 kb

fragment corresponds to the previously identified HSS1. Interestingly this site does
not correlate to highly conserved sequence. Fragments of 4.5 kb (SIMO) and 4.1 kb

(FISS 129.8) correspond to the location of the previously identified SIMO (EI)

regulatory element. The presence of these HSSs is interesting because SIMO was not

found to be associated with a HSS in human cell lines, including one assumed to be

homologous in origin to MV+ (but see section 3.4.2; Kleinjan et ah, 2001). Other
faint fragments (seen in all cell lines) are likely to be cross-hybridisations to

unknown regions of the genome. These findings were confirmed by probing an 8.09
kb Bgl II generated fragment (green) with the SIMO probe.

A 5.91 kb Eco RI fragment (brown; Figure 3-3.G extending into Figure 3-3.H)
extends through the previously identified HSS2 and HSS3 regulatory elements.
Detection of this fragment with the 3085R probe (red; Figure3-3.H) reveals a strong

degradation fragment of 3 kb that corresponds to HSS2 and a weaker fragment of 2.3
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kb suggesting that HSS3 is also hypersensitive. Both of these sites are witnessed only
in MV+ derived nuclei.
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An 8.81 kb Hind III generated fragment (green; Figure 3-3.H) includes DNA

sequences of the previously identified human HSSs 4, 5 and 6. Only HSS6 is present

in MV+ cells, as revealed by a 1.8 kb degradation fragment visible when probed with
6921L (green). None of these sites was observed in N2A or RAG nuclei

preparations. The presence of HSS6 was confirmed using a 6.12 kb Bel I generated

fragment (yellowy-green; Figure 3-3.H) with the 6123R probe. The degradation

fragment of approximately 3.1 kb corresponds to HSS6. The same fragment yields a

second group of degradation bands of approximately 1.5 kb. These correspond to

HSS7. Confirmation of the presence of HSS7 was achieved by probing a 3.78 kb
Bam HI generated fragment (red; Figure 3-3.H) to reveal degradation fragments of
between 1.9 and 2.1 kb that were again absent in N2A.

The last of the DRR elements, HSS8 is contained in a 6.92 kb Hpa I generated

fragment (yellow; Figure 3-3.H) that also spans HSS7. A 3.8 kb degradation

fragment corresponding to HSS8 is present in all three cell lines. It is interesting to

note that the intensity of this fragment varies greatly between cell lines. Weak

hybridisation is observed in the lens cell line, something that was also noted in

analysis of the human cell lines (Kleinjan et al., 2001), although the relative
weakness in MV+ here may simply be due to the strength of HSS7 and the relative

positioning of the probe.
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3.3.2.5. Downstream of the DRR

PIP analysis of regions downstream of the DRR reveals additional highly conserved

sequences that have been implicated in Pax6 expression (D.A. Kleinjan,

unpublished, Kleinjan et al., 2006). DNase I HSS analysis therefore continued
downstream of the DRR.

A 6.82 kb Hpa I generated fragment (light blue; Figure 2.2.H extending into Figure

3-3.1) is located 2.5 kb downstream of HSS8 and can be detected by the 6818L probe

(blue; Figure 3-3.Fl). No fragments corresponding to DNase I HSSs were found

despite some high sequence conservation in this region. Ideally a second

hybridisation using a probe positioned to the right of this parent fragment should be
carried out to confirm that these sequences are not hypersensitive. Fragments visible
on the membrane of greater molecular weight than the parent fragment are the result
of previous hybridisations carried out with this membrane that did not yield HSSs.
This allowed these membranes to be re-used to assay the smaller parent fragment.

The 7458M probe (red) detects a 7.46 kb Hpa I generated fragment (yellow; Figure

3-3.1). The location of the probe sequence in the fragment makes it difficult to

position the HSSs that are revealed. A cluster of HSSs of approximately 5 kb are

seen in all cell lines. This corresponds to the position of a LINE1 repetitive element
located in the fragment (L1MA5; HSS167.1). The positioning of these HSSs over the
LINE1 element is supported by further analysis of the region. A 6.26 kb Bel I

fragment (orange; Figure 3-3.1) that does not extend into the LINE1 element fails to

reveal any DNase I HSSs while the adjacent Bel I fragment of 7.60 kb (green; Figure

3-3.1; probed with 11912L) reveals a weak degradation fragment of approximately 6
kb. This 7.60 kb fragment also yields a number of other faint fragments. Fragments
of approximately 3 and 3.3 kb in length (HSS 170) correspond to a short run of
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sequence conservation between human and mouse while a fragment of

approximately 2 kb (HSS171) corresponds to the position of another LINE1 element

(Lx2B).

The 11.91 kb Hpa I fragment (pink; Figure 3-3.1 extending into Figure 3-3.J) is
identified with the 11912L probe (green). A large portion of this fragment is located
in LINE1 repetitive elements (Figure 3-3.1). The fragment reveals two HSSs, one of

approximately 3.9 kb (HSS 172.7) and another of approximately 4.4 kb (HSS 174.1).

Interestingly these sites correspond to positions on either side of a group of LTRs,
with HSS 172.7 mapping near a region of high CpG / GpC ratio between 0.6 and
0.75.
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Finally, an 8.81 bp Hpa I generated fragment (green; Figure 3-3.J) contains the RB
element (see section 1.6.15), the furthest 3' element examined in this analysis. This

fragment is detected by the RBL probe (red), the only one of four probes designed to

recognise this fragment to yield a clean hybridisation signal. Hybridisation reveals a

number of fragments which are present in all cell lines examined. Fragments of

approximately 3.7 and 4.5 kb map to the position of the RB element. Other fragments
of approximately 7.9 kb (HSS 188.7) and 2.5 kb (HSS 183.5) suggest HSSs are

present close to Elp4 exon 5 and at a downstream region surrounded by LINE1
element respectively.
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3.4. Discussion

DNase I HSS analysis by Southern blot has been described as the 'gold standard' for
the identification of regulatory elements (Giresi and Lieb, 2006). Studies across a

wide range of loci in a number of organisms have established that HSS are present at

active promoters and other control elements such as enhancers, insulators, repressors

and locus control regions (Fritton et ah, 1983; Tuan et al., 1985; Gross and Garrard,

1988; Carson and Wiles, 1993; Montoliu et ah, 1996; Schedl et ah, 1996; Chung et

ah, 1997; Su et ah, 2000; Vazquez and Schedl, 2000; Li et ah, 2002; Lee et ah, 2003;

Tarn et ah, 2006; Sabo et ah, 2006; Crawford et ah, 2006). We have carried out

DNase I HSS mapping to identify all active regulatory elements in three cell lines

(MV+, N2A and RAG) located between the Pax6 P0 promoter and the previously
characterised RB element (see section 1.6.15; Kleinjan et ah, 2006). HSSs were

identified one restriction fragment at a time by the conventional Southern based

strategy (Wu, 1980; Fritton et ah, 1983; Gross and Garrard, 1988; Elgin, 1988). In

total, 45 HSSs were identified in MV+, 34 in N2A and 30 in RAG. These sites

mapped to 50 distinct sequences across the 183 kb analysed, making the average

density of putative regulatory elements across the Pax6 locus one every 3.6 kb. This
is of two to three fold greater density than witnessed in studies at other loci (Martin
et ah, 2004; Pauler et ah, 2005; Sabo et ah, 2006). Findings are summarised in Figure
3-4 and Table 3-1.
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Figure 3-4: Summary of DNase I HSSs across the Pax6 locus
A scale representation of the locus as described in Figure 1-6 is presented above DNase I
HSS tracks from each cell line. The coding region of Pax6 (red) and part of the coding region
of Elp4 (green) is shown by the large horizontal arrows that correspond to transcriptional
direction. Previously identified regulatory elements are represented by yellow boxes;
promoters are indicated by triangles on sticks. HSS tracks shown below were transferred
from the locus wide analysis (Figures 3-3.A-J).

Table 3-1: Summary of DNase I HSSs across the Pax6 locus. Grey ticks represent the
faintest HSSs in Figures 3-3 and 3-4.

PIP

position
(k)

DNase I
HSS

Associated genomic element Presence in cell
lines

Position
in Figure

3-3MV+ N2A RAG

11.6 NR Previously characterised
enhancer V A

12.5 HSS12.5 Highly conserved sequence V A

16 EE Previously characterised
enhancer V A

20 PO Pax6 P0 promoter V A

21.4 HSS21.4 CpG / GpC > 0.75 V V A&B

23.9 HSS23.9 CpG / GpC > 0.75 V V B

24.9 HSS24.9 None V B

27 P1 Pax6 Pi promoter V V B

27.2 HSS27.2 CpG/GpC >0.75 V V B

33.5 NRE Previously characterised
enhancer V V B

35.1 HSS35.1 CpG/GpC >0.75 V V B

38.2 CE1 Previously characterised
enhancer V B&C

39.8 CE2 Previously characterised
enhancer V B&C

41.5 CE3 Previously characterised
enhancer V V C

42.1 CE4 Highly conserved sequence V V V C

48 UTR Pax6 final exon V V V C

49 HSS49 Highly conserved sequence V C
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(Table 3-1, continued)

59.5 HSS59.5 LINE1 element V V V C&D

61.0 HSS61.0 SINE V V V D

61.7 HSS61.7 LTR V V D

62.4 HSS62.4 LINE1 element V >/ D

66.8 HSS66.8 Highly conserved sequence V V V D

70 E60 Ultra conserved sequence 9 9 9 D
85 HSS85 LINE1 element V V V E

90 HSS90 Mammalian conserved sequence V V >/ E

91.1 HSS91.1 SINE V V V E

95.5 HSS95.5 LTR V V V E

104.9 E100 Previously characterised
enhancer V V V F

107.9 HSS107.9 SINE V V V F

108.1 HSS108.1 SINE V V V F

122.2 HSS122.2 SINE V V G

123.4 HSS123.4 None V V V G

123.9 HSS123.9 CpG / GpC > 0.6 V V V G

125.4 HSS125.4 CpG / GpC > 0.6 V V V G

129.8 HSS129.8 Highly conserved sequence V G

130.5 SIMO Previously characterised
enhancer V G

134.5 HSS1 Previously ident tied HSS V G

138.2 HSS2 Previously ident tied HSS V G

139 HSS3 Previously ident tied HSS >/ G

147.1 HSS6 Previously ident tied HSS V H

149 HSS7 Previously ident tied HSS V H

151.5 HSS8 Previously ident tied HSS V V V H

167.1 HSS167.1 LINE1 element V V V I

170 HSS170 Mammalian conserved sequence V V V I

171 HSS171 LINE1 element V V I

172.7 HSS172.7 CpG / GpC > 0.6 V V I

174.1 HSS174.1 None V V V I

183.5 HSS183.5 None V V V J

185 RB Previously characterised
enhancer V V V J

188.7 HSS188.7 LINE1 element V V V J
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3.4.1. Locations of DNase I HSSs correspond to previously
identified regulatory elements

DNase I HSSs were mapped onto a percentage identity plot (PIP) drawn by

comparing sequences from mouse chromosome 2E3 to human chromosome 1 lp 13
and chicken chromosome 3. This allowed previously identified regulatory elements
that exhibit high sequence conservation to be easily recognised. Hypersensitive sites
were found at the Po, Pi, Pa and P7 promoters (Figure 3-3.A&B; see section 1.6.11;
Kammandel et al., 1999; Kleinjan et al., 2004), the ectoderm enhancer (EE; Figure 3-

3.A; Dimanlig et ah, 2001; Williams et ah, 1998), a Po specific neuro-retina enhancer

(NR; see section 1.6.11; Figure 3-3.A; Plaza et ah, 1999), the NRE (Figure 3-3.B;
Kammandel et ah, 1999), conserved elements (CE) 1 to 4 in intron 7 (Figure 3-3.B;
see section 1.6.12; Kleinjan et ah, 2004), the E60 ultra conserved sequence (Figure

3-3.D; see section 1.6.16; Nobrega et ah, 2003), E100 (CI 170 Box 123; Figure 3-

3.F; see section 1.6.14; Griffin et ah, 2002), SIMO, HSSs 1, 2, 3, 6, 7 & 8 (Figures 3-

3.G&H; see section 1.6.13; Kleinjan et ah, 2001) and the RB element (Figure 3-3.J;
see section 1.6.15; Kleinjan et ah, 2006).

Many of these regulatory elements were identified through the generation of reporter

transgenic mice. This implicated these elements in Pax6 regulation in specific tissues

(see sections 1.6.11 to 1.6.16).

3.4.2. A note about the use of immortalised cell lines

We chose to carry out HSS analysis in sub-confluent populations of dividing
immortalised cell lines. These offer a number of advantages over carrying out

analysis in tissues. Firstly a homogeneous population of cells is obtained - cells
isolated from tissues may be made up of a mixture of cell types (although this is an

assumption made about our cell line populations which, in addition, were not

synchronised before analysis, therefore our populations may not be truly

homogenous if cell cycle stage specific differences exist). Secondly, cell lines are far
more readily available than tissue, providing an essentially limitless resource of
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chromatin for analysis. Despite these advantages, there are a number of potential

problems in their use. Cell lines are thought to have become altered in their

capabilities, making them more 'stem cell-like.' Such changes are thought to occur

during viral transformation, where the cell is set free from nonnal cell cycle control,
and are likely exacerbated with long periods (often many years) of cell culture. This
allows ample opportunity for genetic, and epigenetic, change. For example, MV+
cells, which are derived from adult mouse lens cells, express Sox2, a gene which is
not expressed in lens cells after El 1.5 (A. Hever, unpublished). Similarly, Pax6 is

expressed in a number of human colon and bladder cancer cell lines, despite the fact
that the tissues these are derived from are not sites of Pax6 expression (Salem et al.,

2000). Finally, it is unknown exactly which cell(s) were involved in the original
transformation event, as any of the cells in the original cell population (which in
itself is isolated at a specific point in development) could have been grown out. This
is particularly problematic for the analysis of Pax6 expression because a number of

regulatory elements are thought to play subtly different roles across parts of the same

tissue throughout development (see sections 1.6.11 to 1.6.16). Therefore results
obtained in immortalised cell lines may not reflect the exact situation in the tissue
and supposedly homologous cell types from different organisms may be quite
different.

3.4.3. HSS analyses at the major Pax6 promoters

Active promoters have altered chromatin structure (Stalder et al., 1980; Tuan et al.,

1985). HSS analysis of the Pax6 promoters confirms that Pax6 is expressed in the
MV+ and N2A but not RAG cells (as determined in Figure 3-2). HSSs were located
at both Po and Pi in MV+ cells, while only Pi was hypersensitive in N2A cells

(Figure 3-3.A and 3-3.B). This is in line with in situ hybridisation experiments
carried out by others. Xu et al. witnessed Po initiated transcripts dominating in the
lens placode, while Pi initiated transcripts were present in cells of lens and neural

origin (Xu et al., 1999). HSSs were also witnessed at the previously identified P„ and

P7 promoters (Kammandel et al., 1999; Kleinjan et al., 2004; Kim and Lauderdale,

2006). We find a HSS at these promoters in MV+ cells, in line with previous
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observations which identified transcripts that initiate from these promoters in cells
derived from the eye. The absence of HSSs at Pax6 promoters in RAG cells
confirmed that these are not 'active' or 'poised' for transcription in this cell line,

making it a suitable negative control for these and regulatory element interaction

experiments (Chapter 4).

3.4.4. HSS analyses at the DRR

We identified a cluster of DNase I HSSs marking active regulatory elements that was

largely lens cell specific at -130 - 150 k on the PIP (HSS 129.8, SIMO, HSSs 1, 2, 3,

6, 7 & 8; Figures 3-3.G&H). This region corresponds to the previously identified
downstream regulatory region (DRR) where HSS analysis has previously been
carried out in human lens cell (CD5a) and colon carcinoma cell (HT-29; as non-

expressing control) lines, revealing a number of DNase I HSSs (HSSs 1 to 8) in this

region (see section 1.6.13; Kleinjan et al., 2001). HSSs were discovered in a position
that corresponds to the SIMO regulatory element in the mouse lens cell line (Figure

3-3.G). No HSS was previously identified in the human lens cell lines, despite the
fact that the element clearly drives reporter gene expression in transgenic mice in the
lens (in addition to small parts of the diencephalon and hindbrain; Kleinjan et al.,

2001). HSSs 2 and 3 have been implicated in eye development due to the ability of a

DNA fragment that also encompassed HSS4 to drive reporter gene expression in the

eye. However these sequences drove reporter gene expression in the retina and not

the lens cells analysed (this data and Kleinjan et al., 2001). This discrepancy is likely
to be due to the reasons outlined in section 3.4.2, however it is also important to

remember that these elements may not act as classical enhancers in the lens tissue,
therefore predictions based solely on ability to drive reporter gene expression may be
inaccurate in the context of the chromatin environment at the wild type locus. HSSs 6
and 7 have also been tested in reporter transgenics, but these did not reveal any

consistent tissue-specific pattern of expression (D.A. Kleinjan, unpublished). HSS8

appears to be constitutive as it has been identified in all cell lines analysed to date.
There is also evidence for similarities in the relative frequency of this HSS between
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species as HSS8 is present in a lower population of lens cells than cells derived from
other tissues in both species (Figure 3.3-H; Kleinjan et al., 2001).

3.4.5. HSS analyses at proximal enhancers

We also detected HSSs in MV+ nuclei that mapped onto the PIP at positions

corresponding to the previously identified ectoderm enhancer (EE; see section

1.6.11; Figure 3-3.A) and CE1 in intron 7 (CE1; see section 1.6.12; Figure 3-3.B).
These sequences are implicated in lens cell expression by experiments using reporter

transgenic mice. The EE enhancer has been shown to drive reporter gene expression

starting in the surface ectoderm overlying the optic vesicle and subsequently in the
lens (Williams et al., 1998; Kammandel et al., 1999). A HSS was only detected at

this position in the MV+ lens cells. CE1 corresponds to the site of P7 and while it
remains to be determined whether the HSS is a result of enhancer activity or

initiation of transcription (or perhaps a combination of the two that hints at the
mechanism of this enhancer), both functions appear to be eye specific (Kleinjan et

al., 2004).

3.4.6. The presence or absence of a HSS was difficult to
predict based on previous experimental data

DNase I HSS analysis revealed a very faint hybridisation signal at 11.8 k on the PIP
scale (Figure 3-3.A). This position corresponds to the site of a neuro-retina specific
enhancer (NR; Figure 3-3.A; Plaza et al., 1999). The activity of this element in N2A
cells is surprising due to the fact that it was previously shown only to act on the Po

promoter, which is not active in the N2A cell line. This may suggest that while this
element is active, it is unable to have an effect on the level of Pax6 expression in
these cells.

