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The intimate relationship between the higher-order chromatin organisation
and the regulation of gene expression is increasingly attracting attention in the
scientific community. Thanks to high-resolution microscopy, genome-wide
molecular biology tools (3C, ChIP-on-chip), and bioinformatics, detailed structures
of chromatin loops, territories, and nuclear domains are gradually emerging.
However, to fully reveal a comprehensive map of nuclear organisation, some
fundamental questions remain to be answered in order to fit all the pieces of the
jigsaw together. The underlying mechanisms, precisely organising the interaction of
the different parts of chromatin need to be understood.

Previous work in our lab hypothesised and verified the “transcription factory”
model for the organisation of mammalian genomes. It is widely assumed that active
polymerases track along their templates as they make RNA. However, after allowing
engaged polymerases to extend their transcripts in tagged precursors (e.g., Br-U or
Br-UTP), and immunolabelling the now-tagged nascent RNA, active transcription
units are found to be clustered in nuclei, in small and numerous sites we call

“transcription factories”. Previous work suggested the transcription machinery acts
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both as an enzyme as well as a molecular tie that maintains chromatin loops, and the
different classes of polymerases are concentrated in their own dedicated factories.
This thesis aims to further characterise transcription factories.

Different genes are transcribed by different classes of RNA polymerase (i.e.,
I, II, or III), and the resulting transcripts are processed differently (e.g., some are
capped, others spliced). Do factories specialise in transcribing particular subsets of
genes?

This thesis developed a method using replicating minichromosomes as
probes to examine whether transcription occurs in factories, and whether factories
specialise in transcribing particular sets of genes. Plasmids encoding the SV40 origin
of replication are transfected into COS-7 cells, where they are assembled into
minichromosomes. Using RNA fluorescence in situ hybridisation (FISH), sites
where minichromosomes are transcribed are visualised as discrete foci, which
specialise in transcribing different groups of genes. Polymerases I, II, and III units
have their own dedicated factories, and different polymerase II promoters and the
presence of an intron determine the nuclear location of transcription. Using
chromosome conformation capture (3C), minichromosomes with similar promoters
are found in close proximity. They are also found close to similar endogenous
promoters and so are likely to share factories with them.

In the second part of this thesis, I used RNA FISH to confirm results obtained
by tiling microarrays. Addition of tumour necrosis factor alpha (TNF o) to human
umbilical vein endothelial cells induces an inflammatory response and the
transcription of a selected sub-set of genes. My collaborators used tiling arrays to
demonstrate a wave of transcription that swept along selected long genes on

stimulation. RNA FISH confirmed these results, and that long introns are co-
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transcriptionally spliced. Results are consistent with one polymerase being engaged
on an allele at any time, and with a major checkpoint that regulates polymerase

escape from the first few thousand nucleotides into the long gene.
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1 Introduction

Ever since the completion of the human genome project in 2003, we have
entered the post-genomic era. The enormous information revealed by genome-wide
transcriptomic, proteomic, and epigenetic research combined with progressively
powerful bioinformatics is pushing genetics up to a new peak. In contrast to the
information explosion, we still know little about the mechanisms underlying genome
organisation and how the organisation influences vital biological functions like
replication and transcription.

Recently, some details of the relationship between nuclear structure and
function have begun to emerge, and the subject is becoming increasingly popular. On
one hand, gene replication and expression are heavily regulated by chromatin
structure and the associated epigenetic modifications; on the other hand, the
transcription and replication machineries seem to drive the self organisation of the
genome within the nucleus.

Here I first review the different machineries involved in transcription, and the
relation between transcription and nuclear structure. Next, I introduce a model of
nuclear organisation in which transcription is concentrated in discrete ‘factories’ that
contain the appropriate machinery. This leads to my project — investigating whether

factories specialise in transcribing different gene subsets.



1.1 Different machineries involved in transcription

Genetic information flows from DNA into RNA, and then into the proteins
that perform the biological functions. The process by which a DNA sequence is
copied by an RNA polymerase to produce a complementary RNA is called
transcription. In eukaryotes, transcription mostly occurs in the nucleus, where the
DNA is primarily located.

The core of the enormous polymerising machine containing many proteins
can be purified as an active complex known as RNA polymerase (pol). Three
different pols, namely pol I, II, and IIT have been isolated from eukaryotes. They are
structurally similar to each other, although involved in transcribing different types of
genes. Pol II transcribes all protein-coding genes, histone genes, some small nuclear
RNAs (snRNAs), small nucleolar RNAs (snoRNAs) and some other non-coding
RNAs; pol I transcribes ribosomal RNA (rRNA); pol III transcribes transfer RNA
(tRNA), some snRNAs and various other small non-coding regulatory RNAs.

Transcription involves three basic steps: initiation (when a DNA template
and pol come together), elongation (as RNA is polymerised using ribonucleotide
triphosphates as substrates), and termination (when the pol and template separate).
The traditional model for transcription involves a pol that initiates by attaching to a
template before it elongates by tracking along the DNA; on termination, it
dissociates from the template. An alternative model consistent with all my results
involves the template initiating by attaching to a pol immobilised in a factory,
followed by elongation as the pol reels in the template and extrudes nascent RNA; on

termination, the template dissociates from the pol and the factory (Cook, 2001).



During or after transcription, transcripts are processed differently (some are
capped, spliced, and/or 3’ edited). Protein-coding transcripts are processed into
mature messenger RNAs (mRNAs), and are exported to the cytoplasm to be
translated into protein. Non-coding RNAs are further edited to participate in
transcription regulation or other functional events.

A dedicated pol is involved in the transcription that occurs in mitochondria in
the cytoplasm. Recently, a plant specific nuclear pol — pol IV — was discovered. It is
required for the production of small interfering RNAs (siRNAs) that direct RNA-
mediated DNA methylation of repeated genomic sequences; this blocks transcription
of homologous promoters (Kanno et al., 2005). Pol IV function is required to
maintain chromatin organisation, as mutation of the catalytic subunits causes
heterochromatin dispersal (Pontes et al., 2006).

Here I review the genes transcribed by different classes of polymerases and

their different processing mechanisms.

1.1.1 RNA polymerase Il and the genes it transcribes

Pol II is the predominant nuclear polymerase. It is responsible for
transcribing protein-coding genes and some small regulatory RNAs. It is often
present as a large complex known as the “holoenzyme” (Koleske and Young, 1994;
Struhl, 1996; Kadonaga, 1998). The holoenzyme is a huge protein conglomerate
containing the core pol II, a subset of general transcription factors (TFs), nine
suppressor of RNA polymerase B (SRB) proteins, and other specific transcription
factors (such as GATA-1, Spl) (Bjorklund and Kim, 1996; Kadonaga, 1998). The

crystal structure of the yeast core pol II structure, in the acts of initiation and



elongation, has been well characterised at a resolution of 2.8 - 3.3 A (Cramer et al.,
2001; Gnatt et al., 2001; Armache et al., 2003). It contains 12 different subunits,
namely Rpbl - Rpb12, and a total mass of 513.6 kD. The human pol II has a similar

composition.

1.1.1.1 Initiation by polymerase Il is complex

In contrast to prokaryotes, initiation in eukaryotes is a complex event that
requires cooperative action by transcription factors (Roeder, 1996b). At the
transcription start site — or promoter — specific DNA sequences — Cis-control
elements — determine accurate initiation; these include the TATA box, CCAAT box,
GC box, heat-shock element, etc. (Pelham, 1982; Kadonaga, 2004). Different subsets
of genes have their own distinctive promoters, and biochemical studies have given us
a picture of how the initiation complex is assembled at the promoter. [It was thought
that most promoters of protein-coding genes contained a TATA box located 25
nucleotides (nt) 5’ from the starting site, and the assembly pathway was analysed
using TATA-containing templates. However, it now turns out that only a minority of
human genes contain such TATA boxes (e.g., Jin et al., 2006).] The TATA box is
recognised by TFIID, which contains the TATA-box binding protein (TBP). TFIIB
binds to the TFIID-promoter complex, before the TFIIF/core pol II is recruited.
TFIIE and TFIH then join to complete the preinitiation complex (PIC). TFIIH
contains a DNA helicase that can unwind the DNA duplex. The CDK7 kinase of
TFIIH phosphorylates the carboxy-terminal domain (CTD) of the largest subunit of
the core pol II (Pabo and Sauer, 1992; Orphanides et al., 1996; Roeder, 1996b;

Roeder, 1996a). The CTD forms a mobile tail consisting of 52 repeats of a consensus



sequence Y 1-S2-P3-T4-S5-P6-S7, which can be phosphorylated at Ser2 and Ser5
(Cramer et al., 2001).