A HSS identified at 33.5 k on the PIP scale in MV+ and RAG cell lines corresponds
to the previously identified intron 4 neural retina enhancer (NRE; Figure 3-3.B). The

presence of this HSS in both the lens and kidney cell lines could not have been

predicted from previous analysis of reporter gene expression which determined that
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expression was confined to the neural retina, the pigment layer of the retina and the
iris (Kammandel et ah, 1999). A possible explanation for the formation of this HSS
in the lens cell line is that it is due to the Pa promoter which is located within NRE.
This would indicate that the promoter and enhancer activity are distinct due to the
lack of activity in the lens cells of the transgenic mice. RACE would confirm the
initiation of transcripts from this promoter in these cell lines, although it is highly

unlikely that a transcript initiates from this position in the RAG cells as use of this

promoter has only been witnessed in cells that also express Pax6 from at least one of
the major Pax6 promoters (Po or Pi; Kammandel et al., 1999; Kim and Lauderdale,

2006) and the presence of this HSS was not confirmed in RAG cells using a different

enzyme and probe.

A number of HSSs were mapped to intron 7 of Pax6 (spread across Figures 3-3.B
and 3-3.C). This intron contains four islands of high sequence conservation, three of
which were found to drive reporter gene expression in transgenic mice (see section

1.6.12). In addition, an alternative Pax6 transcript, estimated to account for around
1% of total Pax6 mRNA in a human cell line, was found to initiate near the CE1

element (Kleinjan et ah, 2004). Despite the fact that only CE1 was found to drive

reporter gene expression in the eye, HSSs were also identified at CE2 in MVr which
was previously found to drive expression in a distinct region of the developing brain

(diencephalon). This HSS may be linked to initiation of transcription at P7 or the

regulatory element may function in these tissues that is not linked to an ability to

drive reporter gene expression in this tissue. Finally, a HSS was also identified at

CE4 in all cell lines. This was unexpected because to date, CE4 has failed to yield a

clear tissue-specific site of expression in analysis of transgenic mice, despite its

presence in various constructs containing sequences from intron 7 (Kleinjan et ah,

2004). This could indicate it drives expression at a site or stage that has not been

analysed (e.g. adult stages), or, alternatively, it may indicate that this element does in
fact play some regulatory role but is not a tissue-specific enhancer.

A HSS identified at the 104.5 k position on the PIP corresponds to the sequence of
the previously identified El00 element (see section 1.6.14). This HSS was seen in all
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cell lines (Figure 3-3.F). The E100 element was previously found to drive reporter

gene expression in the developing pretectum, neural retinal and olfactory region

(Griffin et al., 2002), suggesting that this element would only be active in (a subset

of) neuronally derived cells. Additionally, previous characterisation of this element
revealed three islands of conservation spanning less than 2 kb (Boxes 1, 2 and 3;
Griffin et ah, 2002; Figure 3-3.F). The restriction enzyme and probe combinations
used in the experiments carried out here cannot reliably distinguish between

fragments that would have been generated by specific cleavage at 'boxes,' however it
is interesting to note that closer analysis of degradation fragment sizes on

corresponding blots (Figure 3-3.F; Eco RI 13.18 kb fragment) may differ between
the cell lines, with the fragment identified in N2A appearing slightly shorter. If we

accept this interpretation of the hybridisation, a HSS would be positioned at Box 3,
which has been shown to drive reporter gene expression in the neural retina at

various stages of development (Griffin et al., 2002). Additionally, a FISS would be
identified at Box 1 in all cell lines, an element which was not previously found to

drive reporter gene expression in transgenic mice, suggesting that it has some

regulatory role other than an enhancer. It is puzzling that analysis of the 10.04 kb

Hpa I fragment (yellow; Figure 3-3.F) did not reveal these prominent HSSs. The

predicted adjacent downstream fragment is 7.6 kb in length so in theory the HSS
could have been separated from the probe by the creation of an additional restriction

site; however this would also require the removal of the existing predicted site and is
therefore unlikely.

Finally, HSSs were identified in all cell lines in a fragment that contains the sequence

of the previously characterised RB regulatory element (see section 1.6.15; Kleinjan
et al., 2006; Figure 3-3.J). At first glance, the results obtained may indicate that RB
is an Elp4 enhancer, as this gene is constitutively expressed. However, reporter

transgenics have revealed that this element drives expression in distinct regions of
the developing brain in a Pax6 like sub-pattern, and analysis of YAC transgenic mice
with and without this enhancer show that it plays a key function in Pax6 transcription
in diencephalon and pineal gland (Kleinjan et al., 2006), cementing the role for this
element in the expression of Pax6.
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3.4.7. Sensitivity at the E60 element

The Pax6 downstream region contains one element of extreme multi-species

sequence conservation exhibiting exact identity between mouse and human over 900

bp. We have termed this sequence the E60 element (see section 1.6.16). Our DNase I
HSS analysis of the region encompassing the E60 element gave strange results.
Instead of DNase I digestion yielding a HSS (or HSSs) we observed a smearing of
the parent band. This smeary band pattern was apparent in all three cell lines and

may be caused by multiple HSSs in the fragment, however repeat experiments using
the same and altered concentrations of DNase I could not confirm this. The results

presented in Figure 3-3.D are representative of a number of attempts to assay this

region. The extreme conservation of this element groups it with a series of ultra
conserved sequences (UCSs) that seem to cluster with important developmental

regulators (Nobrega et al., 2003; Bejerano et ah, 2004; Bernstein et ah, 2006). These

regions are thought to play a key role in development and differentiation, however

experimental implication of these precise sequences has so far proved elusive. A

study of active (methylated H3-K4) and repressive (methylated H3-K27) histone
modifications across regions of the genome that contain UCSs in ES cells revealed
that these histone modifications co-localised to the same sequences giving a bi-valent

pattern of histone modification. The authors propose that these modifications signal
that these regions are silent, but poised for activation on differentiation of the ES cell

(Bernstein et ah, 2006). Confusingly, while these modifications map to key UCS
associated transcription factors, they tend to map to the promoter regions of these

genes rather than the UCSs themselves. Therefore the strange DNase I digestion

pattern that we observe at E60 cannot be due to these histone modifications (although

many others are yet to be examined).

Our group has previously assessed the capability of this element to drive reporter

gene expression in transgenic mice. The region was divided into two sections, each

capable of driving reporter gene expression in component parts of the overall Pax6

expression pattern. The fact that each section directs reporter expression in multiple
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tissues and at different time points supports the view that such regions (UCSs) are

large clusters of regulatory elements. The gene-distal subsection drives reporter gene

expression in the optic stalk, optic cup, future ventral thalamus and telencephalon,
while the proximal half directs later expression in telencephalon, olfactory bulbs,
lateral olfactory tract, pontine migratory stream and pontine nuclei (D.A. Kleinjan,

unpublished). Therefore based on the reporter transgenic mice, we would have

predicted activity of this element to be restricted to neurally derived cell populations,
while the analysis of the UCS containing genes may lend itself to a more central role
in the development of all tissues.

3.4.8. Regulatory elements that are absent in these murine
cell lines

DNase I HSS analysis did not detect the previously identified human DNase I HSSs
4 & 5 in any of the murine cell lines. Previous analysis of this region in a human lens
cell line (CD5a) revealed distinct HSSs in this region (4, 5, 5a&5b) including a

strong site at HSS5 (Kleinjan et al., 2001). This altered pattern of DNase I HSSs
could signal species specific differences in Pax6 regulation, however, given that
mechanisms are known to be very highly conserved (Schedl et al., 1996), it is more

likely to underline the fact that while these cells are both derived from homologous

tissues, the actual cells, and the transformation process may be different in each case

(or other reasons outlined in section 2.4.2). In addition, subsequent analysis of HSS5
in transgenic mice has revealed that it drives reporter gene expression in the

diencephalic region of the brain (Figure l-6h; D.A. Kleinjan, unpublished), thus

making its presence in a human lens cell line unexpected.

3.4.9. HSSs associated with repetitive elements

Various HSSs revealed by our hybridisations correlated to integration sites of

repetitive elements when mapped onto the PIP. In total, six sites were associated with
LINE1 elements (HSSs 59.5, 62.4, 85.0, 167.1, 171 & 188.7), five with SINEs (other
than MIR; HSSs 61.0, 91.1, 107.9, 108.1 & 122.2) and two with LTRs (HSS61.7 &
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HSS95.5; Table 3-1). Specific repeats identified by repeat masker software are given

throughout the results section for reference. Repetitive DNA sequence (such as that
found at the centromeres) is classically associated with 'closed' chromatin, however
the retrotransposon derived sequences identified in this chapter are spread throughout
the Pax6 locus. Retrotransposons are transcribed in the process of transposition,
therefore the altered chromatin structures resulting in HSS formation at these
elements may be sites of transcript initiation. While retrotransposons are thought to

be repressed in somatic tissues, they are active in the germ line and many cultured
cell lines (Deininger et al., 2003). Indeed, transcription (including transcription
initiated at repetitive elements) has been hypothesised to influence expression at

other loci and may play a role in gene regulation (Moore et al., 1997; Long et al.,

1998; Gribnau et al., 2000) and intergenic transcription at the Pax6 locus is the topic
of another chapter of this thesis (Chapter 5). However, as the majority of these HSSs
are found in Pax6 expressing and non-expressing cell lines (with the exception of
HSS 122.2 which is present only in MV+ and N2A), it is unlikely that these HSSs

play a role in Pax6 expression. It is unfortunate that recent genome wide analyses of
HSSs using microarray based technologies (Crawford et al., 2006; Sabo et al., 2006)
cannot give a genome wide view of HSS / repetitive element correlations for

comparison.

HSSs have also been identified at repetitive elements at other gene loci in locus wide

analyses (not all of which involved cultured cell lines). Analysis of the region

containing Igf2r and Air promoters found that 7 out of the total of 21 identified
DNase I HSSs in this region were associated with various classes of repetitive

element, with the strongest of these being witnessed at an LTR (Pauler et al., 2005).

Interestingly, our analysis of the Pax6 locus also reveals a strong HSS at an LTR in
N2A cells (HSS95.5). At the Sprr locus, a number of HSSs were mapped very close
to repetitive elements, although the authors did not map these directly to the

elements, in many cases, repetitive elements were the nearest genomic landmark

(Martin et al., 2004). In addition, analysis of the 11-10 family gene cluster has also
associated some DNase I HSS with repetitive elements (Jones and Flavell, 2005).
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3.4.10. HSSs associated with regions of elevated CpG / GpC
ratio

A number of the identified HSSs map near to CpG islands. The PIP program grades
these in two categories, regions with CpG / GpC ratios between 0.6 and 0.75 (HSSs

123.9, 125.4 & 172.7) and regions with CpG / GpC ratios greater than 0.75. The vast

majority of HSSs are associated with the latter category including the known

transcription initiation sites (Po, Pi, Pa and P7) and sequences in close proximity to

these (CE2, HSSs 21.4, 23.9, 27.2 and 35.1). It is interesting to note that not all

promoter proximal CpG islands are associated with HSSs, therefore chromatin
modification is specifically targeted to these islands. Further analysis may determine
whether transcripts initiate from these positions and whether the promoter distal CpG
islands play a role in intergenic transcription.

3.4.11. HSSs associated with evolutionary conserved
sequences

Two very weak HSSs were mapped around the 48 k position on the PIP. This

position corresponds to the polyadenylation sites ofPax6 (UTR; Figure 3-3.C). HSSs
in similar positions have been characterised at other loci (Fritton et al., 1983; Gross
and Garrard, 1988; Bulger et al., 2003; Sabo et al., 2006). This may suggest that
some altered chromatin structure exists at the end of genes to assist in termination of

transcription, however this altered structure is present regardless of Pax6 expression,
and hence it is not a feature of the process of transcription.

Two HSSs were identified that correspond to previously uncharacterised sequences

that are highly conserved between the three species analysed here. Both of these

(HSS49.0 and HSS66.8) are very faint and unlikely to act as enhancers. HSS49.0

(Figure 3-3.C) is only seen in RAG cells and may be the result of cross-

hybridisation. This site was identified by two out of three web based bioinformatics

programs following protocols described in (Krawetz et al., 2005) as a matrix
attachment region (MAR; see section 1.2.2). MARs are identified through their
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resistance to enzymatic cleavage, presumed to be the result of their close association
with the nuclear scaffold (Hart and Laemmli, 1998). These are thought to form

looped structures which could potentially separate regions into regulatory domains

(Cook, 2003; Gaszner and Felsenfeld, 2006; Platts et ah, 2006). Computer predicted
MARs have been identified as HSSs at the IL-10 family gene cluster (Jones and

Flavell, 2005). Other sequences across the Pax6 locus were also identified as

potential MARs through bioinformatics, although none of these were hypersensitive.
The second of these elements (HSS66.8; Figure 3-3.D) is constitutive indicating that
it is unlikely to act as a tissue-specific enhancer element.

Finally, two HSSs mapped to sequences that are highly conserved between mouse

and man (HSS90.0; Figure 3-3.E and HSS170; Figure 3-3.1). Both of these are

constitutive, therefore it is unlikely that these play a role in Pax6 expression,
however they may have important structural functions.

3.4.12. Other HSSs

The vast majority of HSSs are associated with some genomic feature; therefore

mapping these on the PIP was a useful strategy for identifying elements. Despite this,
some HSSs mapped to regions that could not be directly associated with any of the
above genomic features (HSSs 24.9, 123.4, 174.1 and 183.5). Of these, only
HSS24.9 is likely to have a key role in Pax6 expression. This is a major HSS located
near the Pi promoter that is present only in N2A cells and is likely to be involved in
the process of initiation in this cell line.

The cluster of HSSs around HSS123.4 (Figure 3-3.G) is interesting. These sites are

very close together but were not mapped as a single site because of cell line specific
differences in hybridisation signal. This region contains a number of repetitive
elements that may be involved in the formation of the HSSs in this region. HSS 172.7
and HSS 174.1 (Figure 3-3.1) are also possibly linked to repetitive elements. These
sites appear to map precisely to gaps with very little sequence conservation in an

extended region of repetitive sequence. Both of these HSSs are constitutive. Finally,
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a constitutive HSSs maps very close to exon 5 of Elp4 (HSS 183.5; Figure 3-3.J). The
formation of this site may be linked to the RB element as it is also constitutive.

3.4.13. Evaluation of the strategy

We chose a conventional Southern based strategy to look for DNase I HSS across the
Pax6 locus. While this provides the clearest assessment of HSSs the major

disadvantages of this approach are the quantity of material required (limiting us to

analysis of immortalised cell lines rather than a subpopulation of tissue cells), the
time consuming nature of analysis of such a wide region (at least 34 blots for each
cell line) and the resolution at which the HSSs can be mapped. The degree of

fragment separation is a compromise between the ability to detect smaller fragments
and the ability to resolve large fragments of similar size. Many of these problems
have been addressed recently by new techniques that map the precise sequence of the
HSS. This has been carried out across a single locus (McArthur et al., 2001;
Dorschner et al., 2004;) as well as genome wide (Crawford et al., 2004; Sabo et al.,

2004a; Sabo et al., 2004b; Crawford et al., 2005). While it is of advantage to know
the precise hypersensitive site sequence, degradation fragments indicate the rough
location of HSSs and so the putative regulatory element is still identified.

Additionally, mapping these HSSs onto conservation plots such as PIPs is likely to

identify the correct sequence(s) of interest. We sought data at a specific locus and so

early sequencing strategies for detecting DNase I HSSs which did not target specific
loci and required many thousands of sequencing reads were unsuitable (Sabo et al.,

2004b; Crawford et al., 2004). Locus wide PCR strategies (Dorschner et al., 2004)

present an interesting alternative, however these have now been superseded by the

incorporation of microarray technology allowing regions of interest to be targeted in
a single experiment (Sabo et al., 2006; Crawford et al., 2006). These more 'omics'

style of DNase I HSS study are good high throughput strategies, however require

specialist array equipment and miss out repetitive elements which account for a

considerable proportion of the HSSs at this (not less than 25%) and other loci which

may have crucial roles in gene regulation (see section 1.5). In addition, they do not

routinely analyse such a wide range of sensitivities (only three concentrations of
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DNase I commonly examined compared to nine in this analysis). The availability of
results from these approaches in public databases will be a good way of comparing
HSSs in cell lines derived from additional tissues, however such analysis is still in its

early stages and only human cell lines have been analysed in previously defined
ENCODE targeted regions (http://www.genome.gov/10005107; and PAX6 does not

reside in one of these).

At the practical level, precise sizing of fragments presented the biggest problem in
this analysis. Fragment sizes are estimated and this error is increased by a number of
factors. Firstly there are relatively few marker fragments in the X / Hind III marker

leaving sizing open to a larger degree of interpretation than if a marker with more

fragments was used. A marker with fewer fragments was chosen over one of higher
resolution because the radioactive probing of the marker can result in signal too high
to distinguish fragments that are close together. Secondly, the fragments of the
marker do not appear to have migrated through the gel at the same rate as the

fragments of the DNase I treated DNAs. Many of the expected fragments are not

correctly sized by the marker; too many for this to be a question of strain specific
differences from the published mouse sequence. This problem may have been
addressed by loading a similar quantity of restriction digested genomic DNA to the
marker lane. A second aid to fragment sizing that was not carried out would have
been the generation of a restriction series for each fragment (as seen in Martin et ah,

2004). Here DNA that has not been treated with DNase I is cleaved with a variety of
restriction enzymes in addition to the enzyme used to create the desired fragment for

analysis. Resultant fragments are run in parallel with the standard DNase I and
restriction enzyme treated DNAs. This gives a custom array of size marker fragments
whose exact cut site in the fragment sequence is known. Comparison of the
restriction enzyme treated DNAs with the DNase I treated sample allows the HSS to

be mapped with a greater degree of accuracy. This method is good for targeting

specific sequences however the number of additional digests required for fine

mapping makes it too labour intensive for large scale analysis. Additionally, as HSSs
were mapped onto a PIP, this provided an additional control in the interpretation -

sites that mapped close to highly conserved sequences and repetitive elements are
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likely to be located in these known elements. While numerous additional

hybridisations could be carried out to re-confirm and map sites more accurately with

repositioned probes specific to the identified HSSs, the additional benefits are likely
to be minimal. The 'ideal' strategy to map each fragment from either end (Figure 3-

1) was carried out at the DRR without significant gain in the mapping of the
elements. The revised strategy to confirm HSS using different fragments and probes
covers a larger area more quickly and succeeded in confirming all but the weakest

hybridisation signals which are unlikely to play a major role in the expression of the

gene.

Overall, this strategy has successfully mapped DNase I HSSs across the Pax6 locus
in three cell lines (see Figures 3-3, 3-4 and Table 3-1). Regulatory elements

previously identified by sequence conservation were associated with the majority of
identified HSSs, suggesting this is an excellent strategy for identifying important

regulators across this locus. A surprisingly small proportion of sites were cell line

specific or even confined to cells that express Pax6, although this is due in part to the

high number of constitutive HSSs at repetitive elements. While the presence of HSSs
at specific locations did not vary as much as expected, there were frequently
differences in intensity of degradation fragments between cell lines, perhaps
reflective of the subtle control required at this locus. Indeed, the degradation of the

expected fragment in some regions was not uniform between the cell lines e.g. the
RB element (Figure 3-3.J), despite uniformity at other locations, e.g. HSS23.9

(Figure 3-3.B) suggesting that subtle differences in DNA conformation may exist.