Unlike prokaryotes, eukaryotic transcription also needs chromatin-
remodelling factors to mobilise nucleosomes and deal with higher-order chromatin
structures, as well as a range of enzymes that modify histones and associated

proteins (Kadonaga, 2004).

1.1.1.2 Elongation is tightly coupled with processing

Soon after initiation, pol Il associates with negative transcription elongation
factors (N-TEFs) to terminate prematurely and generate only a short transcript; this
process can be repeated many times to yield many short transcripts (Marshall and
Price, 1992). Positive transcription elongation factor (P-TEFD) is required for escape
from this abortive phase into productive elongation (Marshall and Price, 1995).

During elongation, pol II associates with various elongation factors,
including TFIIF, elongin, ELL, ELL2, DSIF (DRB sensitivity-inducing factor), SII
and FACT (facilitates chromatin transcription) (Conaway et al., 2000). [In the
alternative model for transcription (above), pol II elongates by reeling in the
template and unwinding the DNA to expose a new base to an incoming triphosphate
at the polymerisation site.] The two strands are unwound and rewound during
elongation, and this creates superhelical tension in DNA which is rapidly removed
by DNA topoisomerase (Alberts, 2002). Optical tweezers have been used to analyse
elongation by Escherichia coli pol; it occurs in discrete steps averaging 3.7 + 0.6 A,
equivalent to one base at a time (Abbondanzieri et al., 2005). However, we await a

similar visualisation using the eukaryotic polymerase.



The speed of elongation by pol II has been determined (using fluorescence in
situ hybridisation; FISH) as 1.1-1.4 kb/min on the Drosophila UBX and mammalian
B-actin genes (Darzacq et al., 2005). A recent study using photobleaching and
photoactivation of fluorescent MS2 proteins to label nascent RNA in living cells
reported an elongation speed of 4.3 kb/min (Darzacq et al., 2007).

Primary transcripts produced by pol II are processed in a number of ways
(Nevins, 1983; Kiss, 2004); processing is tightly coupled with transcription, and the
CTD of pol II plays a critical role in binding the needed factors (Thompson et al.,

1993; Steinmetz, 1997).

1.1.1.3 5’ capping of mMRNA

The 5’ end of protein-coding transcripts is capped shortly after initiation,
when the nascent chain is 20 - 40 nt long (Hirose and Manley, 2000). Capping
occurs in three steps: 1) RNA 5’ triphosphatase removes the y-phosphate of the 5’
(first) nucleotide; 2) guanylyltransferase transfers a GMP to the resulting
diphosphate end; 3) the N7 position of the cap guanine is methylated, forming the
m7G(5")ppp(5') cap (Shuman, 1995).

During capping, the capping enzyme directly and selectively binds to the
phosphorylated form of the pol II CTD, at either Ser2 or Ser5 (Yue et al., 1997). This
prevents degradation of the transcript (Hirose and Manley, 2000).

A cap-binding complex (CBC) recognises the cap on the transcript, and will
eventually direct the transcript to the correct export pathway to the cytoplasm. The
CBP is then replaced by cytoplasmic translation initiation factor eIF-4E (Shatkin and

Manley, 2000). The 5’ cap — which is introduced co-transcriptionally — is then a



distinctive signal of pol II specific RNAs. Pol I and III transcripts either lack caps, or

capping is post transcriptional (Table 1.1).

1.1.1.4 3’ polyadenylation of mMRNA and termination

In higher eukaryotes, most protein-coding genes contain a poly(A) tail (the
replication-dependent histone genes are an exception). Around 200 adenosine
residues are added to the 3’~OH by the poly(A) machinery (Zhao et al., 1999). The
3’—OH is generated by a specific cleavage at a CA dinucleotide, and is marked with
an AAUAAA sequence 10-30 nt 5° to the cleavage site, a U-rich or GU-rich
downstream element 10-30 nt 3’ to the cleavage site, and in some cases a U-rich
upstream enhancer (Colgan and Manley, 1997; Zhao et al., 1999; Proudfoot et al.,
2002).

The mammalian poly(A) machinery consists of the cleavage and
polyadenylation specificity factor (CPSF) which binds to AAUAAA; a cleavage
stimulatory factor (CstF) which binds to the downstream element; cleavage factor I
and II (CF I and CF II) which direct cleavage; a poly(A) polymerase (PAP) which
promotes cleavage and adds the A residues one by one; and a poly(A) binding
protein PABP II which binds to the new poly(A) tail and enhances the activity of
PAP and so controls of length of the tail (Wahle and Ruegsegger, 1999; Zhao et al.,
1999; Proudfoot, 2004).

Evidence suggests cleavage is cotranscriptional, and the pol II CTD plays an
important part (McCracken et al., 1997b; Hirose and Manley, 2000). The CPSF and
CstF copurify with the CTD (McCracken et al., 1997b), and processing of full-length

synthetic pre-mRNAs injected into oocytes is less efficient than co-transcriptional



processing in vivo (Bird et al., 2004). Inhibition of CTD phosphorylation by a kinase
inhibitor also blocks cleavage (Ahn et al., 2004; Bird et al., 2004).

3’end processing may be a trigger of transcription termination (Greger and
Proudfoot, 1998). The loss of the poly(A) tail results in failure to terminate
transcription, which causes read-through and the silencing of the downstream genes
through transcriptional interference (Greger et al,, 2000). A study using
microinjected plasmid DNA encoding the TFIIIA gene into Xenopus oocyte nuclei
indicated the poly(A) signal is required for termination, but not for cotranscriptional
cleavage (Osheim et al., 1999). An in vitro study also showed the termination site is
further downstream from the poly(A) site (Tran et al., 2001). A transcription pausing
site downstream of the poly(A) site has also been identified; this seems to enhance
recognition of the poly(A) site (Birse et al., 1998; Yonaha and Proudfoot, 2000). The
currently prevalent model suggests nascent RNA is looped out between the 3’ end
and the associated processing machinery (which in turn associates with the CTD of

pol 1) and the pol IT RNA exit channel (Cramer et al., 2001; Proudfoot, 2004).

1.1.1.5 Splicing of mMRNA

Most protein-coding genes contain non-coding introns which have to be
removed in order to generate a functional message. Pre-mRNAs contain consensus
elements marking the introns: the 5’ splice site is marked by AG|GURAGU (‘|’:
exon-intron junction), the 3’ by YAG|RNNN (Proudfoot et al., 2002).

The complex process of splicing is performed by spliceosomes containing
small nuclear ribonucleoproteins (snRNPs) and associated proteins with five
snRNAs (Ul, U2, U4, U5, and U6) (Kramer, 1996). First, the 2’0OH of the

branchpoint adenosine attacks the 5’ exon-intron border, forming a lariat (the intron



and the 3’ exon); the 5’ exon becomes free. The two exon-intron junctions are
brought together by snRNPs. Second, the 3’OH of the free 5’ exon attacks the
intron-3’exon border. The two exons fuse together when the lariat is released (Moore
and Sharp, 1993; Sharp, 1994; Proudfoot et al., 2002). Evidence suggests snRNAs
play a leading catalytic role in the spliceosome, and form intermolecular base pairs
with the transcript (Newman, 1997; Valadkhan and Manley, 2000); the protein
complex interact with the catalytic core, and is responsible for the assembly and
stabilisation of the active spliceosome (Collins and Guthrie, 2000).

Electron microscopy indicates splicing can occur cotranscriptionally (Beyer
and Osheim, 1988; Wetterberg et al., 2001). The CTD again plays an important part,
as certain mutations specifically affect splicing, but not transcription or other
processing steps (Hirose and Manley, 2000; Maniatis and Reed, 2002). An in vitro
assay indicated pre-mRNA synthesised by pol II is immediately directed into the
spliceosome assembly pathway, while transcripts synthesised by T7 polymerase are
not (Das et al., 2007).

Genome-wide analyses indicate that 40-60% of human genes have alternative
splice forms (Modrek and Lee, 2002). A functional unit may be added or removed in
the resulting alternative protein product (Modrek et al., 2001). The rate of elongation

can influence the choice between alternative splicing sites (de la Mata et al., 2003).

1.1.1.6 Interaction of capping, splicing, and 3’ end processing

5’ capping, splicing, and 3’ end processing are clearly interconnected with
each other (Maniatis and Reed, 2002; Neugebauer, 2002; Proudfoot, 2004). The

CBC enhances the interaction of Ul snRNA with the cap-proximal 5’ splice site
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(Lewis and Izaurralde, 1997). Splicing factors at the 3 intron promote transcript 3’
end cleavage (McCracken et al., 2002), and the poly(A) machinery promotes
recognition of the 3’ terminal intron (Berget, 1995).

The pol II CTD regulates the coupling of transcription and processing,
through changes in pattern of phosphorylation. Capping, splicing, and
polyadenylation are all inhibited by truncation of the CTD (Cho et al., 1997,
McCracken et al., 1997a; McCracken et al., 1997b). Ser5 is first phosphorylated
during initiation, which recruits the capping machinery, and then the capping
enzymes are released after Ser5 is dephosphorylated (Ho and Shuman, 1999;
Komarnitsky et al., 2000). Ser2 is subsequently phosphorylated, recruiting the
splicing and 3’ end processing factors (Komarnitsky et al., 2000; Cho et al., 2001).

One model suggests pol II carries all the processing machinery along with it
as it transcribes (McCracken et al., 1997b), but this seems unlikely (Wetterberg et al.,
2001). Another model involves an immobilised ‘factory’ that contains all the needed
factors to couple transcription and processing (Iborra et al., 1996; Cook, 1999)
(Fig.1.4). Another study using electron tomography of the active BR3 gene
described a NTS complex (nascent transcript and splicing complex) containing 20—
25 nascent transcripts, pol I1, and splicing factors. As the gene is transcribed, the size
and shape of this complex changed greatly, indicating a dynamic exchange with the

soluble pool (Wetterberg et al., 2001).

1.1.1.7 Replication-dependent histone RNAs

Some histone proteins (i.e. H3.3, H2A.Z, H1, H3-cid and MacroH2A) are
encoded by poly(A) mRNAs and metabolised like other mRNAs (Marzluff, 2005).

However, some histone mRNAs — the majority of the replication-dependent ones —
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lack poly(A) tails (Marzluff et al., 2002) or introns. Intron insertion interferes with
proper 3’ end formation (Pandey et al., 1990). There are five classes of replication-
dependent histones. The four core histones, H2A, H2B, H3, and H4 make up the
nucleosome, and histone H1 binds to the linker DNA between nucleosomes
(Marzluff et al., 2002).

The 3' end of the mammalian histone mRNA possesses a highly conserved
26-nt sequence, 24-70 nt 3’ of the stop codon (Marzluff et al., 2002). The
untranslated region (UTR) of histone RNA forms a 16 nt stem-loop, interacting with
the stem-loop binding protein (SLBP) (Dominski and Marzluff, 1999). The mature
3’ end is obtained by a single cleavage event downstream of the stem-loop. 9 to 12 nt
3’ of the cleavage site is the histone downstream element (HDE), the core (AAGAG)
of which is complementary to the 5’ end of U7 snRNA. The U7 snRNP complex is
essential for histone pre-mRNA 3’ processing (Marzluff, 2005). A unique Sm
binding site follows the HDE site, essential for U7 snRNP function (Grimm et al.,
1993).

The histone mRNAs are highly cell-cycle regulated, expressed primarily in
S-phase of somatic cells (Marzluff et al., 2002). Pre-mRNA processing plays an
important role in this regulation. The major regulator SLBP is synthesized just

before S-phase and degraded rapidly at the end of S-phase (Zheng et al., 2003).

1.1.1.8 U snRNAs transcribed by polymerase 11

snRNAs, normally 60-450 nt long, are assembled into snRNPs with a set of
RNP proteins (Kiss, 2004). The major U1, U2, U4, and U5 snRNAs are required for
splicing (Lamond and Spector, 2003). Although also transcribed by pol II, they have

different transcription initiation and processing mechanisms.
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The promoters of snRNAs do not contain a TATA box; instead, they are
composed of a basal proximal sequence element (PSE), and an upstream enhancer-
like distal sequence element (DSE) (Hernandez, 2001).

During transcription, the 5’ end of the snRNA precursor is capped with a
TmGppp (Mattaj, 1986; Kiss, 2004). snRNAs do not have any introns or poly(A)
tails, and the 3’ end signal is a conserved sequence called the “3’ box” (Uguen and
Murphy, 2003). Transcription continues for at least 250 nt beyond the 3’ box in U2,
and the 3’ box only functions as a termination signal when pol II initiates at the PSE
(Cuello et al., 1999). Efficient processing of snRNA requires the pol II CTD, as
truncation or treatment with CTD kinase inhibitors causes a dramatic reduction in
proper 3' end formation of U2 transcripts (Medlin et al., 2003).

After export to the cytoplasm via a large export complex, the pre-snRNA is
assembled with a ring of seven Sm proteins into the snRNP core complex (Paushkin
et al., 2002). The 7mG cap of pre-snRNA is then hypermethylated. The whole Sm
snRNP is reimported into the nucleus via importin 3 and other factors recognising
Sm proteins and the cap (Palacios et al., 1997).

After reimport into the nucleus, snRNPs accumulate in Cajal bodies, where
they are site-specifically pseudouridylated and 2’-O-methylated to create mature
spliceosomal snRNPs. This modification is mediated by small Cajal body RNAs
(scaRNAs) (Gall, 2000; Jady et al., 2003; Nesic et al., 2004). Finally mature

spliceosomal snRNPs are stored in splicing speckles (Lamond and Spector, 2003).

1.1.1.9 scaRNA and snoRNA

Most small nucleolar RNAs (snoRNAs) direct the site-specific 2’-O-

methylation and pseudouridylation of rRNAs and U6 snRNAs, while small Cajal
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body RNAs (scaRNAs) direct similar modifications of pol II transcribed U snRNAs
(Darzacq et al., 2002; Kiss, 2002). Most snoRNAs and scaRNAs are processed from
spliced introns by exonucleolytic trimming. A common feature of the host gene
transcripts is a 5’ terminal oligopyrimidine sequence (Hirose et al., 2003), with the
only exceptions being U3, U8 and U13 box C/D snoRNAs which are transcribed
from independent genes (Samarsky et al., 1998). 3’ end trimming and synthesis of
the trimethylguanosine (TMG) cap of the U3 box C/D snoRNA may occur in Cajal
body (Hirose et al., 2003).

snoRNAs and scaRNA are targeted to the nucleolus by their conserved C/D
and H/ACA box elements (Terns and Terns, 2002). The scaRNAs have a CAB box

which targets them to the final destination — the Cajal Body (Richard et al., 2003).

1.1.1.10 LINE elements

LINE-1 (long interspersed nucleotide elements—1) elements in mammals are
active retrotransposable elements. They transpose in the genome by amplifying
themselves via retrotransposition. There are 900,000 copies in the human genome —
equivalent to 21% (Deininger and Batzer, 2002). LINEs are 4-7 kb long, composed
of two open reading frames (ORFs): ORF1 encodes an RNA-binding protein, and
ORF2 an endonuclease and a reverse transcriptase (Kazazian, 2004). The 5> UTR
contains an internal promoter sequence, and the 3° UTR contains a poly(A) tail
(Deininger and Batzer, 2002). An intron is post-transcriptionally removed, which

otherwise inhibits retrotransposition (Dewannieux et al., 2003).