It was hoped that identifying all active regulatory elements in the cell lines would
reveal all active regulatory elements in the corresponding tissues. However with

hindsight this may have been a little naive. Previous experiments have determined
that individual Pax6 elements can act in various tissues at various times and

frequently more than once throughout development (see sections 1.6.11-1.6.16),
therefore comparing these to a stage specific immortalised cell line is unlikely to

yield a fair comparison. We were surprised that so many of these elements were

active in the cell lines examined. It is possible that some of these HSSs are
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immortalised cell line specific due to the activation of additional genes in the
transformation process and will not be present in the tissue (see section 3.4.2).

The catalogue of regulatory elements produced was utilised for design of other

aspects of the conformational analysis undertaken for this thesis.
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4.1. Introduction

It is unclear how enhancers communicate with promoters, particularly over long
distances. Three popular mechanisms have been proposed (see chapter 1 section
1.3.6 and Figure 1-2). In the tracking mechanism, the enhancer is an entry point for

transcription factors that track along the chromatin until they encounter an

appropriate promoter. Thus a signal is transmitted from the enhancer to the promoter

like a radio wave. In the linking mechanism, a chain of molecules polymerises along
the linear chromatin maintaining a long range physical linkage between the enhancer
and the promoter. Finally, the looping mechanism proposes that the enhancer comes

into close proximity to the promoter, with the intervening DNA looping out of the

way. Therefore the enhancer and promoter are at essentially the same position in the
cell nucleus.

Recent evidence indicates that regulatory elements such as enhancers cluster in the
cell nucleus. This lends support to the existence of a looping component in the
mechanism of enhancer action. Many, but not all of these interactions occur between
active regulatory elements (marked by DNase I HSSs; such as those identified in

Chapter 3) and correlate with gene activity. Therefore the stretch of DNA that
contains a gene locus is not a linear stick (as usually represented in a diagram, or

suggested by linking and tracking models).

The fi-globin locus (Figure 1-1) has been a paradigm for the study of active

regulatory element associations. Associations between HSS2 of the LCR and the
Hbb-b promoters were first identified by RNA TRAP (see section 1.4.2; Carter et al.,

2002) and these associations have been confirmed and extended to include other
active regulatory elements using chromosome conformation capture (3C) technology

(see sections 1.4.3 and 4.2; Tolhuis et al., 2002; Palstra et al., 2003; Dostie et al.,

2006). This led to the hypothesis that active regulatory elements, marked by the

presence of DNase I HSSs, clustered in the nuclei of fi-globin expressing cells to

form a structure termed the active chromatin hub (ACH; Palstra et al., 2003; de Laat

and Grosveld, 2003). Clusters of active regulatory elements have also been

Chapter 4: Assessment of chromatin structure at the Pax6 locus by 3C 4-2



discovered by 3C at a number of other loci including the immunoglobulin k locus

(Liu and Garrard, 2005), the human class 1 alcohol dehydrogenase genes (Su et al.,

2006) and the a-globin locus (Zhou et al., 2006). Looped structures have been
detected at other loci, even in the absence of gene expression. The genes of the T-

helper type 2 cytokine (Th2) locus on mouse chromosome 11 are found in a clustered

configuration regardless of cell type (Spilianakis and Flavell, 2004), while analysis
of the Gata2 gene locus in immature erythroblasts reveals almost identical
associations regardless of gene expression (Grass et al., 2006).

Like many of the genes described above, Pax6 exhibits a tissue-specific expression

pattern. However it is distinct from these loci because it is expressed in many

different tissues in a restricted spatiotemporal and quantitative pattern. Previous

experiments have identified a large number of Pax6 regulatory elements spread
across an approximately 200 kb region of mouse chromosome 2E3 (Figure 1-6;

Kleinjan et al., 2001; Griffin et al., 2002; Kleinjan et al., 2004; Kleinjan et al., 2006;
D.A. Kleinjan, unpublished). These correspond to DNase I HSSs (Kleinjan et al.,

2001; Chapter 3) and have been characterised by their ability to drive expression of a

linked reporter gene in transgenic embryos (see sections 1.6.11 to 1.6.16). While
each element drives reporter gene expression in a distinct pattern, several of the
elements show overlapping function in particular tissues (Figure 1-6 and 1-7).
Therefore it seems that in the majority of expression sites, Pax6 transcription is
controlled by multiple enhancer elements. Recently it was shown using YAC

reporter transgenic mice that deletion of specific enhancers can lead to complete lack
of expression in the target tissue, despite the presence of other enhancers with the
same tissue-specificity (although this is not the case for all Pax6 enhancers). This

strongly suggests that some Pax6 cA-elements act in a cooperative, rather than an

additive manner (Kleinjan et al., 2006).

We were therefore interested in determining the spatial proximities of Pax6 control
elements with a view to elucidating further the mechanisms of Pax6 regulation. Are
these elements organised in a linear structure at a distance from one another as they
are in the DNA sequence, or do they come into close proximity in the nucleus,
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perhaps interacting to form tissue specific active chromatin hub-like structures as

described in section 1.4.3? We envisaged that if such hubs were formed at the Pax6

locus, these would be cell-type specific, with different hubs forming in different

embryonic tissues and cell lines. We were also interested to see if the mapping of

interacting regions might lead to the identification of new Pax6 enhancers, as has
been previously hypothesised (McBride and Kleinjan, 2004).
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4.2. Chromosome Conformation Capture: the

theory

In order to visualise proximity of DNA sequences we chose the chromosome
conformation capture (3C) technique (Dekker et al., 2002). This technique has been
successful in identifying (and confirming) both locus (Tolhuis et al., 2002; Palstra et

al., 2003; Spilianakis and Flavell, 2004; Spilianakis et al., 2005; Liu and Garrard,

2005; Zhou et al., 2006; Kurukuti et al., 2006) and genome wide (Dekker et al.,

2002; Osborne et al., 2004; Spilianakis et al., 2005) associations. The 3C procedure
is outlined in Figure 4-1. First, interactions within the cell nucleus are 'frozen' by

formaldehyde fixation. DNA and interacting proteins are cross-linked (forming

'bridges') linking proteins both to other proteins and to positions on the DNA
molecule located within approximately 2 A (Splinter et al., 2004). After quenching
the cross-linking reaction, cell nuclei are isolated and treated with a restriction

enzyme (Hind III in experiments described here) to cleave DNA at specific sites.
Restriction digestion does not destroy the DNA-protein bridges formed in the
fixation step - hence DNA fragments that were in close association in the nucleus
remain linked. DNA is then diluted to < 3 ng / pi and ligated. Ligation at such low
DNA concentration strongly favours intramolecular joining (where ligation takes

place between ends of the same DNA fragment because this is the only DNA
substrate available to the ligase molecule). Normally this would result in the
circularisation of individual DNA fragments, but when DNA fragments are cross-

linked, the ends of linked fragments are in close enough proximity for ligation to

occur within the same complex. Hence the newly formed join is flanked by sequence

from restriction fragments that were held in close proximity by cross-linking.

Following ligation, cross-links are reversed to allow detection of the newly formed

junctions.

While new techniques to detect these junctions are emerging (such as microarrays
and inverse PCR; discussed in Chapter 1 section 1.4.4; Dostie et al., 2006; Wurtele
and Chartrand, 2006; Dostie et al., 2006; Lomvardas et al., 2006; Simonis et al.,

2006; Zhao et al., 2006; Splinter et al., 2006), junctions are readily detected by using
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the ligated DNA as template in a polymerase chain reaction (Tolhuis et al., 2002;
Dekker et ah, 2002; Palstra et ah, 2003; Spilianakis and Flavell, 2004). While the
successful amplification of specific junction fragments indicates that these regions
come in to proximity (as shown in Figure 4-1; Murrell et ah, 2004; Carroll et ah,

2005; Liu and Francke, 2006), a more detailed and accurate picture of locus wide

dynamic interactions is obtained by carrying out quantitative PCR to determine
relative cross-linking frequencies across the locus (see below). In our hands (and
those of others) locus wide analysis frequently reveals positive PCR signals from all

fragments assayed across the locus {e.g. Figure 4-9), however the relative intensity of

signal, after correction for variables using carefully designed controls, highlights
which fragments are genuinely in frequent association (Dekker et ah, 2002; Tolhuis
et ah, 2002; Patrinos et ah, 2004). In practice, a primer specific for a reference (also
known as anchor) DNA fragment (e.g. the promoter) is used in combination with a

range of different primers specific for selected fragments across the locus of interest

(which may include known regulatory elements). This creates a detailed picture of

proximities of various DNA sequences in a cell population. We have chosen to look
for interaction of specific sequences across the Pax6 locus by PCR. This detection
method is appropriate for our goals, which are to assess whether previously identified
active regulatory elements communicate by coming into close proximity, both with
one another and / or with Pax6 promoter(s). In addition, primers specific for other
locations across the locus may allow us to identify previously unidentified novel

interacting c/s-elements. A number of stringent controls are carried out to ensure that
the data from the PCRs are correctly interpreted and inaccuracies are kept to a

minimum.
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Figure 4-1: Chromosome Conformation Capture
(a) Hypothetical genomic locus. Fragments generated by restriction digestion using a single

enzyme (e.g. Hind III) are represented in different colours. The promoter (bent arrow, located
in green fragment) and an active regulatory element (downwards arrow, located in light blue
fragment) are indicated and appear to be separated by a considerable distance in the
traditional linear depiction of the DNA molecule, (b) Chromosome conformation capture of
the locus in (a). One possible conformation with the promoter and HSS in close association
is shown, the conformation of the hypothetical locus in cell nuclei is quite different to that
shown in (a). The steps of chromosome conformation capture and how they affect the DNA
at this locus cycle clockwise. 1) Formaldehyde fixation: triggers the formation of 'bridges'
(small black circles) that link regions of the DNA molecule in close association. 2) Restriction
digestion: fragments the locus; however the proximity of formaldehyde linked fragments are
maintained through 'bridge' structures. 3) Intramolecular ligation: diluting DNA to a low
concentration restricts the vast majority of fragment ligation to 'self.' 4) Reverse cross-links
and PCR: purified DNA is suitable for analysis (by PCR in this project). Primers are designed
for amplification towards the ends of each fragment (and thus across the unique junctions
produced by 3C). 5) PCR product analysis: PCR products obtained for all fragments in this
locus are shown. Products are only seen when using primers specific to adjacent (both '2D'
and '3D') DNA fragments. While some products are obtained from primers specific to
fragments adjacent on the linear DNA molecule ('2D'), the strongest signal is obtained from
the analysis of the green (promoter containing) and light blue (HSS containing) fragments.
This indicates that in the population of cells analysed, these two fragments are more
frequently found in close proximity than any of the others across the locus. As these are
separated by a considerable distance, this is highly indicative that they are clustered or
looped together in close association and this knowledge allows us to construct a hypothetical
locus conformation based on the experimental data.
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4.3. Chromosome Conformation Capture: the
controls

The importance of controls in the successful interpretation of data obtained using this

technique has recently been reinforced (Dekker, 2006). Proper implementation of the
controls not only serves to provide a more accurate interpretation of the data

obtained, but also allows data to be compared between treatments of the same or

multiple cell types.

4.3.1. The chosen restriction enzyme must uniformly cieave
chromatin

The chosen restriction enzyme must be able to cleave formaldehyde fixed chromatin
in nuclei without being affected by local chromatin conditions that may hinder

cleavage. This ensures that all restriction sites are cleaved and available for ligation.

Cleavage takes place overnight, ensuring digestion goes to completion, and the lack
of Hind III enzyme preference for regions of chromatin that are expressed, not

expressed and HSSs has been shown by a number of groups using both Southern blot
and PCR analysis (Splinter et al., 2004; Spilianakis and Flavell, 2004; Eivazova and

Aune, 2004; Zhou et al., 2006). In particular, Splinter et al show that the limiting
factor for digestion at each position is the formaldehyde concentration introduced at

the cross-linking stage of the reaction, with minor differences in cleavage
efficiencies between fragments located in a variety of different chromatin states

(Splinter et al., 2004).

4.3.2. PCR amplification must be in the linear range

Chromosome conformation capture creates a snapshot (taken at the point of fixation)
of DNA sequence proximities in a population of cells. Assuming that a simple cross¬

link occurs between two chromatin strands (as depected in Figure 4-lb, which is

unlikely to be the case in vivo), the frequency with which two fragments are cross-

linked in a population of cells is directly proportional to the number of cells in which

Chapter 4: Assessment of chromatin structure at the Pax6 locus by 3C 4-8



these two fragments are found joined together (by ligation) in the DNA isolated at

the end of the 3C process. Therefore, in order to take a snapshot of DNA

conformation, we must determine the relative proportion of joined fragments in the

resulting DNA template. By carrying out quantitative PCR, one can ensure that

amplification is within the linear range (Figure 4-2), therefore the amount of product
measured at the end of the reaction is directly proportional to the amount of template
in the sample being PCR'd.

Figure 4-2: The linear range of PCR amplification
Data from a series of hypothetical PCRs carried out with increasing amounts of template (x-
axis). Line graph (left): Between 0 and -5 ng of template, the amount of PCR product
obtained in the reaction is directly proportional to the amount of template added to the
reaction at the beginning as revealed by the straight line on the graph. While the gradient on
the slope is a straight line, the reaction is said to be in the linear range of amplification. The
level of product reaches a plateau at higher levels of template because product formation
becomes saturated and reaction substrates other than the DNA template become the limiting
factor. Bar chart (right): of the same data shown for comparison.

4.3.3. PCR products must be corrected for primer pair
efficiency

A variety of primers are required to detect fragments from across the locus / area of
interest. Different primer combinations amplify their target DNA sequences with

varying degrees of efficiency, a factor that must be considered when implementing
this technique. Steps were taken to minimise the variation of reaction efficiency for
each combination of primers. All primers were designed using the same or very

similar parameters (for attributes including length, Tm and GC clamp; see Chapter 2,
section 2.7.5) so as to keep individual primer pair variation to a minimum.

Additionally, because smaller amplicons are known to yield higher quantities (due to

the shorter time required for the polymerase to complete the synthesis of the
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appropriate DNA strand) primers were selected so as to amplify a region of

approximately the same size for the detection of each junction. In practice, this was

carried out by finding appropriate primer sites 50 - 100 bp from the Hind III
restriction site (yielding PCR products of approximately 200 bp).

Despite these measures, differences in reaction kinetics are likely to remain, not least
because the primers that detect the various fragments and the regions they amplify
consist of a different sequence of nucleotides. In order to address this, each primer

pair is used to generate a PCR product from a control (non cross-linked) template. In
the original description of this technique a control template was created by digestion
of genomic DNA followed by random ligation of the resultant fragments (Dekker et

al., 2002). While this method worked in yeast, it would appear that random ligation
of fragments specific to a locus of interest is too rare an event in mouse genomic
DNA (where there is approximately 220 fold more DNA sequence) to yield PCR

products (although this has been managed by one group studying relatively short

range interactions; Eivazova and Aune, 2004). To overcome this problem, control

template (consisting of digested and re-ligated) mouse gDNA is 'spiked' with an

excess of (digested and re-ligated) DNA from the region of interest (hence there is a

far greater chance of the random re-ligation of relevant junction fragments). Two
methods have been carried out to create an excess of fragments of interest: the

amplification of DNA fragments that encompass primer and cut sites relevant to the

assay by PCR (Tolhuis et al., 2002) and the digestion of a PAC, or other artificial
chromosome containing the region of interest (Palstra et al., 2003; Spilianakis and

Flavell, 2004; Liu and Garrard, 2005). In our analysis of the Pax6 locus we have
utilised two separate control templates derived from different sources. Preliminary

analysis utilised two BACs (BAC46F10 and BAC67L02; Figure 4-3) that did not

overlap and hence did not cover the entire region of interest. In order to obtain full

coverage, three long-range PCR reactions were carried out to amplify across the gap

between these two BACs and these were digested and re-ligated with the BACs to

create the control template (see Chapter 2 section 2.7.6 - 2.7.9). Towards the end of
the project, a new BAC (RP23-403K1) became available that spanned the majority,
but not all, of the region of interest. Data was re-analysed using the RP23-403K1
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control template in order to eliminate errors introduced by the mixing of DNA from
five separate sources in the creation of the original control template. For the majority
of anchor fragments relative cross-linking frequencies obtained across the locus were

very similar using either control template (detailed comparisons can be seen in the
data files on the accompanying DVD). Positions of all elements used in the creation
of both control templates, along with the Hind III fragments examined in this

analysis are shown on the Pax6 locus in Figure 4-3.

Ren codina seauence Pax6 codina seauence Elo4 codina seauence 25 kb

67L02
BACs

RP23-403K1

Figure 4-3: Overview of region of interest
Scale diagram of chromosome region 2E3 encompassing the Ren (blue), Pax6 (red) and
Elp4 (green) genes with the positions of BACs used in this analysis: BAC67L02 (yellow),
BAC46F10 (brown) & RP23-403K1 (orange) indicated. Zooming in to the region of interest
reveals more detail on the regulatory elements (series of dark yellow boxes) and the Hind III
fragments used to detect interactions between them (labelled black boxes between locus
and BACs). Long-range PCR products 1-3 (purple). See Figure 1-6 legend for further
information on the representation of the locus.