1.1.1.11 Xist and Tsix

Xist and Tsix RNA are non-coding RNAs that are exclusively expressed

during X chromosome inactivation (Borsani et al., 1991). The inactive X (Xi)
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expresses Xist, and the active X (Xa) expresses TSiX on the antisense strand in a
mutually exclusive manner (Zhang et al., 2007). Xist RNA is 17-kb long, spliced,

polyadenylated, and stably associates with the entire Xi (Xu et al., 2006).

1.1.1.12 MicroRNA

MicroRNAs (miRNAs) are 17-25 base-pair long non-coding RNAs (Lai,
2002; Zeng et al., 2002). They are imperfectly complementary to the 3> UTR of
specific mRNAs, to selectively block their translation (Lee et al., 1993). Similar to
siRNAs, miRNAs are processed by RNase III, and associated with RNA-induced
silencing complexes (RISCs), for post-transcriptional repression and mRNA
degradation (He and Hannon, 2004; Yekta et al., 2004).

Processing of miRNA involves two steps. First, in the nucleus, nascent
miRNAs (pri-miRNA) are processed by Drosha, an RNase III enzyme, into ~70 nt
precursors (pre-miRNA) containing imperfect stem-loop structures (Lee et al., 2003).
Next, pre-miRNAs are exported into the cytoplasm, where they are cleaved by
another RNase III enzyme — Dicer — to give a 17-25 bp imperfect dsSRNA duplex.
This duplex contains both mature miRNA and its complementary strand (Ketting et
al., 2001).

Evidence suggests human pri-miRNAs are capped and polyadenylated (Cai et
al., 2004). For example, chromatin immunoprecipitation (ChIP) indicates pri-
miRNA associates with pol II (Lee et al., 2004). However, analysis of the genes in
the human chromosome (Chr) 19 miRNA cluster shows they are interspersed among

Alu repeats which are transcribed by pol III (Borchert et al., 2006).
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1.1.2 Polymerase | and the ribosomal genes it transcribes

In most eukaryotes, the sole function of RNA pol I is the transcription of the
genes encoding the large ribosomal RNAs within the nucleolus. Approximately 400
copies of the 43-kb human ribosomal gene tandem repeat are distributed among the
short arms of the human acrocentric Chrs 13, 14, 15, 21 and 22 (Henderson et al.,
1972). A single polycistronic rDNA transcription unit (the 45S rRNA gene in man)
encodes the precursor to 28S, 18S, and 5.8S rRNAs. It also contains functional
elements that regulate pre-rRNA transcription (i.e., the rDNA promoter, enhancers,
an origin of replication, transcription terminators, and a replication fork barrier)

(Grummt, 2003).

1.1.2.1 Transcription of ribosomal RNA

Efficient initiation of rRNA transcription requires interactions between the
DNA-binding protein, upstream binding factor (UBF1), promoter selectivity factor
(SLT in humans, TIP-IB in mouse) for the targeting of pol I, and assembly factors
(TIF-IA and TIF-IC in mouse) to form a stable pol I PIC at rRNA promoters (Bell et
al., 1988; Grummt, 2003). The rDNA promoter consists of a start site proximal core
promoter and an upstream control element (UCE).

UBEF is highly abundant in mammalian cells (~5 x 10° copies per cell), and
has an additional role as an architectural transcription factor that maintains the
“open” chromatin state of secondary constrictions (Bazett-Jones et al., 1994; Mais et
al., 2005). UBF binds selectively to rDNA, and exclusively localises to nucleoli
during interphase and remains associated with rDNA repeats during mitosis in active
nucleolar organiser regions (NORs) (Roussel et al., 1996). A study using fluorescent

recovery after photobleaching (FRAP) indicated that in vivo, transcription initiation
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at a ribosomal promoter occurs every ~1.4 sec, and elongation occurs at 95 nt/sec on
a human rDNA gene of 13.3 kb (Dundr et al., 2002).

Transcription of rRNA was first directly visualised using electron
microscopy imaging of “Miller spreads” (Miller, 1981). “Miller spreads” are
prepared by swelling isolated nuclei in distilled water and a household detergent to
disperse the chromatin, before fixation for electron microscopy. A gradient of lateral
nascent RNP fibrils are seen in the classical “Christmas tree” structure, with each

fibril attached to the central chromatin axis by a polymerase (Figure.1.2A).

1.1.2.2 Processing of ribosomal RNA

Extensive chemical modifications occur in the 13.3 kb precursor rRNA
before individual rRNAs are cleaved out and ribosomes assembled. In eukaryotes,
the two major modifications, 2'-O-ribose methylation and pseudouridylation, are
directed by C/D box and H/ACA box snoRNAs. The snoRNA sequence
complementary to target rRNA modification sites forms a canonical duplex (Kiss,
2002; Boisvert et al., 2007). In contrast to the transcription machinery, the rRNA-
processing machinery does not remain associated with NORs during mitosis
(Boisvert et al., 2007).

Transcription of the rRNA genes by pol I is essential for the regulation of the
cell cycle. Transcription is maximal in S and G2 phases, shut down during mitosis,

and slowly recovers in G1 (Kuhn et al., 1998).

1.1.3 Polymerase 11 and the genes it transcribes

Yeast pol III has 17 subunits, 10 of which are unique to pol III (C subunits),
two are common with pol I (AC subunits), and five are common to all three pols

(ABC subunits) (Schramm and Hernandez, 2002). The human pol III has 16 subunits.
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Three of the pol III specific subunits form a subcomplex that is involved in
promoter-dependent transcription initiation (Wang and Roeder, 1997).

Pol III transcribes three classes of essential small non-coding RNAs. Class 1
contains the 5S rRNA; class 2 encompasses tRNAs, 7SL RNA, Alu RNAs, and some
small viral RNAs; and class 3 includes U6 snRNA and 7SK (Hernandez, 1993).

Pol III transcription generally terminates at a run of four or more thymidine
(T) residues, but some of the poly(T)s are not recognized as termination signals.

Most 3’ ends of pol III genes are generated by termination (Gunnery et al., 1999).

1.1.3.1 5SrRNA

In contrast to other rRNAs, 5S rRNA genes are transcribed by pol III
(Haeusler and Engelke, 2006). In S. cerevisiae, 5S RNA genes are located in the
nucleolus, but in man they are in the nucleoplasm (Dechampesme et al., 1999). A
major cluster of 5S genes on human Chrl contains 100-150 repeats (Sorensen and
Frederiksen, 1991; Matera and Ward, 1992). 200-300 dispersed 5S genes scattered
across the genome (Sorensen and Frederiksen, 1991). FISH indicates the major
cluster often localises to the nucleolar periphery (Matera et al., 1995). It is easy to
see this may facilitate the coregulation of transcription of the 5S genes with those
encoding the other ribosomal RNAs.

The promoter of 5S RNA genes contains box A and box C elements. The 5S
specific activator TFIIIA is required to recognise these elements before TFIIIC,
TFIIIB and pol III recruitment — as with tRNA (Roeder, 2003).

5S rRNA processing is simpler than that of the other rRNAs. The 5’ end is

unmodified, while the 3" end is extended by 7 to 13 nucleotides (poly U) before
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termination. The additional sequences are then removed sequentially from the 3’

terminus by a slow-acting exonuclease (Piper et al., 1983; Kressler et al., 1999).

1.1.3.2 tRNA

Transfer RNAs (tRNAs) are short RNAs that function as essential adaptors to
translate mRNA into a polypeptide. Each tRNA only recognises a particular amino
acid and matches it to specific codons in the mRNA (White, 2005).

The internal promoter of tRNA genes contains box A and box B elements.
They are recognised by the transcription initiation factor TFIIIC that recruits TFIIIB
before assembly with pol III into a functional PIC (Roeder, 2003). In yeast, tRNA
transcription occurs in the nucleolus. In human it is nucleoplasmic, and its products
then move to nucleoli for processing and maturation (Carmo-Fonseca et al., 2000).

tRNA processing involves several steps. First, the 5’ leader is removed by
RNase P (Xiao et al., 2002), and the 3’ trailer by ELAC2 (Takaku et al., 2003);
second, a trinucleotide CCA is added to the 3’ end; third, as many as 80
modifications occur before tRNA becomes mature (Hopper and Phizicky, 2003).