PCR products obtained using randomly ligated control template are quantified to

give a numerical value for the amount of product obtained from each primer pair (in
the same fashion as the cross-linked template - see section 4.4.3). Random
intermolecular re-ligation of naked DNA should result in equal quantities of each

junction fragment of interest, therefore quantitative PCR should yield an equal
amount of product for each primer combination. This is not the case, for reasons

outlined above. Figure 4-4 shows a bar chart that allows comparison of the intensity
of products obtained by the amplification of equal quantities of control template

using different primer pairs. Values obtained from primer amplification of cross-

linked template are divided by those obtained from control template. This corrects

for differences in primer amplification efficiency by normalising the 'intensity' of
the PCR signal i.e. the values obtained with combinations of primers that amplify

Chapter 4: Assessment of chromatin structure at the Pax6 locus by 3C 4-11



exceptionally well are reduced the most. This value is termed the relative cross-

linking frequency between two fragments:

Relative

Cross-linking frequency = amount of product from cross-linked template (Kpnr^
X(Pax6) amount of product from non-cross-linked control template

(A \pax6))

Randomly re-ligated, RP23-403K1 spiked, control template

wCr J? J? <y
# #°

primer combination

Figure 4-4: Differences in the efficiency of amplification of a range of primer pairs
PCR products obtained from amplification of an equal quantity of control template deemed to
be in the linear range of amplification were quantified and plotted on the graph. Assuming
random re-ligation, the quantities of fragment combinations should be equal, therefore so
should the quantities of product produced from each reaction. This is not the case,
presumably because of differences in amplification efficiencies between primers and the
products they amplify. 'Intensity' in this and all other graphs is the corrected intensity of the
PCR product produced after the removal of background signal (the signal obtained from a
typical section of agarose gel that contains no product). Values plotted are the average of at
least two independent amplification events.
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4.3.4. PCR products must be corrected for quality and
quantity of template

By comparing relative cross-linking frequencies obtained from different

formaldehyde treatments and cell populations (particularly between cells that do and
do not express the gene of interest) we hope to discover associations that are

important in the successful expression of a gene from the analysed locus. To allow
such comparison to take place, the cross-linking and ligation efficiency at an

unrelated locus that is assumed to have the same structure in all cell types is
examined. This provides an internal standard control for the quantity and quality of
each DNA template. In this analysis we use two fragments separated by 8.3 kb at the
excision repair cross complementing group 3 (Ercc3) locus, previously used by de
Laat and colleagues (Palstra et al., 2003; Figure 4-5a). This repair gene encodes the
helicase XPB subunit of the TFIIH basal transcription factor complex which is

constitutively expressed, and hence its genomic locus is presumed to have a similar
structure in all tissues / cells analysed (expression of Ercc3 in the cell lines analysed
here can be seen in Figure 3-2; expression in tissue cells can be seen in Figure 4-5b
and c). The intensity of each PCR product amplified from fragments at the Pax6
locus is divided by the intensity of the control PCR product obtained on analysis of
the Ercc3 locus in that same template. As the relative cross-linking frequency at this
locus is assumed to be the same in all 3C treatments, in all cell types, this allows

comparison of multiple treatments and cell types and results in the cross-linking

frequency of fragments from the control Ercc3 locus being set to '1'.

Relative amount

of product from cross-linked template = product of interest (Arp„»ri)
product of control locus ligation

(A(Ercc3))

This is also carried out in the control template to control for primer efficiencies. The

merged formula is thus:-

X(Pax6) = AlParfdKF.rr.rM cross-linked cells
A'(Po*:6) /A\Ercc3) randomly ligated control
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and measures the cross linking frequency of two fragments (determined by the

primers used in the amplification). The cross-linking frequencies of a series of

primers across the locus and between cell lines can be plotted for easy comparison on

a graph. While it is not strictly accurate to link these points by a line, this was drawn
to assist in the interpretation of the data. Graphs of cross-linking frequencies

presented in this chapter have variable y-axis scales in order to clearly present the
data obtained in each individual experiment.
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Figure 4-5: The Ercc3 locus and expression status in embryonic brain and liver cells
a) Restriction Fragments analysed at the Ercc3 locus: Hind III restriction sites are
represented by vertical lines and sizes of fragments generated are shown below. Primers 1r
and 3r (indicated above) are used in the detection of interaction between these fragments.
Diagram modified from (Splinter et al., 2004). b) RT-PCR analysis of Ercc3 and Pax6 in
E14.5 brain and liver cells, c) RT-PCR analysis of Ercc3 and Pax6 in E17.5 cortex cells. The
negative RT control for Pax6 has failed in this reaction (RT positive template was added in
error).
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4.3.5. Confirming the identity of the PCR products obtained

Finally, it is important to confirm that the PCR products obtained are what they are

expected to be, i.e. that they consist of the predicted sequence of the junction formed

by ligation of the fragments of interest. The formation of PCR products is dependent
on the combination of successful cross-linking, digestion and ligation steps (Figure

4-6). While this is clearly the case in the UV trans-illuminator derived pictures, it is

interesting to note that the more sensitive analysis on the phosphoimager reveals very

faint PCR products in some lanes. These are highly variable and template dependent.
The successful and uniform amplification by control primers (from the DNase I

probe 16088M which are not separated by a Hind III site) proves that PCR quality
DNA is successfully recovered from each treatment. Despite the small quantity of

unexpected products, there is a clear difference between templates that have and have
not been subjected to the correct procedures. Therefore these products can be

subjected to quantification and comparison. All PCR products were sequenced from
at least one cross-linked template to confirm their identity (in addition, all control

template derived products were also sequenced).
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Figure 4-6: Amplification is dependent on cross-linked, digested and re-ligated
template
PCR was carried out on a range of templates derived from MV+ cells: non cross-linked
(incubated with 0% formaldehyde for 10 minutes), non digested (incubated in the absence of
Hind III), non ligated (incubated in the absence of ligase) and a standard template fixed for
10 minutes in 2% formaldehyde (CH20) before digestion and ligation steps. Primers used,
indicated on the left, are specific to the Ercc3 locus (1r-3r, fragments separated by 8.3 kb;
Figure 4-5a) and the Pax6 locus (P1-aR, separated by 8.5 kb; Figure 4-3; and 16088,
separated by 565 bp). Templates were subject to the same serial dilution as described in
section 2.7.5. Exposures on the phosphoimager (top of each pane) and a UV trans-
illuminator (bottom of each panel) are presented for comparison.
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In summary, by implementation of a series of controls, PCR detection to determine

cross-linking frequencies of specific fragments joined by chromosome conformation

capture is a robust technique that can be used to assess regulatory element
interactions at the Pax6 locus.
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4.4. RESULTS

4.4.1. Targeting sequences across the locus

In order to examine DNA interactions at the Pax6 locus two sets of primers were

designed. The first set targeted Hind III fragments that encompassed known

regulatory elements (PEER, POR, P1R, oR, E60A/BR, E100R, SIMOR, HS2R,

HS31R, HS32R, HS4-7R, HS8R, RBR), while the second set recognised roughly

evenly spaced random Hind III fragments between Ren and the start of the Elp4 gene

(12R, 15R, 17R, negR, 19R, 21R). All primer sequences are shown in Chapter 2
Table 2-5. Combinations of these sets of primers were used in an attempt to obtain a

complete picture of interactions across this region of chromosome 2E3. Fragments

recognised by these primers can be seen in Figure 4-3 and are marked at the locus in

Figures 4-11 through to 4-15. All primers were designed in the same orientation, at

approximately equal distance from the right-hand side (Elp4 proximal end) of each

fragment.

4.4.2. Preliminary analysis

A series of formaldehyde treatments was carried out on MV+ cells to assess whether

long range regulatory element interactions could be detected at the Pax6 locus by 3C.

Template created by the 3C process was amplified using a primer specific to the Po

promoter containing Hind III fragment (the anchor) and a series of primers specific
to other Hind III fragments located across the locus (Figure 4-7). Products obtained

suggested Po interacted with a variety of sequences across the locus. Results were

consistent with predictions and findings of other groups that the chances of random
interaction between two fragments decreases as the distance between them increases

(note that products are formed when analysing fragments closest to the Po promoter

and that the intensity of product decreases to zero with increasing distance from this
anchor fragment, marking clear boundaries where no product is obtained; black

triangles Figure 4-7; Dekker et al., 2002; Tolhuis et ah, 2002; Vakoc et al., 2005;).
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PCR products were witnessed between the (anchor) Hind III fragment encompassing

Po and Hind III fragments from many positions across the locus, including some

located within the previously characterised Pax6 Downstream Regulatory Region

(DRR; Kleinjan et al., 2001) located over 100 kb away. Of particular note is the

product of extremely high intensity obtained when combining the Po fragment primer
with the SIMO fragment primer (*, Figure 4-7) which is amplified despite the failure
of primers specific for other fragments closer to the promoter fragment to yield a

PCR product. These observations are highly suggestive of the existence of a looped

structure, where distant fragments are in closer proximity to the promoter in the
nucleus at the time of fixation than the sequences located between the two. These

results suggest that long range interactions between regulatory elements do indeed
occur at the Pax6 locus and can be detected by 3C.

.25 kb.
Ren coding sequence Pax6 coding sequence Elp4 coding sequence 1 1

Figure 4-7: Preliminary analysis of regulatory element interactions
MV+ cells were fixed in 1% formaldehyde for 5 minutes before digestion and re-ligation.
Recovered DNA was subjected to PCR amplification utilising primers specific to the P0
fragment and a range of other fragments from across the locus. Results from PCRs utilising
control template are given below for comparison (the primers recognising fragments furthest
upstream of Pax6 could not be amplified in the control template as this region is not present
on the BAC - see figure 4-3). Asterisk denotes PCR product obtained using a primer that
recognises the SIMO regulatory element. Triangles represent regions in which products
obtained are assumed to be the result of proximity of the two fragments on the linear DNA
molecule.
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4.4.3. Assay Optimisation

Despite these striking preliminary results and consistent interactions between

promoters and the DRR, many of the products shown in Figure 4-7 proved difficult
to consistently reproduce and we were concerned about the reliability of the assay in
our hands. Obtaining PCR products of equal composition (i.e. where multiple DNA

fragments were found in the product) and intensity from a reaction consisting of

exactly the same quantities of template and primers was a particular problem in the

early stages of this analysis. This triggered a series of PCR optimisation steps and in-

depth primer analysis. During extensive troubleshooting we noticed great variation in
the ability of different primers to yield reproducible PCR products. Figure 4-8 shows
the results of amplification of re-ligated BAC template using different combinations
of primers specific for the same two fragments. In addition to the expected band of

approximately equal intensity in each of the three repeats (as observed in products
indicated in the green box) a wide range of other results were obtained. Some

primers were incompatible, yielding no product (red box) while the product obtained
with a variety of others primer combinations was highly variable in intensity with
some producing different secondary artefact bands between the three repeat reactions

(e.g. black box). This underlines the importance of designing and testing multiple

primers to detect each fragment.
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Figure 4-8: Variable results from different primer combinations
PCR products generated from twenty-five combinations of primers that recognise the same
pair of re-ligated restriction fragments (five designed specific to each fragment) are shown
separated on a 2% gel. Boxed regions are discussed in the main text. Reactions using the
same quantity of re-ligated BAC template were carried out in triplicate with an accompanying
no template control. PCR products were run in parallel with a 100 bp marker.

Other problems with PCR reproducibility were deemed to be the result of the use of
low quantities of template in the PCR as subsequent analysis using a greater amount

of template gave far more reproducible results.

In order to minimise bias introduced by these random PCR products, and to carry out

full analysis of locus wide interactions, we chose to determine relative cross-linking

frequencies of fragments across the locus. As described in section 4.3, this requires

quantification of PCR products to determine frequencies of interaction. In the
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interests of producing reliable PCR products when analysing fragments across the
locus we used fixation conditions of 2% formaldehyde for 10 minutes to yield a high

quantity of template. These conditions were considered optimal and have been used

by a number of groups (Tolhuis et al., 2002; Spilianakis and Flavell, 2004). Results
obtained using these conditions were highly reproducible across repeat reactions

(Figure 4-9a).

PCR products shown in Figure 4-9a were converted to a numerical value by the

phosphoimager software. This allowed their representation and analysis to be carried
out on graphs (Figure 4-9b). These graphs were used to determine which quantity of

template yielded products that were in the linear range of amplification across all

primer combinations. This value was used in the calculations detailed in sections

4.3.3 and 4.3.4 to determine the cross-linking frequency between each pair of

fragments (which are further analysed in Figure 4-14).
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a) PCR products obtained by amplification of template derived from E17.5 cortex cells fixed
in 2% formaldehyde for 10 minutes, repeat "9", separated by electrophoresis through 2%
agarose gels. Amplification took place using the P1R primer, combined with the primer
indicated to the left of each row, with the exception of the assessment of interactions at the
Ercc3 locus (which was carried out by primers 1r & 3r only). Template was serially diluted to
four concentrations (1/2, %, 1/8, 1/-i6) and reactions were carried out in duplicate. The product
of approximately 200 bp is of the expected size for the re-ligation of restriction fragments and
was quantified for analysis (each was also sequenced from at least one cross-linked
template to confirm identity). M: 100 bp ladder. Gel images for all data shown in this chapter
are contained on the accompanying DVD. b) The average values obtained from the
duplicates of each primer combination in (a) are plotted on the graph. For each primer pair,
values obtained from the products are displayed such that the highest quantity of template
(1/2) is given on the left, with the lowest on the right (1/16; trend shown by black triangles).
Error bars mark the position of the highest and lowest quantity of PCR product obtained.
Values from product deemed to be in the linear range of amplification (3rd from left in this
case) are taken for further analysis.
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Earlier efforts to define experimental conditions (such as fixing and PCR conditions)
are not shown, as optimisation was a relatively slow process and these are useful

only in the context of the development of the technique. Reproducible results were

obtained using the fixation conditions of de Laat and co workers and the PCR
conditions of Flavell and co-workers (Tolhuis et al., 2002; Spilianakis et al., 2005).

4.4.4. Variability between Cross-linked templates

To obtain significant results data must be reproducible. Our experiences with
variable PCR products described above, and discussions with other researchers

attempting to set up 3C in their labs, alerted us to the need to carry out the reaction a

number of times in order to ensure that a true picture of interactions at the locus is
revealed. The results presented in this chapter represent the average values obtained
from duplicate PCR reactions performed on templates derived from at least four

independent cross-linking events, some of which were carried out on different days.
In some cases the absolute values were different between repeat experiments;
however the relative relationships between points across the locus in each cross-

linked template were largely conserved. Two examples of typical variation between

cross-linking events are given in Figure 4-10. Similar analysis of all the data

produced in this chapter is presented in Microsoft® Excel data files on the

accompanying DVD.
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Figure 4-10: Variation in X(Pax6) between formaldehyde treatments
Data from analysis from two anchor points are shown for comparison, a) P1R anchored
analysis of formaldehyde treated (2%, 10 minutes) cells isolated from E17.5 cortex, b)
E60BR anchored analysis of formaldehyde treated (2%, 10 minutes) cells isolated from
E14.5 forebrains. Dotted lines represent individual analysis of cross-linked treatments. Thick
black line represents the average of the treatments (and this is presented in subsequent
figures). Error bars represent standard errors of the mean (s.e.m.).
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4.4.5. Variability between control templates

Two control templates derived from different BACs were utilised in the course of
this project as they became available. While the template derived from RP23-403K1
contains all sequences across the locus in equal quantities and is likely to yield more

accurate results, the BAC template that preceded it, consisting of BAC46F10 and

BAC67L02, covers a wider area of the locus allowing cross-linking frequencies to be
determined over a greater region of 2E3. Data from cross-linked templates has been

compared to both control templates and can be seen in the data files on the

accompanying DVD. The majority of data presented in this chapter was analysed

using RP23-403K1 random ligation frequencies. Results analysed using BAC46F10
and BAC67L02 derived template are given where RP23-403K1 could not be
substituted for these BACs due to the region of the locus under analysis (such as

Figure 4-13; see Figure 4-3). Comparison of the graphs obtained utilising each

template reveals that calculating X(Pax6) using control template derived from
BAC46F10 and BAC67L02 enhances the cross-linking frequencies obtained using
some anchor fragments suggesting that, despite best efforts, the quantities of each
BAC in the template are not equal.

4.4.6. Interactions with the SIMO regulatory element

With preliminary data indicating that the SIMO regulatory element is frequently in
close proximity to the Pax6 promoter region in the MV+ cell line, we initiated

analysis of regulatory element interactions using the SIMO element as the anchor

point. Chromosome conformation capture was carried out on MV+, N2A and RAG
cells and interactions were assessed by determining cross-linking frequencies
between a Hind III fragment containing the SIMO regulatory element and multiple
Hind III fragments across the Pax6 locus. These are summarised in Figure 4-11.

Cross-linking frequencies between all fragments analysed were broadly similar in the
three cell lines. Cross-linking frequencies between the SIMO and RB elements are

elevated relative to interactions with other fragments across the locus, with the

highest frequency of association seen in the RAG cell line. This suggests that these
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regulatory elements are close to one another in a high proportion of cross-linked
cells. We believe that interactions between regulatory elements are dynamic;
therefore elevated cross-linking frequencies reflect longer times of association
between two points, resulting in a conformation that is more likely to be 'captured'

by formaldehyde fixation. Therefore long lasting interactions will be enriched in the
cell population analysed. Elevated cross-linking frequencies were also found
between SIMO and HSS8 in N2A and RAG relative to MV+ cells. Both MV+ and

N2A show a general trend of very moderately enriched cross-linking frequencies at

the promoter region. This is most obvious in the analysis of Pi, where the cross-

linking frequency is significantly higher in N2A cells than RAG (Figure 4-1 Id). The
fact that cross-linking values between these positions are higher than cross-linking
values obtained for fragments located between these two positions on the linear DNA
molecule hints that these are in closer proximity in a small proportion of the fixed
cell population, therefore any interactions between these elements are likely to be

very short lived.
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Figure 4-11: Analysis of SIMO element interactions across the Pax6 locus in
immortalised cell lines

Summary of relative cross-linking frequencies achieved when comparing the SIMO
regulatory element (black vertical bar) to positions across the locus (grey vertical bars) in (a)
MV+ (blue squares / line), (b) N2A (red squares / line) and (c) RAG (black squares / line) cell
lines, (d) The highest cross-linking frequency in (a-c) is set as 1 and relative cross-linking
frequencies are compared between the three cell lines. Data from at least four cross-linking
events in each cell line are summarised (individual data files available on the accompanying
DVD). Error bars represent s.e.m. The large error bars on MV+ are caused by a single
outlying reaction, the deletion of which does not dramatically change the overall trends
across the locus. The Pax6 locus is represented above each graph (as in Figure 4-3;
labelled black boxes corresponding to grey vertical bars below them).

Next, we were interested to see if these relationships extended to cells derived from

embryonic tissue. Studies of the globin loci in cells isolated from murine embryonic
tissue have revealed elevated cross-linking frequencies between regulatory elements

analysed in globin-expressing embryonic liver cells compared with non-expressing

embryonic brain cells (Tolhuis et al., 2002; Palstra et ah, 2003; Drissen et ah, 2004).
Pax6 expression status was determined in cells derived from these organs (Figure 4-
5b and c) and cross-linking frequencies at the Pax6 locus determined.

We hypothesise that different regulatory elements act at different times in

development; therefore brain cells were isolated from litters at E14.5 (forebrain) and
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El 7.5 (cortex) for comparison. Isolating cells from other areas of the El 7.5 brain did
not yield enough material to perfonn analysis to the standards described in this

chapter. Overall, locus-wide interactions in cell populations derived from embryonic
tissues were similar to the cell populations derived from cell lines with high cross-

linking frequencies between the RB and SIMO Hind III fragments in all cell

populations analysed (Figure 4-12). Therefore the relatively stable interaction
between these elements observed in cell lines also occurs in embryonic tissues.
Elevated cross-linking frequencies to HSS8 were not detected in any of the cell

populations analysed. Peaks of association between Pi and SIMO can be seen in the
brain tissues (Figures 4-12a and b) however, as with cross-linking values at all other

positions across the locus, these do not differ significantly from frequencies obtained
in the liver (Figures 4-12c and d). Therefore spatial associations between the

regulatory elements in this analysis appear largely constitutive in all cells.

In addition to our analysis of the Pax6 locus in these tissues we also examined
interactions between HS-26 and the a2 promoter of the a-globin locus. These
interactions have been examined previously by de Laat and colleagues (Drissen et

al., 2004). By confirming that cross-linking frequencies between Hind III fragments

containing these elements are elevated in liver compared to brain tissue (Figure 4-

12e), we were able to confinn that the technique was working in these cell

populations.
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Figure 4-12: Analysis of Pax6 and a-globin interactions in embryonic tissues
Cross-linking frequencies between SIMO (black vertical bar) and multiple fragments across
the Pax6 locus (grey vertical bars) are indicated in cells isolated from (a) E17.5 cortex (red
circles / line), (b) E14.5 forebrain (blue circles / line) and (c) E14.5 liver (black circles / line),
(d) The highest cross-linking frequency in (a-c) is set as 1 and relative cross-linking
frequencies are compared between the three tissues, (e) The highest cross-linking frequency
in the three cell types witnessed in the HS-26 to a2 promoter interactions is set to 1 and
relative values are plotted on the graph. Errors represent s.e.m.

4.4.7. Interactions with the RB regulatory element

Elevated cross-linking frequencies between SIMO and RB (which are separated by
over 50 kb) occur in both immortalised cell lines and cells isolated directly from

embryonic tissue regardless of Pax6 expression suggesting that a relatively stable
interaction is formed between these elements. We sought to confirm this interaction
in a cell population derived from E14.5 forebrains by calculating cross-linking

frequencies to the RB containing Hind III fragment from across the locus.

In order to allow examination of interactions over a wider area, the BAC46F10 &

BAC67L02 derived template was used as the control template to determine cross-

linking frequencies (Figure 4-13). The clustering of SIMO and RB was confirmed in
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this tissue with little enrichment at any other position, with the exception of the El 00
element which was enriched in two out of five repeats (hence the large error bars at

this position). Therefore cross-linking frequencies between SIMO and RB are highly
enriched relative to the rest of the locus, using either anchor point.

25kb

Figure 4-13: Cross-linking frequencies with RB at the Pax6 locus in E14.5 forebrain
Cross-linking frequencies between RB (black bar) and multiple fragments across the Pax6
locus (grey bars) are indicated in cells isolated from E14.5 forebrain (blue circles / line).

4.4.8. Interactions with the Pax6 Pi promoter

We next decided to focus on other Pax6 regulatory elements to determine whether
other structures exist at the Pax6 locus. Other groups have utilised 3C to characterise
interactions to the promoter region of the gene of interest to discover regulatory
elements that interact directly with the promoter (Wurtele and Chartrand, 2006).
Previous studies have indicated that the major Pax6 promoter is Pi and this is active
in brain and lens cells (Figure 3-4). We therefore continued our analysis of cells
isolated from embryonic tissues using a Hind III fragment containing the Pi

promoter. Cross-linking frequencies between the Pax6 Pi promoter and a number of

positions across the locus were determined (Figure 4-14). The high interaction

frequencies with the Hind III sites analysed closest to the anchor fragment (Po & Pa)
are likely to be a result of their proximity on the linear DNA molecule and
interaction frequency drops sharply with increasing distance along the chromosome.
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These results suggest a linear conformation at the Pax6 locus with the Pi promoter

failing to fonn stable interactions with any other fragment analysed across the locus.

25kb

Figure 4-14: Cross-linking frequencies to the P1 promoter in embryonic tissue derived
cells

Cross-linking frequencies between P-i (black bar) and multiple fragments across the Pax6
locus (grey bars) are indicated in cells isolated from E17.5 cortex (red circles / line), E14.5
forebrain (blue circles / line) and E14.5 liver (black circles / line). The highest cross-linking
frequency is set as 1 and relative cross-linking frequencies are compared between the three
tissues. Errors represent s.e.m.

Regulatory elements at the fi-globin locus cluster to form a 'chromatin hub' (CH)
structure in pre-erythroid cells. As erythrocytes mature, this structure is joined by the
active promoter of the appropriate fi-globin gene creating an 'active chromatin hub'

(ACH; de Laat and Grosveld, 2003). The failure to identify any interactions using
this Pax6 promoter fragment as the anchor fragment suggests that if a Pax6 active
chromatin hub structure is formed, it is only present in a very small proportion of

cells, or for a very short period of time. We reasoned that as over expression ofPax6
is deleterious (Schedl et ah, 1996), mechanisms may exist to prevent the promoters

from occupying an active chromatin hub constantly. Therefore the data in figure 4-14
is compatible with the hypothesis that promoter interactions are highly dynamic and
short lived. This also suggests that Pax6 is not transcribed at a high rate, as a

snapshot of ~107 cells detects few, if any, interactions. Therefore more permanent

interactions that poise the locus for expression, akin to a chromatin hub, may be
more readily detectable.
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4.4.9. Interactions with the E60 UCS regulatory element

The E60 enhancer element is located approximately halfway between the Pax6

promoters and the most distal Pax6 regulatory elements thus far identified. We
selected this element as an anchor point to measure cross-linking frequencies across

the locus. We find Pax6 promoter regions have elevated cross-linking frequencies to

the E60 element in Pax6 expressing embryonic brain tissue (at E14.5 and E17.5)
when compared to the non-expressing RAG cell line (Figure 4-15). The Pi Pax6

promoter appears to be most frequently associated to E60 in the developing E14.5

forebrain, whereas higher frequencies of interaction were seen to Po and NRE (Pa) in
the El7.5 cortex. Further brain tissue specific interactions were identified between
E60B and fragments containing HSSs 4-7 and HSS8, which, despite relatively large
error bars, are more frequently associated in brain tissue of both developmental

stages than in the RAG cell line. Interestingly, there appears to be a persistent
interaction between the E60 and SIMO regulatory elements. This does not exclude

RB, which was previously identified as interacting with SIMO in Figures 4-11 & 4-
12. Despite the fact that interactions between SIMO and E60 were not noted in

previous analysis (Figures 4-11 & 4-12), there was moderate enrichment in all cell
lines where this element was examined. In addition, the maximum cross-linking
values seen when using the E60B anchor are around five-fold less than those
observed when using the SIMO element as anchor. Together, these data suggest that
a major persistent interaction occurs between the RB and SIMO elements and this is

joined by the E60 element in a minor population of cells (see sections 4.5.3 and 6.5
for futher explanation). The promoter region is frequently found in close proximity to

this brief structure in Pax6 expressing brain cells.
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Figure 4-15: Cross-linking frequencies between E60B and the Pax6 locus in various
cells

Cross-linking frequencies between E60B (black vertical bar) and multiple fragments across
the Pax6 locus (grey vertical bars) are indicated in cells isolated from E17.5 cortex (red
circles / line), E14.5 forebrain (blue circles / line) and RAG cells (black boxes / line). The
highest cross-linking frequency is set as 1 and relative cross-linking frequencies are
compared between the cells. Errors represent s.e.m.
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4.5. Discussion

A number of genes are under the control of distal regulatory elements. Identifying
how such elements can influence transcription from a promoter located some

distance away on the linear DNA molecule is therefore increasingly important. The
Pax6 gene is controlled by a number of regulatory elements spaced over a > 150 kb

region. Here we establish chromosome conformation capture (Dekker et ah, 2002;
Tolhuis et al., 2002) as a valid tool for the determination of relative cross-linking

frequencies between various DNA fragments across the Pax6 locus. This information
allows us to visualise the Pax6 locus organisation in vivo. We find interactions
between regulatory elements in all cell populations analysed, revealing that Pax6

regulatory elements are not located in the relative positions predicted by their

position in the linear DNA molecule (Figure 4-16a). Rather, these elements are

clustered in structures likely to occupy a smaller space in the cell nucleus. The
different cross-linking frequencies obtained when using different anchor fragments

suggest that some interactions are more common in the 'fixed' cell population than
others. This is compatible with the hypothesis that interactions at the locus are

dynamic, whereby some associations are long lived, while others are far briefer (but
no less significant). These structures and their fluidity may play a key role in Pax6

regulation.

4.5.1. Establishment of 3C to analyse Pax6 regulatory
element interactions

We chose chromosome conformation capture to visualise interactions across the
Pax6 locus. Previously, the phenomenon of looping has also been observed using
FISH (Byrd and Corces, 2003; Chambeyron et ah, 2005) and the RNA TRAP

technique (see section 1.4; Carter et al., 2002). FISH analysis is unsuitable for the

study of regulatory element associations across the Pax6 locus. The distance between

many of the individual regulatory elements on the linear DNA molecule is not large

enough to resolve under the light microscope and we are interested in examining the
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proximities of at least a dozen locations simultaneously across this region. Successful
detection by RNA TRAP requires a probe specific for the newly synthesised

transcript and our selection of 3C over RNA TRAP has allowed us to look for
interactions between fragments distal to the Pax6 coding sequence. We have detected
interactions between SIMO and RB, regulatory elements that are approximately 75
and 150 kb from the Pax6 coding sequence respectively. However in hindsight,

analysis by RNA TRAP should have excluded those cells in the population that were

not actively transcribing Pax6 and this may have been advantageous in the detection
of active chromatin hub structures that incorporate Pax6 promoters (although these
still may be present in too low a proportion of the cell population under analysis for

detection). This point is especially pertinent in light of analysis using the Pi promoter

as the anchor fragment where no long range interactions could be detected (Figure 4-

14). This suggests that if an ACH is formed, this event is not frequent enough in
these populations of cells for detection by 3C (see Chapter 6).

For results obtained by 3C to be meaningful, a number of controls must be

incorporated (Tolhuis et al., 2002; Dekker et ah, 2002; Splinter et ah, 2004). Most of
these involve correcting the different efficiencies of various combinations of primers
to produce PCR products (detailed in section 4.3). By calculating relative cross-

linking frequencies our analysis takes into account these concerns. In addition, to

ensure that the quantity of product obtained is directly proportional to the frequency
of that junction in the template, PCR amplification must be in the linear range. We
ensured this was the case by examining serial dilutions of template for each
combination of primers in each template (as shown in Figure 4.9). The large quantity
of template required to do this greatly reduced the number of interactions that could
be measured from each template, however it was not initially clear to us how one

could predict the linear range for all possible primer combinations from only

carrying out such analysis on two or three. As technical ability increased, it was clear
that such predictions are possible. Figure 4-9 reveals that the same amount of

template yields products in the linear range of amplification using all primer

combinations, therefore future analysis can be streamlined allowing more potential
interactions to be assayed.
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Results have to be reproducible and greater experience with the technique generally

yielded smaller error bars when averaging relative cross-linking frequencies between

cross-linking events. The large quantity of template used in producing these data
restricted the majority of our analysis to previously defined regulatory elements

(therefore full scale 'fishing' for putative regulatory elements could not be carried

out). Results were highly reproducible on the whole (examples are seen in Figure 4-
10 with the remainder of the data provided on the accompanying DVD), however
there were some differences between the cross-linking frequencies of some

treatments. For example, cross-linking frequencies observed between RB and El00
were elevated in only two out of five cross-linking events in cells derived from El4.5
forebrains resulting in large error bars at this position (Figure 4-13). As PCR

products were reliably detected at all positions it seems that the variation is most

likely to exist in the cross-linking event itself. Carrying out further repeat analyses
should reveal the true structure and allow outliers to be discarded.

Since this project was initiated, the use of 3C has become more widespread,

suggesting that there is growing acceptance of the technique as a valid tool for

analysing regulatory element interactions and chromosome structure as a whole. A

variety of methods now exist for the detection of 3C ligation products including

microarrays and TaqMan® probes (Simonis et al., 2006; Dostie et al., 2006; Splinter
et al., 2006). At the time when this project was initiated the only technique described
to analyse products was the quantitation of PCR products to determine relative cross-

linking frequencies (as described here; Tolhuis et al., 2002; Splinter et al., 2004). We
felt it was important to get the least complicated system working reliably before

embarking on more technically ambitious detection procedures. In addition, initial

reports described poor results using other methods of PCR product quantitation such
as real time PCR, while the detection and quantitation of PCR products stained with
ethidium bromide was documented as reliable and reproducible (Splinter et al.,

2004), something that we have confirmed over the course of these experiments. As
an additional means of reducing variation we favoured analysing all products from
each treatment in parallel (as seen in Figure 4-9).
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Thus the 3C technique yields reproducible results and can be used in the analysis of
the Pax6 locus.

4.5.2. Interactions occur between specific regulatory
elements

Using 3C we were able to detect elevated cross-linking frequencies between Hind III
restriction fragments containing the SIMO and RB regulatory elements in all cell

populations analysed (Figures 4-11, 4-12 and 4-13). Therefore the Pax6 locus does
not adopt a linear structure in vivo and transcription factors bound to its 'distant'

regulatory elements will be closer together and in a configuration that is distinct from
that predicted by the linear DNA molecule (compare Figure 4-16a and b). This
clustered structure is likely to assist in the delivery of transcription factors to a

specific nuclear space, which is likely to be advantageous for the control of gene

transcription. Such a situation has been proposed at the TH2 locus on mouse

chromosome 11. Association of 11-4,11-5 and 11-13 in all cells is independent of gene

expression and is thought to result in a structure that is poised for rapid expression of
these genes (Spilianakis and Flavell, 2004).

Cross-linking frequencies were also elevated between SIMO and HSS8 in the
immortalised cell lines (Figure 4-11). Interestingly, the frequency of association of
HSS8 with SIMO mirrored the apparent relative level of hypersensitivity of HSS8 in
each cell population (see Figure 3-3.H) with higher cross-linking frequencies in N2A
and RAG than MV* cells. This finding suggests that this structure may be dependent
on the formation of HSS8. The role (if any) of FISS8 in Pax6 chromatin structure is

presently unclear. The strong presence of this HSS in cells that do not express Pax6
had previously led to the hypothesis that the site was involved in maintaining the
silence of the Pax6 gene (Kleinjan et al., 2001). However elevated cross-linking

frequencies between SIMO and HSS8 and E60 and HSS8 are seen in E14.5 forebrain
and El7.5 cortex. Therefore this element may be involved in mediating access or

interaction with the rest of the DRR, which may only be required in certain lineages

Chapter 4: Assessment of chromatin structure at the Pax6 locus by 3C 4-39



of Pax6 expressing cells. Thus associations between SIMO and HSS8 may alter
either the accessibility of other HSSs in this region or the interaction of the DRR
with an unidentified regulatory element.

4.5.3. Detection of active chromatin hub structures in brain
tissue

Frequent interactions between SIMO and RB are seen in all the isolated cell

populations analysed. Using the E60 element as an anchor to determine cross-linking

frequencies reveals additional interactions between these elements and the E60

enhancer. Associations present in relatively minor proportions of the cell population
are enriched when an anchor primer specific to fragments involved solely in these are

used. This suggests that the SIMO and RB interactions are relatively static compared
with their interaction to E60, which spends a higher proportion of its time away from
these elements (perhaps associating with some other yet to be defined sequence).

Alternatively, E60 may be responsible for somehow bringing active promoters to the
SIMO-RB interaction. Fragments containing the Pax6 promoters and HSSs 4-8
were frequently seen in association with this hub of regulatory elements in Pax6

positive cells isolated from E14.5 forebrain and E17.5 cortex (Figure 4-15).

However, Pax6 promoters were not present in this hub in the Pax6 negative RAG
cell line. This suggests that an ACH structure has been detected in embryonic brain
tissue (Figure 4-16b). The detection of distinct structures in expressing and non

expressing cells is highly indicative of a role for chromatin structure in gene

expression. At the TH2 locus the constitutive structure formed between 11-4,11-5 and

11-13 is joined by the LCR in T cells (Spilianakis and Flavell, 2004). Studies at the /?-

globin locus have revealed distinct linear and looped locus structures in brain and
liver embryonic tissues respectively (Tolhuis et al., 2002), suggesting that the looped
structure present in the liver cells is related to the expression of the gene.

We have determined that the structure of the Pax6 locus is not linear in vivo (as

represented in Figure 4-16a). Therefore distal regulatory elements are likely to be in
much closer proximity to the Pax6 promoters than predicted by linear DNA
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sequence. Our data suggest dynamic relationships between regulatory elements. In
brain cells, relatively static interactions between regulatory elements are joined

briefly by additional elements in distinct looped structures, perhaps forming a Pax6
active chromatin hub. The majority of structures detected and their possible

relationships are outlined in Figure 4-16b.
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Figure 4-16: Putative chromatin organisation at the Pax6 locus
a) Linear structure of the Pax6 locus based on sequence analysis, b) Cartoon representation
of regulatory element interactions detected in this analysis. The formaldehyde fixed cell
population (centre) is homogeneous with respect to chromatin conformations with major
(upper, red) and minor (lower, green) components being detected. We suggest that these
are related to the length of time that these elements are in proximity in this dynamic system
(since this will have bearing on the chances of fragments becoming fixed by formaldehyde
treatment). The SIMO-RB association is a common theme to all configurations. Dashed
arrows indicate the dynamic relationship between these populations. While the role of the
switching to an ACH is of obvious importance, the function of the secondary minor structure
in the RAG cell line is currently unclear.
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5.1. Introduction

Intergenic transcripts have been detected at a number of mammalian loci including
the fi-globin locus (Ashe et al., 1997; Gribnau et al., 2000; Plant et al., 2001), the
MHC class II locus (Masternak et ah, 2003), the TH2 locus (Rogan et ah, 2004), 11-10

family gene cluster (Jones and Flavell, 2005) and the hGH locus (Ho et ah, 2006).

Moreover, it has been proposed that these transcripts play an integral role in gene

regulation at these loci. How intergenic transcription influences gene expression is
still unclear and a variety of mechanisms have been proposed (see section 1.5).

Yeast upstream activating sequences (UASs) function as an entry site for RNA

polymerase containing transcriptional complexes. Thus intergenic transcription of
metazoan gene enhancers may be a by-product of the transfer of these complexes
from the enhancer to the promoter (reviewed, Dean, 2005). Therefore the presence of

intergenic transcripts may indicate a tracking component of enhancer regulation (see
section 1.3.6). Transcripts and the polymerase transcribing them have been detected
across the [1-globin locus in a tissue and developmental stage specific pattern (Ashe
et ah, 1997; Gribnau et ah, 2000; Plant et ah, 2001; Johnson et ah, 2003). While
similar correlations have been witnessed at other loci, these transcripts do not always
extend as far as the promoter of the target gene, suggesting that the transcript does
not play the role of direct transferral of the polymerase to the promoter (Ho et ah,

2002).