In human, 6% of tRNA genes contain introns. These are 14-60 nt long and
located one nt 3’ to the anticodon (Ogden et al., 1984). tRNA splicing starts with an
endonuclease cleavage at the 3’ splice sites, before this intermediate is processed by

a 2’ phosphotransferase to produce a mature tRNA (Trotta et al., 1997).

1.1.3.3 U6 snRNA

Unlike other snRNA, U6 snRNA is transcribed by pol III and confined to the
nucleus. The promoter of the human U6 snRNA gene consists of not only a DSE (-
215 to -240) and a PSE (-65 to -48) like other snRNAs, but also a TATA box-like

element (-32 to -25) (Schramm and Hernandez, 2002).
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In contrast to other pol III genes, the U6 snRNA is capped at the 5’ end with
a 7mGppp like the pol II transcribed snRNAs (Singh and Reddy, 1989); however,
the timing of this process remains a mystery. U6 snRNA has a short poly(U) tail at
the 3’ end as a termination signal. It is associated with Sm like proteins (Spiller et al.,
2007). The pseudouridylation and 2’-O-methylation of U6 snRNA is directed by
snoRNAs instead of scaRNAs (Kiss, 2004). After transiently accumulating at the
Cajal body, mature U6 snRNA is found mainly in splicing speckles (Huang and

Spector, 1996).

1.1.3.4 7SK

The human 7SK RNA is an snRNA consisting of 331 nucleotides (Murphy et
al., 1986). The phosphorylation of pol II CTD is a signal for many transcription and
processing check points (above). Phosphorylation of Ser2 is mediated by P-TEFb
containing CDK9 and cyclin T1 (Peng et al., 1998). The inhibition of P-TEFb by
HEXIM1 (hexamethylene bisacetamide-induced protein 1) is specifically regulated
by 7SK (Nguyen et al., 2001; Yang et al., 2001; Yik et al., 2003).

The 7SK gene has a similar upstream promoter to that of U6 snRNA, with a
DSE, a PSE, and a TATA box-like element (Murphy et al., 1986). Its RNA also
possesses an mpppG cap at the 5° end which is added post-transcriptionally
(Shumyatsky et al., 1990). The RNA has a short poly(U) tail at the 3’ end, which is

further uridylated or adenylated post-transcriptionally (Chen et al., 2000).

1.1.3.5 7SL, Alu, B1, and B2 RNAs

7SL RNA is a class 2 pol III RNA; the gene contains an internal promoter.
The RNA forms part of the signal recognition particle that inserts proteins into

membranes (White, 2004). 7SL RNA generates processed pseudogenes, some of
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which have the S domain deleted and an A-rich sequence added. After amplification,
two such monomers fuse to generate Alu elements: the left gains a functional B box,
and the right loses its promoter (Dewannieux et al., 2003; Kazazian, 2004).

Alu RNAs belongs to the short interspersed element (SINE) family. SINEs
relocate in the genome via retrotransposition (Shedlock and Okada, 2000). Alus
share a ~300 nt consensus sequence, and are present in 1.1 million copies (or 11%) in
the human genome (Kazazian, 2004). Pol III transcribed Alus can be mobilised by
LINEs (Dewannieux et al., 2003). Alus can cause insertional mutation,
recombination, gene conversion and alterations in gene expression (Batzer and
Deininger, 2002).

In mouse, Bl and B2 RNAs transcribed from SINEs have very similar
structures to Alu RNAs (Allen et al., 2004). Under heat-shock or translation
inhibition, B1 and B2 transcription is upregulated (Liu et al., 1995). B2 RNA can
bind to pol II and inhibits its initiation, but not elongation (Allen et al., 2004;

Espinoza et al., 2004).

1.1.4 Export pathways for different transcripts

RNA export from the nucleus to the cytoplasm occurs via nuclear pore
complexes (NPCs) (Ryan and Wente, 2000). It is dependent on the assembly of the
RNA into the appropriate ribonucleoprotein complex. Non-coding RNAs are
exported using Ran-dependent transport factors, while protein-coding RNAs are

exported by Ran-independent pathways (Cullen, 2003).
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1.1.4.1 Ran-dependent export pathways of non-coding RNAs

Both U snRNAs and rRNAs export is mediated by the karyopherin, Crm1
(Cullen, 2003). Pre-snRNA is assembled into a large export complex, which includes
the CBC, the phosphorylated adaptor for RNA export (PHAX), and the
Crm1/RanGTP complex. After export through the NPC, PHAX is dephosphorylated,
and the snRNA export complex disassembled through GTP hydrolysis of Ran (Ohno
et al., 2000; Kiss, 2004).

In yeast, after extensive processing, the 28S, 5.8S and 5S rRNA are first
assembled with 50 ribosomal proteins into the 60S pre-ribosomal subunit. The 18S
rRNA assembles with 33 ribosomal proteins into the 40S preribosomal subunit
(Venema and Tollervey, 1999). They are exported separately, although both
pathways involve Crml (Hurt et al., 1999; Moy and Silver, 2002). The 60S subunit,
but not 40S, requires an adaptor Nmd3p to access the pathway (Hedges et al., 2006).

tRNA export requires Exp-t, also a member of the karyopherin family, which
actively interacts with Ran-GTP. The presence of an unremoved intron does not
affect export (Arts et al., 1998), in contrast to the case of mRNA (below).

pre-miRNAs are exported into the cytoplasm by exportin 5, a Ran-GTP

dependent transporter (Lund et al., 2004).

1.1.4.2 Ran-independent export pathways of mMRNAs

After processing, UAP56 is recruited to mRNA molecules. Next, Aly is
recruited, which binds the TAP-Nxt nuclear RNA export factor. Another unidentified
factor may substitute for the role of Aly (Cullen, 2003).

Both processing of the 3’ end and splicing are critical for mRNA export as

pre-mRNA mutants defective in either splicing or 3’ end formation fail to be
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exported (Custodio et al., 1999). In vitro evidence suggested Aly is recruited during
mRNA splicing (Zhou et al., 2000). Furthermore, 3’ processing, but not
polyadenylation, facilitates mRNA export (Cullen, 2003). The export of histone
mRNAs, which do not contain poly(A) tails, is also mediated by TAP (Huang et al.,
2003). During stress, Rpb4p, the fourth largest subunit of pol II mediates mRNA
export (Farago et al., 2003).

RNA length plays a role in choice of transport pathway. When shortened to
<120 nt, mRNAs are exported by the U snRNA pathway, while inserting 300 nt

drives Ul snRNA to the mRNA export pathway (Ohno et al., 2002).

1.1.5 Mitochondrial DNA transcription

Mitochondria (mt) are found in the cytoplasm, and they are essential for
cellular ATP production. In mammals, the 16,600 bp circular double-stranded
mtDNA encodes 13 proteins, 2 rRNAs and 22 tRNAs, (Falkenberg et al., 2002).

Mt transcription produces polycistronic precursors from both strands which
are then processed into mRNAs, rRNAs, and tRNAs (Montoya et al., 1981; Shadel
and Clayton, 1997). Processing is mainly achieved through cleavage by the tRNA
processing enzymes (Rossmanith et al., 1995). The mammalian mtDNA genome
does not contain introns (Shadel and Clayton, 1997). The 5’ end of mt-mRNAs
carries a monophosphate and is uncapped; the 3’ end is polyadenylated. The mt-
rRNAs have 3 poly(A) tails, and mt-tRNAs a CCA addition like the cellular tRNAs
(Gagliardi et al., 2004). Mitochondria have their own transcription machinery, which

is different from that in the nucleus. The catalytic subunit and replicative helicase of
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mtDNA directed RNA pol (POLRMT) are similar to those in bacteriophages T7 and

T3 pols (Shutt and Gray, 2006).