Determining what part of the intergenic transcription process plays in gene regulation
is of key importance. The actual process of transcription may be key - passage of
RNA polymerase through the chromatin may induce changes critical for gene

expression. RNA polymerase II is known to interact with a number of chromatin

modifying complexes (Studitsky et ah, 2004; Eissenberg and Shilatifard, 2006) and
this has led to the hypothesis that gene transcription could be preceded by 'pioneer

polymerases' that prepare the chromatin at the locus for gene expression (Orphanides
and Reinberg, 2000). The possibility of such a scenario at the /3-globin locus is

supported by the finding that intergenic transcripts correlate with regions of elevated
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DNase I sensitivity (Gribnau et al., 2000). However there is conflicting evidence for
whether the basis of this increased sensitivity lies in the acetylation status of H3 and
H4 and it remains to be seen whether these modifications are a cause or effect of

intergenic transcription (Bulger et al., 2003; Haussecker and Proudfoot, 2005).
Studies at other loci have also so far failed to reveal correlation between intergenic

transcription and histone acetylation (Baguet et al., 2005; Ho et al., 2006), however it
remains clear that the disruption of these transcripts has a detrimental effect on gene

expression (Ho et al., 2006). Finally, particular products of intergenic transcription

(non-coding RNAs) have also been shown to be of key importance through their

ability to interact with chromatin modifying enzymes and hence regulate gene

expression (Bernstein and Allis, 2005; Sanchez-Eisner et al., 2006; Mayer et al.,

2006).

While the majority of potential mechanisms support a positive role for intergenic

transcription, some experiments have revealed conflicting evidence linking

intergenic transcripts to gene silencing (see Chapter 1 section 1.5; Haussecker and

Proudfoot, 2005; Baguet et al., 2005).

We were interested to examine whether intergenic transcripts were present at the
Pax6 locus in order to extend our knowledge of regulatory mechanisms at this locus.
In addition to assessing correlation between intergenic transcription and gene

activity, we wanted to know whether activity of a particular regulatory element
correlates with intergenic transcription of that regulatory element. Such correlation
has previously been described at the 11-10 family gene cluster (Jones and Flavell,

2005) and the TH2 locus (Rogan et al., 2004). For this study we used human cell lines
and subsequently reporter transgenic mice carrying a human YAC.
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5.2. Results

5.2.1. Identification of intergenic transcripts

With growing evidence that transcription of regulatory elements plays a key role in
the regulation of a number of mammalian genes (see section 1.5), we examined
whether intergenic transcripts were present at the PAX6 locus. We chose to detect

transcripts at specific regions of interest by PCR amplification of cDNA template
derived from total RNA (RT-PCR). A series of primers were designed specific for

previously characterised regulatory elements in the PAX6 DRR. Many of these
elements have previously been identified as HSSs in the CD5a lens cell line

(Kleinjan et al., 2001) and are conserved to the mouse (Figure 3-3.G and H). Primer

sequences are given in Chapter 2, Table 2-8, with genomic locations in Figure 5-5.
The name of the primer indicates the regulatory element which it anneals to.

Analysis in human cell lines (cDNA the gift of D. A. Kleinjan) revealed that these

regulatory elements were indeed transcribed (Figure 5-1). However there was little,
if any, difference in the transcript levels comparing PAX6 positive human lens cells

(CD5a and CE11560) with a PAX6 negative human colon cancer cell line (HT-29;

Figure 5-1). We realised that the location of the distal PAX6 regulatory elements in
the introns of the constitutively expressed neighbour gene ELP4 (which is
transcribed from the opposite DNA strand; see section 1.6.18; Figure 5-la) could be
the cause of this, hindering our analysis of regulatory element transcription.

Transcripts initiating at the ELP4 promoter pass along the DNA through the ELP4
exons and introns creating ELP4 pre-mRNA and these would include the PAX6

regulatory elements located in the introns of ELP4. Analysis of intergenic

transcription through these elements by RT-PCR is therefore not feasible at the wild

type locus.
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Figure 5-1: Detection of transcripts spanning PAX6 regulatory elements in immortalised human
cell lines

a) The PAX6 locus. Large red arrow indicates the region on the genome that encompasses
all PAX6 exons, green arrow ELP4 exons. Promoters are indicated by flags. Exons are
vertical black lines. Yellow boxes are regions of high sequence conservation that have
previously been identified as regulatory elements and these are labelled. Locus drawn
roughly to scale, b) RT-PCR products obtained using primers to detect PAX6 regulatory
elements (indicated to the left, ending with an E for Element) in multiple cell lines (indicated
above; CE11 = CE11560; PAX6 positive human lens cell line). PAX6 expression status of
each cell line is indicated along with RT and no RT controls. M: 100 bp Marker (Promega);
gDNA human genomic DNA used as PCR template.

To distinguish transcription of PAX6 regulatory elements from ELP4 transcription
we needed to uncouple the PAX6 regulatory elements from the ELP4 gene. Such a

situation arises in transgenic reporter mice carrying a 420 kb human YAC including
PAX6 locus (see section 1.6.17; Figure 5-2; Tyas et al., 2006). In this YAC, tauGFP
is inserted in frame into the PAX6 gene (green exon Figure 5-2b). We selected a

transgenic line carrying a single copy of the YAC, line Y001, for analysis to avoid
artefacts due to the presence of multicopy transgene arrays. This YAC has been
confirmed to drive reporter gene expression in a pattern highly similar to the overall
Pax6 expression pattern (Figure 5-2b; Schedl et al., 1996; Tyas et al., 2006; Kleinjan
et al., 2006). The YAC extends to just downstream of ELP4 exon 4, therefore the
absence of the ELP4 promoter and first three exons should abolish expression of this
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gene. This is confirmed by the failure to detect ELP4 mRNA by amplification of

products spanning ELP4 intron 6 (Figure 5-3a).

Figure 5-2: The tauGFP-PAX6 transgenic mouse
a) The PAX6 locus as described in Figure 5-1. b) Region of the human PAX6 locus present
in two strains of transgenic mice used in this analysis and described (Tyas et al., 2006;
Kleinjan et al., 2006) are shown. The tauGFP gene cassette is knocked in to the PAX6 locus,
indicated by a green exon, hence transcription initiating upstream of this cassette encodes
tauGFP instead of PAX6 (indicated by green flags). Embryo shown is the YAC 223 strain
(E10.5) which contains a multi-copy insertion of approximately 6 tandem repeats of this YAC.
Mouse line YAC 001 contains a single copy insertion. Locus drawn roughly to scale, only the
3' end of each YAC is shown - both extend to an identical position upstream of the PAX6
locus. Embryo image courtesy of D.A. Kleinjan.

The sequences under analysis are, unsurprisingly, highly conserved between mouse

and human. As cells from these transgenic mice contain both human and murine loci
it was important to confirm that primers were specific to the human derived

transgenic locus and PCR products were not the result of Elp4 transcription from the
mouse locus. The specificity of these primers for the tauGFP-PAX6 locus was

confirmed by analysing transgenic mice and wild type littermate controls. PCR

products corresponding to transcription of the sequences analysed in Figure 5-1 are

clearly visible in the transgenic mice (arrows, Figure 5-3b). Therefore low level

transcription of these PAX6 regulatory elements does occur independently of ELP4

expression.
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Figure 5-3: Intergenic transcripts are independent of ELP4 expression
(a) Primers specific to Elp4 exon 6/7 boundary reveal that the gene is not expressed in the
transgenic mice containing the modified tauGFP-PAX6 locus. RT-PCRs using cDNA derived
from mouse Pax6 expressing (N2A) and human PAX6 expressing (CD5a) immortalised cell
lines are shown alongside cDNA derived from whole head of E10.5 001 embryo that contain
both human and murine loci, (b) Intergenic transcripts (arrows) detected specifically in 001
embryonic head derived RNA. Results from wild type (wt) litter mate controls that do not
contain the tauGFP-PAX6 locus are shown for comparison.

To determine whether transcription of PAX6 regulatory elements correlates with
tauGFP-PAX6 expression, RNA was isolated and reverse transcribed to cDNA

template from tissues that do (whole head) and do not (liver) express tauGFP in
El0.5 001 transgenic mice. RT-PCR reveals that transcripts are only present in
tauGFP-PAX6 expressing tissue (Figure 5-4).
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Figure 5-4: Tissue specific intergenic transcripts
PCR products obtained by analysis of cDNA derived from different tissues of the same litter
of 001 transgenic mouse embryos. Regions amplified by the primers are indicated to the left;
tissue and RT status above.

5.2.2. Characterisation of Intergenic Transcripts

Having identified the presence of intergenic transcripts only in tauGFP-PAX6

expressing tissue, we next set about their further characterisation. We examined
whether these transcripts are present outwith conserved regulatory elements across a

wider area of the PAX6 locus. This analysis was carried out using sets of primers that
included some utilised previously by D.A. Kleinjan (see Chapter 2, Table 2-8).

Analyses are summarised in Figure 5-5.
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Figure 5-5: Intergenic transcription across the tauGFP-PAX6 locus
Summary of RT-PCRs carried out across the tauGFP-PAX6 locus using template derived
from whole embryo heads (001 & 223; depicted above with results in upper table) and
immortalised human cell lines (CD5a & HT-29, both of which contain the wild type PAX6
locus - shown below, with results presented in lower table). Approximate positions of the
primer pairs across the locus are indicated. "+'s" indicated strength of PCR product obtained
- '+' is comparable to the bands seen in Figure 5-3b while '++' is comparable to those seen
in Figure 5-1. Each PCR was carried out at least twice. "?" indicates a repeated PCR that
yielded a different result each time. Colour depicts possible source of transcription detected
- PAX6 expression (red); ELP4 expression (green); intergenic transcription linked to
expression of the reporter gene (yellow). indicated no transcript detected at this position. A
blank box indicates that analysis did not take place at this position. Circled indicates
regions not included on the YAC, therefore products would not be expected here.

It is clear that intergenic transcripts are not confined to regulatory elements and
extend across a wide area of the locus. The linkage of some regulatory elements on a

continual transcript was confirmed by PCR carried out using a forward primer from
one regulatory element to the reverse primer of another (Figure 5-5; HS2to3 and

HS4to5). Owing to the distance separating most elements linkage on the same

transcript could not be determined by RT-PCR, however the fact that products were

obtained by RT-PCRing regions between regulatory elements (Figure 5-5; E60bl00,

ElOObSIMO, HS6b7), is consistent with these being linked on a continual transcript.

Of particular note is the clear 3' boundary to intergenic transcription located between
HS8d3 and 103-104 (Figure 5-5). This indicates that transcript(s) initiate from within
the YAC around this area and that transcription is not an artefact of YAC integration
in the mouse genome. This border is especially interesting considering that

Chapter 5: A preliminary analysis of intcrgenic transcription at the Pax6 locus 5 -9



sequences further downstream are transcribed in the YAC 223 transgenic line. While
this may indicate that sequences upstream of RB are independently transcribed, it is
more likely that transcripts in this region are the result of the multi-copy insertion of
this YAC. However it does indicate that a strict transcriptional border is maintained
around this location. Having narrowed down this site of initiation to within

approximately 1 kb, 5' RACE was attempted in order to define the exact position of

transcript initiation. Unfortunately this attempt failed, perhaps because of the low
level of RNA (as all the RACE controls done in parallel were successful). A further

attempt at the RACE experiment should be undertaken in future to determine the

putative start site of the intergenic transcript.

The results in Figure 5-5 are compatible with the hypothesis that a single (long)

transcript initiates just downstream of HSS8 and extends to the PAX6 promoter(s).
The existence of such intergenic transcripts have been proposed at the /3-globin locus

(Gribnau et ah, 2000). In an attempt to further characterise intergenic transcription at

the PAX6 locus, strand specific RT-PCR was carried out using SIMOWF F and
SIMOWF R primers instead of random hexamers in the cDNA synthesis reaction

('F' and 'R' in Figure 5-6a). As shown in Figure 5-6a, only certain combinations of

transcript orientation and primer should successfully yield cDNA. In addition,

primers will only successfully amplify a RT-PCR product if they recognise a

sequence downstream of the primer used to generate the cDNA, as sequences

upstream are not converted to cDNA (Figure 5-6a). However multiple products were

amplified in initial experiments, including products obtained from regions upstream

of the cDNA primer that should be impossible to amplify (data not shown). Further

investigation revealed that RT-PCR products were even amplified without addition
of a primer to the RT reaction (arrows, Figure 5-6b). This finding suggests that

contaminating oligonucleotides are present in the RNA template that are capable of

priming cDNA synthesis. These are likely to have been derived from the DNase I

treatment of the RNA sample and this is in line with the observations of others (N.
Gilbert - personal communication). We attempted to purify the RNA from the

contaminating oligonucleotides, however failed to eliminate the 'impossible'

products (data not shown). In order to eliminate the non-specific priming of
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contaminating 'random' oligonucleotides we carried out the RT reaction at 60°C

(Figure 5-7). While this abolished all random priming in the analysis of the DRR, we

were surprised to observe successful amplification of Pax6 mRNA, although at a

small fraction of that detected in a normal RT. This suggests that primers were still
able to anneal to Pax6 mRNA to prime cDNA synthesis. Strand specific RTs with
SIMOWF F and SIMOWFR continued to recognise signals in locations that were

theoretically impossible from the priming position on the PAX6 locus (Figure 5-6a
and arrows, Figure 5-7). Taken together, these results suggest that SIMOWF_F and
SIMOWF R are annealing at multiple sites throughout the genome (despite the fact
that the reaction is carried out at 60°C).
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Figure 5-6: Strand specific RT-PCR
(a) In order to determine direction of intergenic transcription RT reactions can be primed
using a specific primer of known location and orientation in the genome. The locations and
orientations of SIMOWF_F (top) & SIMOWF_R (bottom) primers used in this analysis are
shown. As polymerases work in a 5' to 3' direction the synthesised RT transcript (shown in
red; predicted for a long continual transcript passing through the locus) can be predicted for
each primer. Only two of the four possible primer / transcript combinations will result in cDNA
synthesis, resulting in detection by standard PCR. These should only allow amplification
from primer pairs located downstream of the RT primer i.e. 128-260 should never amplify
from SIMOWF_F primed RNA and HS2E should never amplify from SIMOWF_R primed
RNA. (b) RT-PCR products (arrowed) obtained from these three locations when using cDNA
template synthesised without the addition of primer. gDNA controls are shown at the right
hand side of the gel.

Chapter 5: A preliminary analysis of intergenic transcription at the Pax6 locus 5-11



RT oligoi .No Oligc
RNA lencjth |Jshort| long

c
a>

E
o

LU
T3
©

©
t/i
c
o
o

128-
260

SIMOWF

HS2E

HS3E

Pax6

OligqSIMOWFj. SIMOWR,
|Jshort j longshort i long

+ - + -

i

I

PIT

L

B

I

i

Figure 5-7: Attempts to abolish random RT priming
RT-PCR products obtained from locations surrounding the DRR (indicated on the left) using
001 E10.5 whole head derived cDNA synthesised using a variety of primers (top). All RTs
were carried out at 60°C. RNA was filtered into short (< 60 bp) and long (> 60 bp) lengths in
a previous experiment.

With time pressures to finish other areas of this thesis, this work was abandoned at

this very preliminary stage. We have been able to identity the presence of intergenic

transcript(s) however these remain to be fully characterised and implicated in PAX6

expression.
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5.3. Discussion

The role of RNA in gene regulation is only now beginning to be studied in detail.
Evidence from a number of loci suggests that intergenic transcription is crucial for
correct gene expression (see section 1.5). We sought to determine whether such

transcripts were present at the PAX6 locus to widen our understanding of the
mechanisms of gene regulation at this locus.

We have uncoupled the transcription of PAX6 regulatory elements from ELP4

transcription through the use of a tauGFP-PAX6 YAC transgenic mouse model.

Intergenic transcripts were detected at a number of positions across the tauGFP-
PAX6 locus (Figure 5-5). This is consistent with results from a number of other
mammalian loci (Gribnau et al., 2000; Ho et ah, 2002; Masternak et ah, 2003; Rogan
et ah, 2004; Jones and Flavell, 2005), many of which have also been assessed using

transgenic systems. Significantly, in our system transcripts initiate within the YAC

(Figure 5-5) and were only detected in tauGFP-PAX6 expressing tissues (determined

by fluorescence microscopy carried out by D. A. Kleinjan; Figure 5-4). This
indicates that the presence of intergenic transcripts correlates with tauGFP-PAX6

expression. Results are summarised in Figure 5-8. Having identified the transcripts it
is important that they are further characterised to determine their role at the locus.

This preliminary analysis of intergenic transcripts at the tauGFP-PAX6 locus by the
method of RT-PCR does not reveal their length or orientation. Both parameters are

crucial for the prediction of how these transcripts may function in gene regulation.
The tracking mechanism of enhancer action predicts that transcription factors enter

the chromatin at the enhancer and track along to the active promoter (see Chapter 1,
section 1.3.6, Figure 1-2). If this complex contains RNA polymerase II, it is likely
that transcription of the intervening DNA between the enhancer and the promoter

would occur as the result of delivery of the complex from the enhancer to the

promoter. Therefore a single continuous transcript would be expected between PAX6
enhancers and the promoter. Our preliminary analysis is compatible with this

hypothesis since positive RT-PCR signals were obtained from locations across the
locus (Figure 5-5). However we have no direct evidence for a continuous transcript
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because we only amplify short regions (the distance between the primers) at any one

time. The majority of PCR products amplified in this study are ~ 500 bp in length.
Limitations imposed by the taq polymerase enzyme prevent the amplification of a

continual transcript that spans the entire locus. At the p-globin locus, RNA was

detected at multiple regions (Gribnau et ah, 2000). One interpretation of this is that a

continuous transcript initiating from the LCR spreads through the locus in a

developmental stage specific fashion. Interestingly, further characterisation of

transcripts initiating at the HSS2 element of the fi-globin LCR (isolated in an

artificial construct) revealed that a chain of short (< 3 kb) transcripts were initiated
rather than a single continuous transcript (Ling et ah, 2005). In addition, evidence
from other loci suggests that polymerase delivery may not be the mechanism of
action of these transcripts. Analysis at the hGH locus detects a series of transcripts
across an area spreading from the active HSS of the LCR towards the expressed
hGH-N gene, however these do not extend as far as the gene promoter (Ho et al.,

2006). It may therefore be more likely that intergenic transcripts are involved in a

more general chromatin opening process. RNA polymerase itself could attract

chromatin modifiers to the locus preparing it for activation (Eissenberg and

Shilatifard, 2006). Increased DNase I sensitivity was seen across the fi-globin locus

corresponding to the presence of intergenic transcripts, revealing that some

modification of chromatin structure occurs (Gribnau et ah, 2000). However these

transcripts do not always strictly correlate with active histone modifications

(Haussecker and Proudfoot, 2005), a finding that has been replicated at other loci

(Baguet et ah, 2005; Ho et ah, 2006). Such analysis of chromatin at the tauGFP-
PAX6 locus remains to be carried out.

We have yet to determine the length of the intergenic transcript(s) at the tauGFP-
PAX6 locus. One way in which transcript length could have been assessed is by
northern analysis however this was not attempted because it was felt that intergenic

transcript signals would be too weak for detection by this method (RT-PCR signals
obtained at intergenic positions are visibly far weaker than those of mRNA; compare

Figures 5-1 & 5-3). The vast majority of analyses of intergenic transcription at other
loci has not included northern blots suggesting that these are indeed difficult to
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detect. We were able to determine that transcripts were longer than -60 bp (data not

shown) and that transcripts extended to at least 1.3 kb at some locations (the distance

separating primer pair HS4 to 5; Figure 5-5).

We have so far been unsuccessful in detennining transcript orientation (Figures 5-6
& 5-7). Determining which direction transcription occurs is key to forming a

hypothesis on the role of intergenic transcription at this locus. Mechanisms of

positive regulation often predict that transcription proceeds from the enhancer to the

appropriate promoter, however such mechanisms attempt to address the action of

upstream enhancers and it is unclear how transfer of a tracking polymerase from a

downstream enhancer, which is presumably in the opposite orientation to that

required for transcription could influence expression. While the data presented here
is inconclusive, the fact that the SIMO element could be amplified from cDNA
derived using both strand specific primers (Figure 5-7) suggests that transcription at

the PAX6 locus could be bi-directional. Recent analysis of a number of loci has
shown that transcription occurs in both orientations (Haussecker and Proudfoot,

2005; Baguet et al., 2005; Ho et ah, 2006). Therefore the role of transcription may be
a mechanical one for maintaining an open chromatin state, or it may in fact just be a

consequence of this. The presence of transcription in either direction also presents

the possibility that double stranded RNA is fonned at these locations and this may be
involved in repression of the locus (Haussecker and Proudfoot, 2005; Baguet et ah,

2005). The discovery that transcripts can be detected in ThI and TH2 cells at the TH2
locus by nuclear run on analysis but appear to be TH2 specific by RT-PCR warrants

further investigation of this possibility (see section 6.8; Baguet et ah, 2005).

We were unable to assess transcript direction because of what appeared to be random

priming by degraded DNA. DNase I cleaves DNA into di-, tri- and oligo-nucleotides
and has far greater activity on double stranded DNA. The presence of these

oligonucleotides would provide appropriate conditions for random primed reverse

transcription to occur and small amounts of these products would be readily detected

by PCR. In order to eliminate these oligonucleotides from the DNase I treated RNA

sample we attempted to separate these two species by purifying the RNA using an
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RNA binding column (Qiagen) and also by size separation using a column filtration

system. Surprisingly both techniques failed to remove contamination, however

carrying out cDNA synthesis at a higher temperature (60°C) prevented the annealing
of these short sequences of nucleotides to the RNA (Figure 5-7). We had originally

attempted to avoid synthesis at this temperature as this is known to reduce the
amount of cDNA template produced and intergenic transcripts were already shown to

be far weaker than mRNA (compare Figures 5-1 & 5-3). RT-PCR of strand specific
cDNA synthesised at the higher temperature still yielded strange results. We were

able to amplify PAX6 mRNA and theoretically impossible products from the primer
combinations used (Figure 5-6a & arrows, Figure 5-7). This suggests that, despite the

higher temperature, strand specific RT primers were still able to anneal at multiple
sites across the genome resulting in cDNA synthesis at unexpected locations. We

hope to overcome this by use of alternative primers.

In summary, our analysis reveals that intergenic transcripts are present at the PAX6
locus. Results are suggestive of the synthesis of relatively long transcripts which

encompass multiple regulatory elements across the region (Figure 5-8). The use of a

heterogeneous cell population (whole embryonic head) in this analysis prevents us

from assigning specific transcripts to specific cell types, so we cannot examine
variation between these. Intergenic transcripts may be involved in the opening or the
maintenance of a transcription-permissive state.
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Figure 5-8: Transcription at the PAX6 locus
Summary of transcripts detected at the PAX6 locus. Analysis of the wild type locus reveals
transcription corresponding to mRNA synthesis. Analysis of the transgenic mice reveals a
second layer of transcription. This may have resulted from the generation of a continual
transcript or multiple transcripts. Either class of transcript could have been generated in
either direction (or both).
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Chapter 6:
Discussion



Pax6 is a key developmental regulator with a complex expression pattern. We sought
to further our understanding of the mechanisms that control the expression of this

gene. With multiple genome sequencing projects nearing completion, the new focus
is on understanding how gene expression is controlled: an example of this is the
ENCODE project (http://www.genome.gov/10005107; The Encode consortium,

2004). DNA elements such as enhancers and insulators are thought to play a major
role in gene regulation by acting as binding sites for protein factors, creating altered

(or 'active') chromatin structures required for correct function (Elgin, 1988). These

may be revealed as DNase I hypersensitive sites when treated with limiting amounts

of enzyme. In Chapter 3 of this thesis a systematic search for active regulatory
elements is carried out across the Pax6 locus using DNase I HSS analysis. This study
was carried out on three cell lines in order to compare key elements in two major
Pax6 expressing tissues (eye and brain) with one that does not express Pax6

(kidney). We were able to detect multiple HSSs across the locus and produce a

comprehensive map of putative regulatory elements in the three cell lines analysed.

By mapping these onto a PIP we were able to assign these active regulatory elements
to various genomic features such as sequences that are highly conserved across

species, repetitive elements and CpG islands (Table 3-1). Many of the highly
conserved sequences (which are spread across a > 150 kb region) have been

implicated in Pax6 control owing to their ability to drive reporter gene expression in

transgenic mice.

How such enhancer elements influence transcription from a distal promoter has been
the topic of much debate (Blackwood, 1998; Bulger, 1999; Dean, 2005). The most

popular theories involve a looping component, where the enhancer element is located
close to the promoter in vivo with intervening DNA looped out. Analysis of multiple

(active) enhancer elements at the fi-globin locus by 3C has suggested that these
cluster in fi-globin expressing cells to form an active chromatin hub (Palstra et al.,

2003; de Laat and Grosveld, 2003). We carried out 3C analysis at the Pax6 locus in
the same three cell lines where DNase I HSS sites were mapped, as well as in cells
isolated from embryonic tissues. By analysis of the relative cross-linking frequencies

obtained, we predict that looped conformations exist at the Pax6 locus in all cell
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types analysed (Figures 4-11 to 4-15). Therefore in the nuclear space, the regulatory
elements are not arranged or separated by the distances expected for linear DNA

sequence. The hub structures detected varied depending on which anchor fragment is
used. The most likely explanation for this discrepancy is that interactions are

dynamic, with some structures existing for only a very limited amount of time. By

selecting an anchor primer, our view of the locus is skewed - we see the associations
that are most frequent between that fragment and the rest of the locus. When an

anchor fragment is involved in a relatively static interaction, which will become
fixed in a relatively high proportion of the cell population by formaldehyde

treatment, the detection of this interaction in the template will mask any other less

frequent (but not necessarily less important) associations with other fragments.
Therefore changing the anchor fragment to one of these less frequent interactors will

highlight this shorter lived interaction (assuming it is not masked by an association
with yet another fragment). By examining the relative cross-linking frequencies
obtained from multiple anchor points across the locus we were able to determine that
a major structure is present in all cell populations, regardless of Pax6 expression

status, and additional regulatory elements join this structure for a very limited period

(Figure 4-16). One of these brief structures may be an active chromatin 'hub-like'
structure as it involves promoter elements. We failed to detect interactions across the
locus when using the Pi promoter as an anchor fragment in the assay (Figure 4-14).
This suggests that the promoter does not enter a 'hub-like' structure. However this

finding is also compatible with the hypothesis that any associations that do occur are

highly dynamic and only persist for a very limited period of time.

While our 3C results are suggestive of a looping model of enhancer-promoter
interaction a closely related model, the facilitated tracking model (Blackwood and

Kadonaga, 1998), proposes that these looped structures are formed as a result of a

polymerase molecule that initially attaches to the enhancer and then tracks through
the DNA to the promoter. We were able to detect a number of intergenic transcripts
across the tauGFP-PAX6 locus (Tyas et al., 2006; Kleinjan et al., 2006) that correlate
with gene expression. These may influence chromatin structure and appeared to

originate just downstream of a cluster of DNase I HSSs, the DRR, which have

Chapter 6: Discussion 6-3



crucial Pax6 regulatory function (Lauderdale et al., 2000; Kleinjan et al., 2001;

Kleinjan et al., 2006). While the role these transcripts play, if any, in Pax6

expression is still a mystery, their presence is interesting and warrants further

investigation.

Taken together, these findings provide insight into mechanisms that may play a role
in the control of Pax6 expression and reveal considerations that should be taken into
account in further analysis.

6.1 . ACTIVE REGULATORY ELEMENTS ARE SPREAD
ACROSS A 200 KB REGION OF THE PAX6 LOCUS

Pax6 is expressed in various parts of the developing embryo. We sought to identify
which regulatory elements were important to the successful expression of the gene in
two cell lines by carrying out DNase I HSS analysis and comparing results to those
found in a cell line that does not express the gene. Analysis in cells isolated from
tissues was hindered by the large amount of material required. Given the specificity
of Pax6 regulatory elements to specific sub-population of cells (see sections 1.6.11 to

1.6.16), it would have been impossible to obtain the required size of homogenous
cell population for analysis. Analysis of a heterogeneous population would at best
detect sites from a mixture of cell types and at worst not detect any sites, because
these are present in too low a proportion of the cell population.

We characterised a number of locations across the Pax6 locus where the chromatin

was highly susceptible to cleavage by DNase I. These HSSs are thought to be devoid
of nucleosomes and mark potential regulatory elements (see section 1.3.2). Indeed,

many sites correspond to previously identified regulatory elements (Table 3-1),
which were originally predicted through sequence conservation. That strategy

appears to have been highly successful, given the fact that the only additional

putative regulatory elements identified here are unlikely to have a role in Pax6

expression due to their presence in the Pax6-negative control cell line (see sections
3.4.11 and 3.4.12).
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Many of the sites identified were present in two or more cell lines, often including
the negative kidney cell line control. This suggests that either these sites play a

structural role in the nucleus, such as anchoring the chromatin to a nuclear matrix

(see section 1.2.2), or that these sites have no effect on the expression of Pax6. Some
sites were associated with sequences that belong to retrotransposon families (Table

3-1). Reterotransposition requires the generation of an RNA intermediate and
therefore the presence of a HSS at these elements is likely to be linked to this process

rather than that of Pax6 expression.

We also believe it highly likely that a significant proportion of the HSSs in these cell
lines are a result of the cell transformation process (see section 3.4.2). Distinct
differences between cell lines and normal tissue are known. For example

retrotransposons are thought to be repressed in somatic tissues while they are active
in the germ line and many cultured cell lines (Deininger et al., 2003) and tumour

cells often express genes that are not expressed in the cells of origin (Salem et al.,

2000). Therefore the transformation process is likely to result in the expression of

genes not normally expressed in wild type cells. If these encode transcription factors,
the binding of these factors to the chromatin may result in the formation of HSSs that
were not present in the original tissue. In addition, these cell lines are grown in
culture for many divisions allowing ample opportunity for genetic, and epigenetic,

change. Furthermore, HSS analysis identifies all classes of regulatory element with
an altered chromatin structure, not just the enhancers that are detected in reporter

transgenic mice.

The considerations outlined above almost certainly account for some discrepancies
between apparent element activity, suggested by the presence of a HSS in cell lines,
and the ability of the same element to drive reporter gene expression in transgenic
mice. For example, a number of sites are identified at the DRR only in the lens cell

line, suggesting that these elements drive reporter gene expression specifically in
lens (or related tissues). However, in addition to structures of the eye, transgenic
mice containing a reporter gene linked to SIMO and HSS2-4 revealed reporter gene
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expression in the diencephalon and hindbrain, suggesting that these elements also

play a role in specific regions of the developing brain (Kleinjan et ah, 2001). The

opposite was true of the RB element, which has been shown to drive reporter gene

expression specifically in the developing brain (Kleinjan et ah, 2006), and yet HSSs
were also identified at RB in lens and kidney cells. Finally, analysis of reporter gene

expression in transgenic mice takes place at specific points in development. These

developmental stages may not include the stage that the cell lines under analysis
were isolated and we do not know exactly what cell type from each tissue was

transformed in the generation of these immortalised cell lines.

6.2. SELECTING A METHOD FOR EXAMINING CHROMATIN

CONFORMATION

Currently there are only two techniques that permit detailed analysis of locus-wide
chromatin interactions, 3C and RNA TRAP. Some potential pitfalls are shared by
both techniques. Firstly, both assays are carried out on populations of cells and thus
the results obtained reflect an average of regulatory element associations. However it
could be argued that this is a more serious problem in 3C analysis because RNA
TRAP selects cells actively expressing the gene. With hindsight, RNA TRAP may

have given cleaner results, however it is clear that chromatin interactions are

dynamic in the absence of expression, and these associations would not have been
discovered using the RNA TRAP system. Secondly, both procedures involve

formaldehyde fixation. One concern with analysing proximity of DNA sequences in
this manner is that distal sequences could become linked as a result of a chain
reaction spreading through large complexes of proteins that are close to one another,
while the DNA sequences they bind to are actually quite separate. In addition, if
chromatin interactions in the domain are dynamic, they could be fixed at different

stages. This could be misleading as the associations most important for gene

expression may not be the longest lasting ones (Dekker, 2003). Cell synchronisation

may overcome this problem and Gi synchronisation was used in the original 3C

analysis in yeast (Dekker et ah, 2002). Despite concerns, formaldehyde fixation
remains the best option for this type of analysis. It rapidly links proteins to DNA or
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other proteins across short distances, creating a 'snap shot' of nuclear interactions.

Crucially this process is reversible, allowing further manipulation and analysis of the
DNA (Siomin et al., 1973). Analysis suggests that formaldehyde fixation of SV40
DNA (within SV40 infected cells) was highly specific to nucleosomes and closely
associated DNA factors compared to other proteins in the system (Solomon and

Varshavsky, 1985). In addition, formaldehyde treatment is very widely used in
chromatin immuno-precipitation experiments, which have been validated by the

highly specific associations uncovered.

We chose to examine regulatory element interactions by 3C because RNA TRAP

depends on the presence of recently transcribed RNA molecules to target the tagging

activity to the locus of interest. Therefore the DNA sequence of the gene itself must

be one of the sequences examined. This is particularly unattractive for the Pax6 locus
where elements are scattered throughout the locus separated by 22 to 200 kb.

Clustering of the regulatory elements may occur without the participation of any

intervening sections of the 21 kb Pax6 exon and intron DNA. Regulatory element
interactions that do not include the promoters have been seen at other loci. At the /£■

globin locus the promoter is not included in the initial clustering to form the
chromatin hub (Palstra et al., 2003; de Laat and Grosveld, 2003). Such interactions
cannot be identified by a technique that requires expression of the gene. Similarly,
the range of cell types that can be assayed is limited to those actively transcribing.
We felt that being able to compare data from non-expressing to expressing tissue
would be advantageous and offer reassurance that form and function of the active
locus are linked. This is an important advantage of using 3C when analysing
interactions throughout development before active transcription (Palstra et al., 2003)
and when specific elements are disrupted (Patrinos et al., 2004).
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6.3. Problems with determining cell specific
interactions

Determining the chromosome conformation at an individual locus is an attractive
means to gather evidence that regulatory elements are indeed acting on a specific

gene. By carrying out 3C analysis of the Pax6 locus we hoped to provide further
evidence that previously identified regulatory elements (detailed in sections 1.6.11 to

1.6.16) acted on Pax6.

The loci most closely scrutinised so far have used 3C analysis to focus on enhancer
elements that are active in the same cell type. To our knowledge, such detailed

analysis has not been carried out on a gene that is driven by multiple enhancers in

multiple tissues at multiple stages of development. We have chosen the regulatory
elements of Pax6 as a model system for this type of analysis. We were interested in

determining whether distinct elements clustered to form interacting structures in
tissues such as brain and eye at different stages of development. Previous studies
have not assessed relationships between regulatory elements with such specific

activities, yet understanding how such elements act is very important for

understanding how the information in our genomes is interpreted.

There are some concerns about our current ability to understand the complex

regulatory mechanisms for Pax6 expression. Obstacles that may confound our efforts
include 1) the gene may be expressed only in a low proportion of the cell population

analysed; 2) identical interactions may not be present at high frequency in mixed cell

populations to be analysed. Chromosome conformation capture provides a snapshot
of interactions in a population of cells and the association frequencies determined

provide a dynamic picture. If only half of the cells in a population express the gene,

or interactions exist for only half the time, half of the relative enrichment will be lost.

Infrequent or brief interactions may not be detectable above the background signal
from non-expressing cells. We carried out checks by RT-PCR to ensure that the gene

is expressed. However this is a very sensitive method capable of detecting low
amounts of mRNA in a cell population, without providing detail on expression status
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in individual cells or on the proportion of expressing cells. Additionally, a long lived
RNA may be present long after it was transcribed. Our ability to detect a structure

will also be limited if it is only present for a very limited time - the instant of

transcription initiation. Detection by 3C ideally requires a population of

synchronously transcribing cells and instantaneous fixation to preserve interactions.
Associations between the regulatory elements at the fi-globin locus in erythroid cells
are thought to be long lasting and in some cases largely static. Regulatory elements

appear to come together in primitive erythroid cells to form a chromatin hub
structure (Palstra et al., 2003). This structure forms the basis of interactions at all

stages of development with promoters looping in to the hub to create an active
chromatin hub (de Laat and Grosveld, 2003). Based on our data for the Pax6 locus

(summarised in Figure 4-16) we hypothesise that because the promoter only appears

to associate with the regulatory elements at the exact moment of transcription

initiation, this interaction would be short lived and therefore difficult to detect. Our

failure to detect any significant distal associations by 3C analysis, using the Pax6 Pi

promoter as the anchor fragment is certainly consistant with the hypothesis that the

promoter only associates with regulatory elements for a very brief period of time and
will therefore only be captured by formaldehyde fixation in a very small proportion
of cells, too small to be detected (Figure 4-14).