1.1.6 Summary

Table 1.1. Genes are transcribed and processed differently

Gene Function Transcription Processing
pol location capping splicing 3 editing

45S rRNA protein synthesis | no - - pseudouridylation /
2'-O-methylation
(snoRNA)

MRNA encoding protein |l n co co poly(A)

spliceosomal MRNA Il n co - as rRNA

SnRNA processing (scaRNA)
3" box

histone nucleosome Il n co - stem loop

formation (U7 snRNA)

snoRNA/ snRNA and rRNA I n co from trimming

scaRNA processing intron

Xist / Tsix X inactivation Il n co - poly(A)

LINEs Retrotransposon I n co post poly(A)

tRNA protein synthesis |l n/no - post CCA

5S rRNA protein synthesis Il n/no - - poly (V)

7SK CTD regulation 1] n post - poly (U)

U6 snRNA MRNA [l n post - poly (U)/(snoRNA)

processing

7SL protein transport Il n - - A rich sequence

Alu retrotransposon i n - - A rich sequence

mMiRNA gene silencing I/ n co - poly(A)/Drosha/Dicer

mitochondrial protein coding/ POLRMT ¢ - - poly(A)/CCA/ A rich

tRNA/rRNA

sequence

[Abbreviations]: n: nucleus; no: nucleolus; c: cytoplasm; co: co-transcriptional processing;

post: post-transcriptional processing.
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1.2 The structure of the nucleus

The mammalian nucleus is separated from the cytoplasm by a double-
membrane nuclear envelope. It contains the essential genetic information and
machineries for gene expression. Nuclear pores penetrate the envelope and allow
selective transport between nucleus and cytoplasm (Stoffler et al., 1999; Cook, 2001).
The peripheral nuclear lamina is considered responsible for anchoring chromatin to
the nuclear periphery and maintaining envelope structure. It contains lamins A/C and
B located inside the envelope (Moir et al., 2000).

Most of the nucleus is filled with chromatin during interphase. Individual
chromosomes can only be resolved during mitosis. The nucleoli contain high
concentrations of RNA, and are responsible for rRNA synthesis and ribosome
assembly (Boisvert et al., 2007). Increasing numbers of specialised interchromatin
nuclear domains (Spector, 2001) have been identified. The structures of these
nuclear domains are highly dynamic, with components rapidly exchanging with the

soluble pool (Misteli, 2001).

1.2.1 Chromatin packaging during interphase

A typical human chromosome contains ~100 Mbp DNA with a contour
length of ~34 mm, sophisticatedly packaged into a ~10 pm nucleus (Cook, 2001).
Nucleosomes are the fundamental structural units of eukaryotic chromatin. Each
nucleosome contains 147 bp DNA wrapped in 1.75 turns around an octamer of core
histones (Luger et al., 1997). Nucleosomes may change their positions along the
DNA, and the histone tails undergo numerous modifications (Fuks, 2005). A string

of nucleosomes are packaged into high-order structures which are either condensed
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as heterochromatin or open as euchromatin. Heterochromatin is often observed at the
nuclear periphery or nucleolus, but can also aggregate into internal chromocentres.
Finally these chromosomes are organised into territories (Cavalli, 2002; Cook, 2002)

(reviewed in Ch.1.3.2).

1.2.2 Nuclear domains

1.2.2.1 The nucleolus

Nucleoli contain hundreds of tandem rRNA genes and numerous factors
necessary for transcription of rDNA, processing of pre-rRNA, and ribosome
assembly (Ch.1.1.2.). It may also be a site of covalent RNA modification and protein
assembly for RNP complexes, such as snRNPs, telomerase and several other pol III
transcribed small RNAs, such as 5S rRNA, some tRNAs, RNase P RNA, 7SL RNA
and miRNAs (Gerbi et al., 2003; Boisvert et al., 2007).

Electron microscopic imaging of nucleoli reveal three distinct
subcompartments: the fibrillar centre (FC), dense fibrillar component (DFC), and
granular component (GC) (Huang, 2002). Transcription takes place on the surface of
the FC (Hozak et al., 1994). Processing of nascent transcripts occurs in the GC

(Fatica and Tollervey, 2002).

1.2.2.2 Splicing speckles

25-50 nuclear speckles containing pre-mRNA splicing factors can be
localised against a diffuse pool using immuno-fluorescence. Aggregates of speckles,
interchromatin granule clusters (IGCs) are suggested to be involved in the assembly

and modification of pre-mRNA splicing factors (Spector, 1993). They are not sites of
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transcription, as they contain inactive pol II phosphorylated on Ser2 of the CTD
(Pombo and Cook, 1996; Xie et al., 2006), nor are they sites of splicing (Misteli,
2000); rather, they seem to be stores of processing factors (Spector, 2001). Active

genes are often found at the periphery of speckles (Xing et al., 1995).

1.2.2.3 Cajal bodies

1-10 Cajal bodies are present in the nucleus with a diameter of 0.2-1.0 pm
(Gall, 2000); they contain factors involved in snRNP and snoRNP biogenesis
(Ch.1.1.1.8 and 1.1.1.9). These factors move through the Cajal body to nuclear
speckles or nucleoli for snRNP or snoRNP maturation (Sleeman and Lamond, 1999).
Gemini of Cajal bodies are often coincident with or adjacent to Cajal bodies.
However, they contain survival of motor neurons gene product (SMN) and Gemin2
which are absent from Cajal bodies (Matera, 1999). Gemini may play an additional

role in snRNP maturation (Spector, 2001).

1.2.2.4 OPT domain

OPT (Octl1/PTF/transcription) domains are 1.0-1.5 um, and contain the PSE-
binding transcription factor (PTF) and Oct-1 — two transcriptional activators (Pombo
et al., 1998). They assemble in G1 phase and disappear in S phase. A 30 Mbp region

on Chr6 (band 6p21) often associate with this domain (Pombo et al., 1998).

1.2.2.5 Promyelocytic leukaemia (PML) bodies

A typical human nucleus contains 10-30 PML bodies, of 0.3-1.0 um. These
bodies contain PML protein, SUMO1, HAUSP and CBP. In patients suffering from
acute promyelocytic leukaemia, PML bodies break into smaller domains. This is

caused by a translocation in which the PML gene is fused to the a-retinoic acid
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receptor. PML bodies are suggested to be involved in transcriptional regulation,

apoptosis, DNA repair, and cell growth (Wang et al., 1998; Eskiw et al., 2004).

1.2.2.6 Other nuclear domains

Paraspeckles are often found adjacent to speckles in both primary and
transformed human cells. They contain proteins (PSP1, PSP2, and p54/nrb) that can
cycle to and from nucleoli (Fox et al., 2002). Paraspeckles may be involved in
regulating nuclear retention of stable RNAs (Prasanth et al., 2005).

Perinucleolar compartment (PNC) and SAM68 nuclear bodies are associated
with the periphery of nucleoli. They contain pol III transcribed RNAs and RNA-
binding proteins, and are mainly found in cancer cells (Dundr and Misteli, 2001).

The association with the nucleolus of both paraspeckles and PNCs is

transcription-dependent (Dundr and Misteli, 2001; Fox et al., 2002).

1.3 Intimate relation between gene regulation and nuclear

structure

In eukaryotes, the organisation of chromatin into high-order structures is
tightly connected with the control of gene expression and other chromosomal
processes (e.g., chromosome stabilisation and segregation, imprinting, dosage
compensation, and recombination) (Hall et al., 2002).

Transcriptional states are also determined by high-order chromatin structure
— for example, “euchromatin” (on) and “heterochromatin” (off) (Turner, 2000). It is
proposed these structures are dependent on the local concentration and combination
of different histone modifications (Huang, 2002; Margueron et al., 2005a;

Heintzman et al., 2007). Using ChIP-on-chip (Kim and Ren, 2006; Barski et al.,
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2007), a high resolution map of these modifications in human nuclei is emerging. A
comprehensive analysis of functional elements the in human genome by the
ENCODE project is also taking place (The ENCODE consortium, 2007). These
studies are revealing a tight coupling between epigenetic regulation and the

processes of replication and transcription.

1.3.1 Histone modifications and DNA methylation

In different cell types, combinations of histone modifications determine gene
expression at a specified time and place (Turner, 2007). Active promoters are
marked by an overall increase in acetylation of core histones and trimethylation of
Lys4 of histone H3 (H3K4) (Jenuwein and Allis, 2001; Santos-Rosa et al., 2002;
Margueron et al., 2005b), and enhancers by monomethylation of H3K4 (Heintzman
et al., 2007). The monomethylations of H3K27, H3K9, H4K20, H3K79, and H2BKS5
are all linked to gene activation, while trimethylations of H3K27, H3K9, and H3K79
are linked to repression. H2A.Z also associates with functional regulatory elements
(Splinter et al., 2006; Barski et al., 2007).

Phosphorylation of the pol II CTD is also related to histone modification.
H3K4 methylation by Setlp methylase is a marker of early elongation, correlating
with Ser5 phosphorylation of the CTD (Ng et al., 2003). By contrast, H3K36
methylated by Set2p marks late elongation and termination, correlating with Ser2
phosphorylation (Bannister et al., 2005).

Histone modifications appear at early stages of differentiation (Okamoto et

al., 2004). In preimplantation embryos, Xi demonstrated H3K4 hypomethylation and
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H3K9 hypoacetylation at the 8-cell stage; next, H3K27 is methylated. MacroH2A is
enriched in the morula; H3K9 is methylated in the blastocyst (Lucchesi et al., 2005).

The different modifications provide distinctive binding sites for effectors
(Jenuwein and Allis, 2001). At the simple level, the bromodomain in histone-
acetyltransferase (HAT)-associated transcriptional co-activators selectively interacts
with acetylated lysine (Dhalluin et al., 1999). The chromodomain of heterochromatin
protein HP1 binds methylated H3K9, but little with H3K4 (Bannister et al., 2001).
The chromodomain of polycomb protein (PC) binds to trimethylated H3K27
(Czermin et al., 2002). At a higher level, a number of studies implicated that the
plant homeodomain finger found in a variety of proteins is a highly specialised
methyl-lysine binding domain to discriminate different methylation states (Mellor,
20006).

In addition, DNA methylation plays an important role in transcription
silencing/activation. Methylation results in loss of DNase-I hypersensitive sites and
transcriptional repression (Keshet et al., 1986). In vertebrates, 60-90% of all CpG
dinucleotides are methylated (Ng and Bird, 1999). The methylation-free CpGs are
found in high densities in GC-richregions (CpG islands) at the 5' promoter region of
many human genes (Bird, 2002). Evidence suggest DNA methylation does not
silence active promoters, but affects genes that are already silent (Bird, 1999).
Inhibition of histone deacetylases can reactivate genes previously silenced by DNA
methylation (Ng and Bird, 1999). On the other hand, DNA methylation may also
feedback on lysine methylation, suggesting an interaction between DNA methylation

and histone modification (Fuks, 2005).
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1.3.2 Chromosome territories

Compared with the extensive detail we know about histone modifications and
DNA methylation, high-order of chromatin organisation is less understood. Current
models suggest that chromosomes in the nucleus are organised into chromosome
territories (CTs) (Cremer and Cremer, 2001). CTs are built up from a hierarchy of
chromatin fibres with increasing thickness: the 10 and 30 nm fibres and the 60-130
nm fibres (Belmont and Bruce, 1994). Chromatin loops build up rosettes, which are
further organised into CTs (Munkel et al., 1999).

CTs were originally believed to be separated by an interchromatin domain
(ICD), containing the transcription and processing machineries (Zirbel et al., 1993).
Active genes are located at the periphery of CTs and loop out to contact with the
ICD (Kosak and Groudine, 2004), interacting with the different nuclear bodies
(Cremer and Cremer, 2001). In fact, CTs are highly dynamic. High resolution FISH
showed CTs intermingle significantly, correlating with the frequency of chromosome
translocations (Branco and Pombo, 2006). Recent research on chromatin loops
demonstrates that spatial interactions of genes are not at all restricted within the

chromosome (Osborne et al., 2004; Ling et al., 2006; Splinter et al., 2006) .

1.3.3 Chromatin loops

The chromatin structure at the mouse [B-globin locus has been studied
comprehensively using FISH and chromosome conformation capture (3C) (Fraser
and Bickmore, 2007). The Hbb-b1l gene lies 50 kb away on Chr7 from its locus
control region (LCR). A globin stabilising protein Eraf is located 24.4 Mb away

from Hbb. Hbb-bl contacts the LCR and Eraf only when they are actively
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transcribed in erythroid nuclei, but not in brain when they are inactive (Carter et al.,
2002; Tolhuis et al., 2002; Osborne et al., 2004).

Recently, genome-based 3C derivatives enable a wider view of chromatin
loops (Ling et al., 2006; Lomvardas et al., 2006; Wurtele and Chartrand, 2006; Zhao
et al., 2006). Using associated chromosome trap, Ling et al. showed insulin-like
growth factor 2 (Ifg2)/H19 imprinting control region (ICR) on Chr7 colocalises with
one allele of Wsb1/Nfl on Chrll; omission of CCCTC-binding factor (CTCF) or
deletion of the maternal ICR abolishes the association (Ling et al., 2006). Using
circular 3C, Zhao et al. identified 114 unique sequences from all autosomes, several
of which interact primarily with the maternal H19 ICR (Zhao et al., 2006).
Combining 3C with microarrays (3C-on-chip) for larger scale analysis, de Laat and
colleagues confirmed the active B-globin locus in fetal liver preferentially contacts
transcribed loci on Chr7, while in fetal brain it contacts different silent loci.
Furthermore, a housekeeping gene in a gene-dense region on Chr8 forms long-range
contacts with other active gene clusters, both in Cis and in trans (Simonis et al.,
2006). These studies revealed an extensive network of intra- and inter-chromosomal
interactions.

What is the underlying mechanism organising specific interaction of

chromatin loops? What is the driving force and how are the loops regulated?

1.3.4 Models of nuclear organisation

An early and widely accepted model of nuclear organisation was helical
hierarchies, in which nucleosomes strings are coiled into solenoids, and solenoids

into higher-order structures (Sedat and Manuelidis, 1978). Another opinion is
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random packing of nucleosomal strings (Sachs et al., 1995). However, it is very
difficult for these models to justify the specific interactions of chromatin loops.

A third model suggests loops attach to a peripheral lamina or to internal
structures like skeletons/matrices/scaffolds (Saitoh and Laemmli, 1993; Spann et al.,
2002). A number of studies suggest nuclear scaffold/matrix-attachment regions
(S/MARs) can attach newly-made nucleic acids to some nuclear skeleton (Davie,
1995; Heng et al., 2004). S/MARs may function as the mediators of loop
attachment. However, these anchors alone are not sufficient for chromatin loops to
form (Heng et al., 2004). Furthermore, the successive hypo- and hyper-tonic
extractions for preparation of nuclear matrix are questionable, since various
macromolecular rearrangements could occur (Pederson, 2000). The basic structure
of S/MARs and its relation to factories remain undefined.

Other evidence suggests the transcription machinery organises the loops
(Cook, 1999; de Laat and Grosveld, 2003; Osborne et al., 2004; Zhou et al., 2006).
In this model, the chromatin fibre is attached through polymerases or transcription
factors to a “transcription factory” (Cook, 1999) or “active chromatin hub” (de Laat
and Grosveld, 2003), both refer to a spatial clustering of cis regulatory elements and
active genes (Chakalova et al., 2005). Attachments of chromatin loops to a factory or
hub are highly dynamic as polymerases initiate and terminate, transcription factors
associate and disassociate (Cook, 2002). Frequent exchange of protein components

occur between the factories or hubs and the soluble pool (Kimura, 1999).
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1.4 Transcription factories

The term “factory” is used to define ‘a building or range of buildings with
plant for the manufacture of goods’. The first visualised “factories” were sites of
viral replication seen after infection. Using [*H]thymidine, a cytoplasmic focus of
viral DNA synthesis was visualised by autoradiography (Cairns, 1960). The term
“factory” (Joklik, 1968) was then applied to active sites of replication and

transcription in uninfected cells (Hozak et al., 1993; Jackson et al., 1993).