There are great differences in transcription rate between loci, /i-globin genes belong
to a proposed class of "Super genes" (Fraser, 2006). These genes are not only highly

expressed but have a much higher rate (10-50 times) of transcription re-initiation

(Fraser, 2006). The function of /3-globin expressing cells is to produce as much

protein as possible in the time given. In contrast, genes other than super genes like /?-

globin may be regulated by more subtle and / or dynamic processes. These may

include transient association or 'touching' of the regulatory elements at the instant of

expression. Such short lived interactions would be virtually impossible to detect by
this method. Pax6 is under strict quantitative control - additional copies of the gene

are deleterious for the organism (Schedl et al., 1996). Preliminary analysis across

publicly available SAGE data using the mouse SAGE tool (Divina and Forejt, 2004;

http://mouse.biomed.cas.cz/sage/) suggests that Pax6 transcript levels are at least 10
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times lower than those of some genes where structure has been successfully studied

by 3C (Figure 6-1; Chapter 1, Table 1-1). As for many transcription factors

(Bernstein et ah, 2006), Pax6 is expected to be relatively infrequently transcribed,

particularly if the mRNA produced is long lasting. Any 'active chromatin hub'

required for its expression is therefore not likely to be a static structure, but rather a

transient structure that forms with low frequency.
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Figure 6-1: Analysis of Pax6,115 and Ifng using mouse SAGE
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Figure 6-1: Analysis of Pax6,115 and Ifng using mouse SAGE (legend)
Screen grabs of Mouse SAGE analysis carried out for Pax6 (a), 115 (b) and Ifng (c). See
http://mouse.biomed.cas.cz/saqe/ for more details. Briefly, publicly available SAGE results
carried out in a variety of tissues are summarised. Expression level is given a numerical
value which correlates with the intensity of the red box and this reflects the relative number
of transcripts detected in separate analyses. Data is summerised in large coloured boxes
located below the gene name. The data for Hbb-b1 was not useful as high levels of
transcripts were observed in many tissues.

6.4. A HSS IS NOT ESSENTIAL FOR CLUSTERING

When this study was instigated the predominant view in the field was that all active

regulatory elements would cluster in the cell nucleus in a process linked to successful

gene expression. It was therefore expected that clustering would only occur between
DNase I HSS which are thought to be formed by the binding of transcription factors

(see section 1.3.2). These factors are likely to play a key role in bringing the

regulatory elements together (see section 1.4.5). This model was based on

experiments at the fi-globin locus, which revealed all HSSs at the locus clustered in
cells where the locus would be expressed (Tolhuis et al., 2002; Palstra et al., 2003).
Given the number of HSSs identified across the Pax6 locus in the three cell lines

analysed, we were not surprised to discover that HSS formation is not the sole
determinant for interaction, however we were surprised that associations were

observed by 3C between elements that are apparently not HSSs. Associations
between SIMO and RB elements were seen regardless of SIMO status (RB is
accessible in all cell lines analysed; Figure 3-3.J). The same interactions were

detected in all three cell lines, despite the fact that a HSS is only present at SIMO in
the MV+ cell line. If our assumption that associations only occur between active

regulatory elements (DNase I HSSs) is correct, then the most likely explanation for
these results is that RB is interacting with another (constitutive) HSS located close to

SIMO. A cluster of HSSs was identified upstream of SIMO in the DNase I analysis

(Figure 3-3.G), with two being found in all cell lines. One of these (HSS 125.4) was

associated with a relatively weak CpG island (CpG / GpC of 0.6 - 0.75; Figure 3-

3.G), while the other did not appear to correlate to any examined genomic landmark.
While these HSSs are not present on the same Hind III fragment as the SIMO

regulatory element, they are in close proximity on the linear DNA molecule. It is
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therefore possible that HSS 125.4 - RB interactions are responsible for bringing the
SIMO regulatory element containing fragment into close proximity to RB. Inclusion
of the Hind III fragment that contains these elements in this analysis would provide

insight into whether or not this is a likely explanation.

We tend to favour the hypothesis that HSS formation is not the only criterion for

regulatory element interaction. The El00 element was shown by DNase I HSS

analysis to be active in all cell lines. However the El00 containing Hind III fragment
does not appear to associate with the SIMO element. This is also the case for the

"neg" fragment located immediately downstream of El00 which also contains
constitutive HSSs (Figure 3-3.F). There is limited evidence for association of E100
and RB elements in brain tissue (where no HSS analysis was carried out, but the
constitutive association in the cell lines suggests that these sites will also be

hypersensitive in this tissue; Figure 3-3.F) although in only two out of the five cross-

linking treatments analysed. These findings suggest that regulatory element
conformation is not the sole determinant for participation in clustering - the model

appears too simplistic. More recent work has focused on protein factors that bind to

clustering regulatory elements. CTCF has been found to bind all clustering fi-globin
DNase I HSS (Farrell et al., 2002; Bulger et al., 2003; Splinter et ah, 2006) and a

critical role has been suggested for this protein in the clustering of regulatory
elements at other sites (at the Ig/2 / H19 and Wsbl / Nfl loci; Ling et ah, 2006).
Therefore determining CTCF binding sites across a locus may be more important

prior to 3C experiments than DNase I HSS mapping (see "future experiments"

section). At the TH2 locus, SATB1 is associated with the bases of looped structures

(Cai et ah, 2006), revealing that other proteins can play this anchoring role at other
loci. The data from the TH2 locus is of great interest because it shows regulatory
element associations that apparently do not depend on gene expression or HSS
formation (Spilianakis and Flavell, 2004; Spilianakis et ah, 2005). The constitutive
structure present can be utilised by the cell to respond quickly to differentiation

signals. It may also ensure that the expression of a nearby unrelated constitutively

expressed gene (.Rad50) is unaffected, as it is apparently held in a distinct functional

loop away from the influence of the Th2 LCR (Spilianakis and Flavell, 2004).
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Therefore the constitutive structures observed downstream of the Pax6 locus may be

part of a mechanism to isolate the Elp4 gene from Pax6 control mechanisms to

ensure stable Elp4 expression in all tissues. If this is the case, it is likely that analysis
over a wider region of the Pax6 locus that extends even further downstream will be

required.

6.5. Complex relationships between regulatory
elements indicate multiple conformations in
cell populations

In the cell populations analysed, we were able to identify putative interactions
between the SIMO and RB regulatory elements (Figures 4-11 and 4-12). These
interactions were clearly visible using a variety of anchor fragments (SIMO, Figure
4-11 and 4-12; RB, Figure 4-13 and E60, Figure 4-15). However, such tight
correlations were not observed for all regulatory elements. Interaction frequencies
were often inconsistent and difficult to explain. For example, analysis using the E60
anchor primer (Figure 4-15) suggests close proximity to SIMO, however analysis

using the SIMO anchor primer reveals no significant relative enrichment for E60

(Figures 4-11 and 4-12). Another more complex example of this is the putative
interaction between SIMO and HSS8 seen in RAG and N2A, but absent in the MV+
cell line (Figure 4-11). No interaction was detected between these elements in brain
tissue using the SIMO anchor fragment (Figure 4-12), but analysis using the E60
element (Figure 4-15) shows high interaction frequencies between it and HSS8 (and

SIMO) but not in RAG cells (experiments should now be carried out on template
derived from fetal liver cells, see "future experiments" section). These difficulties in

confirming associations with different anchor fragments differs from the more

consistent findings at some (Tolhuis et al., 2002), but not all loci (Liu and Garrard,

2005; Zhou et al., 2006).

The most likely explanation for these discrepancies is that multiple sub-populations
exist in all cell populations analysed (see Figure 4-15). By choosing an anchor

fragment, we skew the interactions that can be detected and this may emphasise
interactions that are only present in a very minor proportion of a population of cells.
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Where analysis takes place in cells derived from tissue, it is highly likely that the cell

population under scrutiny contains a mixture of cell types and these may have
different chromatin configurations. This is more likely to be true for multifunctional

genes like Pax6 in brain, rather than for globin expression in liver. However the

discrepancies are also seen in immortalised cell lines. This may signal that in contrast

to the more stabily expressed fi-globin, Pax6-related structures are highly dynamic,

cycling between multiple expressing and non-expressing conformations.

Alternatively, the failure to confirm multiple associations, involving more than two

elements, may indicate that associations occur between two points in isolation and a

'hub' structure, involving the clustering of all elements, is not formed. Cross-linking

only measures association between two points. When multiple interactions are

detected they may not be present in the same cell i.e. they may not be part of a hub.
Without direct evidence, perhaps from multi-label FISH experiments, it is impossible
to be sure that all these regulatory element interactions take place in the same cell.
Therefore highly dynamic gene regulation involving a series of interactions between

regulatory elements may take place i.e. a enhancer interacts with another enhancer,
then this association is lost in favour of the interaction of one of the enhancers with a

promoter.

Finally, it is interesting to note that abolishing the formation of a complete chromatin
hub at the fi-globin locus did not affect gene expression, indicating that such
structures may not absolutely be required (Splinter et al., 2006).
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6.6. The tauGFP~PAX6 transgenic mouse as a

tool for the analysis of intergenic
transcripts at the PAX6locus

The role of transcription through regulatory elements and intergenic regions

(intergenic transcription) in gene regulation is becoming increasingly recognised

(Chapter 1, section 1.5). We were interested in determining whether such transcripts
also played a role in the regulation of PAX6 expression. The location of PAX6

regulatory elements in the constitutively expressed neighbour gene ELP4 makes
identification of intergenic transcription by RT-PCR difficult, as ELP4 transcription

automatically results in transcription of PAX6 regulatory elements. We were able to

separate PAX6 regulatory elements from ELP4 transcription by utilising a YAC

transgenic mouse model. The YAC, containing the human PAX6 locus, was modified

by knocking a tauGFP reporter construct in frame into the PAX6 coding sequence.

The resultant YAC expresses tauGFP in a pattern that closely resembles the wild

type PAX6 expression pattern (Schedl et al., 1996; Tyas et ah, 2006; Kleinjan et ah,

2006), but because it lacks the ELP4 promoter and its first three exons, ELP4 is not

transcribed from the YAC transgene, therefore PAX6 regulatory elements can be

analysed directly. Preliminary analysis reveals that the PAX6 regulatory elements are

transcribed and, more importantly, the presence of intergenic transcription appears to

be linked to tauGFP-PAX6 gene expression (Chapter 5). This paves the way for
further analysis of intergenic transcription at the PAX6 locus. The use of techniques
other than RT-PCR will be important in the further characterisation of this transcript

(see "future experiments" section). The role of intergenic transcription is still poorly

understood; data exist to support both positive and negative roles in gene regulation.
In Drosophila and some mammalian loci, the intergenic transcripts produced appear

to have key roles in chromatin modification (Bernstein and Allis, 2005; Sanchez-
Eisner et al., 2006; Feng et al., 2006). However our current data from the Pax6 locus
indicate that it is unlikely that specific RNA molecules attract chromatin modifying

enzymes, as transcription extends beyond the boundaries of the conserved elements.
Therefore the data support the existence of a more general chromatin opening or

tracking mechanisms where the polymerase passes through the region (Travers,
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1999; Orphanides and Reinberg, 2000). While recent reports have failed to link

typical histone modification to intergenic transcripts (Haussecker and Proudfoot,

2005; Baguet et al., 2005; Ho et al., 2006), there may be other modifications that

prove to be crucial. If chromosome loops are established by facilitated tracking

(Blackwood and Kadonaga, 1998), intergenic transcription may be involved in the
creation of looped structures. Following the detection of intergenic transcripts, such

hypotheses can now be explored.

6.7. Overall predicted mechanism

Our analysis allows us to present a very speculative mechanism of Pax6 regulation.
Studies carried out in reporter transgenic mice point towards a range of enhancers
with specific action in distinct subsets of Pax6 expressing cells (Figures 1-6 and 1-7).
Some of these have overlapping function and analysis of a modified reporter YAC

suggests that in some cases, cooperative interactions between these elements are

required, as some proximal elements are unable to act in the absence of distal
enhancers (Kleinjan et al., 2006). We predicted that there may be a requirement for
the clustering of these regulatory elements in order to drive cell-type specific

transcription. New techniques such as chromosome conformation capture allow us to

visualise interactions between regulatory elements and have been used successfully
at a growing number of loci to reveal that enhancers and promoters come in to close

proximity, which is thought to facilitate the expression of the gene. In cells derived
from embryos at two different stages of embryonic brain development we determined
close association between E60, SIMO, HSS4 - 8, and RB. Each of these elements has

been shown to drive reporter gene expression in various parts of the developing
brain. Therefore the clustering of these elements may be reminiscent of an active hub
of regulatory elements. Our analysis of the Pax6 locus suggests that while such
interactions do take place, the major or long lasting interactions occur constitutively,
in a manner similar to those observed at the TH2 locus (see section 1.4.3; Spilianakis
and Flavell, 2004). At present, it is unclear how the configuration of the Pax6 locus
is established. It may occur through structural attachments to a nuclear matrix, or

some other similar functional attachments (see section 1.2.2). These may be directly
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linked to Pax6 expression, perhaps by transcription through regulatory elements

(Cook, 2003). Alternatively, this structure could ensure that the expression of Elp4 is
unaffected by Pax6 regulatory mechanisms. Such a situation was proposed for

Rad50, a constitutively expressed gene that resides in the TH2 locus (Figure 1-5; see

secion 1.4.3; Spilianakis and Flavell, 2004). In that case, the downstream interactions
observed are likely to be part of a much larger structure, that would require detailed

analysis of a wider region. Regardless of exact mechanism, such constitutive
interactions mean that enhancers are far closer together in nuclear space than might
be expected from their linear distance on the DNA molecule. Therefore, factors

binding to these sites in vivo are attracted to specific foci in the nucleus akin to a

chromatin hub structure. In addition, we find some evidence in brain cells for

additional associations, similar to an active chromatin hub (see section 1.4.3),

involving the Pax6 promoters. These associations appear to be mediated by specific

regulatory elements (E60 in this case). Unfortunately we are limited by the material
we can use for analysis, therefore we cannot determine if this interaction is facilitated

by other regulatory elements at other stages. Material from specific brain structures

(other than cortex) from El7.5 embryos failed to yield sufficient cells for complete

analysis, therefore we are unable to test whether specific interactions occur in

specific subsets of cells at this, or any earlier stages in development.

The largely constitutive interactions revealed by 3C, suggest that intergenic

transcription does not play a role in determining physical proximity of regulatory
elements at the locus. Flowever this does not exclude such transcription from

modifying the chromatin in preparation for gene expression. Therefore it would be

interesting to determine whether intergenic transcription precedes Pax6 expression.
If it does not, then transcripts may play a role in maintaining an active locus, perhaps

by inducing chromatin modifications. Finally, if intergenic transcripts do not play

any role in Pax6 expression, they may randomly occur due to transcription factory

proximity.

Pax6 regulation is a complex and dynamic process that is crucial to development.
Flere we have further characterised previously identified distal long range enhancers
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for activity in three cell lines and identified interactions between a subset of these in
brain cells.

6.8. KEY FUTURE EXPERIMENTS

The findings described in this thesis open a number of avenues for further

investigation of Pax6 regulatory mechanisms. The most obvious of these is the
continuation of 3C experiments initiated here. The first task would be the analysis of
El4.5 liver cells using the E60 anchor fragment to ascertain whether structures

detected in brain tissue are unique to Pax6 expressing tissues. This experiment could
not be completed due to a lack of material in the allotted time. In addition, carrying
out more 3C experiments using different anchor points across the Pax6 locus will

give a fuller picture of interactions. The results obtained by using the E60 element as

an anchor point revealed that significant enrichments of cross-linking frequencies

suggestive of an active chromatin hub like structure forming in minor proportions of
the populations of cells analysed (Figure 4-15). Therefore a complete picture of all
interactions can only be obtained by determining cross-linking frequencies from all
anchor points. Once this has been carried out, all interactions (including those

presented in this thesis) should be confirmed using an alternative restriction enzyme

and primer set. In addition, new strategies have the ability to identify interacting sites
across the genome (Simonis et al., 2006; Lomvardas et ah, 2006; Wurtele et ah,

2006). Carrying out this analysis may yield additional Pax6 regulatory elements. Any
elements identified by this analysis could be confirmed by the calculation of cross-

linking frequencies in the present experimental system. If any interactions are

detected that span > 200 kb, these could also be confirmed individually through
FISH analysis.

Findings described in Chapter 5 suggest that intergenic transcription occurs at the
Pax6 locus in a tissue specific fashion. The use of techniques other than RT-PCR
will be important in the further characterisation of this transcript. By establishing an

RNase protection assay system, the presence of these transcripts at the wild type

Pax6 locus could be confirmed (using probes spanning the intergenic transcript
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initiation site). This would also further characterise the transcripts, yielding
information such as orientation. These experiments would however be unlikely to

confirm the role that these transcripts play at this locus. It may be more useful to

carry out nuclear run on (NRO) analysis of identified transcripts and compare results
to those outlined in chapter 5. It has been shown at the Th2 locus that failure to

detect intergenic transcripts by methods such as PCR is more likely to be due to the
fact that transcripts are being selectively degraded in these tissues rather than failure
to produce them, something that was originally proposed at the fi-globin locus.
Therefore intergenic transcription may be linked to a silencing mechanism

(Haussecker and Proudfoot, 2005; Baguet et al., 2005).

While DNase I HSS mapping of this area was successfully completed in three
selected cell lines, we have yet to assess their activity in pancreas cells, another
tissue of major Pax6 expression. Also HSS studies could be carried out in cell

populations derived from brain and liver tissues to determine whether cell
immortalisation has indeed had an adverse effect on chromatin organisation

(although these results should be treated with caution, as analysis would take place in
a heterogeneous cell population). In addition, there are still a number of chromatin
modifications that have not been examined across the locus. A growing number of
histone modifications associated with active regions of the genome are also enriched
at specific points across a gene locus (Litt et al., 2001a; Litt et al., 2001b). Carrying
out chromatin immunoprecipitation analysis across the locus would further
characterise active regulatory elements and would allow comparison of these
modifications with HSSs. Analysis of these modifications in the developing embryo
would provide an especially useful map that would complement the analysis carried
out here. Additionally, a chromatin immunoprecipitation experiment using an

antibody to CTCF, particularly to study sequences of the SIMO and RB elements,
would be useful in identifying whether this protein is involved in establishing
chromosomal associations at this locus. While locus wide occupancy of CTCF has

yet to be assessed at the Pax6 locus, CTCF has been proposed to play a role in Pax6

regulation (Li et al., 2004). Over-expression of CTCF in mice has led to the

discovery of multiple CTCF binding sites 1.2 kb upstream of the Pax6 Po promoter.
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It has been proposed that the binding of CTCF to these sites prevents interaction
between the Ectoderm Enhancer (EE) and the promoter and that this is a mechanism
of Pax6 regulation (Li et al., 2004). It would be interesting to confirm the binding of
CTCF to these sequences in vivo, and examine whether there are other binding sites
across the locus.

Finally, while the majority of HSSs mapped to previously characterised genomic

elements, two sites (HSS90.0; Figure 3-3.E and HSS170; Figure 3-3.1) mapped to

sequences that are highly conserved between mouse and man that have not

previously been assessed for regulatory potential. These elements could be tested for
enhancer function by creation of reporter transgenic mice. At first glance, the
constitutive nature of these HSSs makes them unlikely Pax6 regulatory element

candidates, however it should be remembered that many bonafide Pax6 regulators
were also found to be constitutive in this HSS analysis.
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