1.4.1 Nucleolar transcription factories

The nucleolus is the best characterised transcription factory (Ch.1.2.2). The
FC contains high concentrations of pol I and UBF. Transcription occurs on the
surface of FCs (Hozak et al., 1994; Cmarko et al., 2000; Koberna et al., 2002). In
HeLa cells during interphase, a nucleolar factory contains ~30 FCs, each containing
~500 pols associated with 4 active genes (Jackson et al., 1998) (Figure.1.2B). Such
templates are stripped off FCs during the preparation of Miller spreads to give the
“Christmas trees” with their ~125 branches” (Figure. 1.2A).

In yeast, the number of active transcription units and FCs increases with pol I
initiation rate, however the number of active pol I per nucleolus remains constant
(French et al., 2003). This indicates the factory number and diameter is related to the

rate of rRNA synthesis (Cook, 2001).

1.4.2 Immobile polymerases

It is widely assumed that active polymerases track along their templates as
they make RNA. However, evidence suggests active pols are immobilised. 1) If pols

track along a helical template, the resulting transcript will become entwined about
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the DNA. An additional precise mechanism is required to solve this entanglement
problem. However, if pols are fixed, they extrude un-entwined transcripts as they
reel in and rotate and template. 2) Nascent RNA, transcribed DNA, and polymerising
activity all remain after most chromatin is removed after ribonuclease treatment
(Dickinson et al., 1990; Jackson and Cook, 1993; Jackson et al., 1993). If pols track
along the DNA template, transcriptional activity should be lost (Fig 1.1). 3) Nascent

RNA is concentrated in a few sites (below).
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Fig. 1.1. Nuclease digestion indicates pols are immobilised

A. Model. If active pols (oval) tie chromatin to factories (sphere), polymerising activity
should remain after nuclease digestion and removing the detached chromatin.

B. Results of a nuclease digestion experiment (Dickinson et al., 1990). [*H]labelled cells
were encapsulated, lysed and washed, incubated with or without ECORI and detached
fragments electroeluted. The time-course of incorporation of [**P]UTP into acid-insoluble
material by beads treated in the two ways is shown. Blue curve: control, digestion with
EcoRI but without electroelution to remove chromatin, orange curve: digested and
electroeluted (25% chromatin remained). Although most chromatin was removed, most

polymerising activity remains.
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1.4.3 Localising active transcription sites

Active sites of transcription can be visualised by either growing cells in Br-U
(Iborra et al., 1998), or permeabilising cells before allowing engaged pols to extend
their transcripts in Br-UTP, and immunolabelling the resulting Br-RNA (Jackson et
al., 1993). Tagged nascent transcripts are found in a limited number of discrete sites
(Jackson et al., 1993; Wansink et al., 1993; Iborra et al., 1996; Fay et al., 1997) (Fig
1.2A). Active polymerases and transcription factors colocalise with such discrete
foci, termed “transcription factories” (Iborra et al., 1996; Grande et al., 1997).
Moreover, RNA-FISH coupled to immunolabelling confirmed active transcription
units on different chromosomes colocalise in such factories rich in pol II (Osborne et
al., 2004), indicating factories are the organisers of chromatin loops.

Other evidence supports the idea that active polymerases are the major
molecular ties attaching chromatin loops to the factories. For example, the
lampbrush loops seen after swelling oocyte nuclei in hypo-tonic buffers are only
found when the relevant regions are transcriptionally active (Gall and Murphy, 1998).
Similarly, in living cells transcription inhibitors like DRB or a-amanitin increase the
mobility of loops (Chubb et al., 2002), presumably by breaking the attachment of
loops to the underlying structure. In addition, TFs act as additional and more
transient ties as sequences containing transcription-factor binding sites also resist
nucleolytic detachment (Jackson and Cook, 1993). These ties are likely to persist for

only a few seconds (Misteli, 2001; Chen et al., 2002).
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Fig. 1.2. Transcription factories in HeLa cells  Adapted from Cook, P. R. (1999). 'The
organization of replication and transcription',
Science 284, 1790. Available at http://dx.doi.

Adapted from (Cook, 1999). org/10.1126/science.284.5421.1790. Reprinted

. with permission from AAAS.

A. Localising nascent RNA.

Middle. Cells were permeabilised, nascent RNA extended in Br-UTP, cryosectioned (100

nm), Br-RNA immunolabelled with FITC (green), nucleic acids counterstained with TOTO-

3 (red), and an image collected on a confocal microscope. Nascent RNA (green) is

concentrated in factories in the cytoplasm (made by mt pols), nucleoplasm (by pol II and III),

and nucleoli (by pol I). Bar: 1 pm. Image provided by A. Pombo.

Left. One transcript (probably made by pol II) is associated with DNA (which runs from top

to bottom). Breaking a nucleoplasmic transcription factory like the one in the middle

releases ~8 active units like this (Jackson et al., 1998). Bar: 1 pm (~2.9 kb DNA).

Right. One active rRNA transcription unit with ~125 transcripts, formed by stripping away

one of the two crescents in a nucleolar transcription factory shown in the middle (Miller and

Bakken, 1972). Bar: 1 um

B. Model for a nucleolar factory. The nucleolar factory in (A) contains two crescent-shaped

foci (DFC), each with nascent transcripts from one transcription unit. The transcripts and

template in only one of the two crescents are shown in (B). rDNA slides (open arrowhead)

through pols (ovals) on the surface of a FC containing pol I, as nascent transcripts are

extruded to form the DFC.


http://dx.doi.org/10.1126/science.284.5421.1790
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1.4.4 The relation between factories and other nuclear structures

Many studies suggest lamins play an important part in nuclear organisation
and transcription regulation (Spann et al., 2002; Akhtar and Matera, 2006; Vlcek and
Foisner, 2007). Lamins seem to be critical factors for anchoring chromatin to the
nuclear periphery (Goldman et al., 2002). Alteration of lamin organisation by over
expression of a dominant negative lamin mutant inhibits pol II transcription
(Kumaran et al., 2002; Spann et al., 2002). Factories are probably attached to a
lamin-containing skeleton.

Other skeletons containing nuclear actin and myosin probably also interact
with factories, as these proteins copurify with pol II and micro-injecting antibodies

against them inhibit transcription (Pestic-Dragovich et al., 2000).

1.4.5 Size and number of nucleoplasmic transcription factories

Nucleoplasmic factories are very small and numerous. In a typical HeLa cell,
there are on average ~8,000 pol II factories, each containing ~8 active molecules of
pol II; each factory is ~50 nm in diameter, and the distance between factories is ~300
nm (Jackson et al., 1998; Kimura et al., 1999). Therefore, they can only be resolved
one from another using the highest resolution microscopy [i.e. electron microscopy
(EM) or confocal imaging of cryosections (Iborra and Cook, 1998; Jackson et al.,
1998)].

The average contour length of loops in HeLa cells was estimated to be ~86
kb. This was calculated from the fraction of chromatin resisting electroelution after
nuclease digestion (Jackson et al., 1990). Coincidently, on average, one S/MAR is

present at every 60-90 kb of genomic DNA (Boulikas, 1995). Two populations of
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loops seem to be present, ~20% are around ~7.5 kbp, and the rest evenly distributed
from 50-175 kbp (Jackson et al., 1990). We could only speculate the shorter
represent the active loops, and longer inactive.

Table 1.2 lists the number of transcription factories in a HeLa cell from
various early studies. The number of factories seems to vary among different cell
types. A quantitative study on Br-labelled nascent RNA foci suggested the number
of factories falls during differentiation of mouse embryonic stem cells, as nuclei
become smaller, but site density and diameter remain roughly constant. Similar site
densities and diameters are found in salamander (amphibian) cells with 11-fold
larger genomes, and in aneuploid HeLa cells (Faro-Trindade and Cook, 2006).
Another study on erythroid cells reported an average of 100—300 pol II factories per
nucleus, counted from immuno-labelled pol II foci (Osborne et al., 2004). Regardless
the method used to determine the number of factories, it is necessary to ensure all the

foci are seen by establishing the detection threshold (Faro-Trindade and Cook, 2006).

1.4.6 Transcription factory model for genome organisation

Our current model suggests active pols on different transcription units cluster
into a factory surrounded by a “cloud” of loops. The cluster is rich in pols and other
factors and the high concentration supports efficient interaction with DNA. Pols and
TFs act as molecular ties, transiently tethering transcription units to the factory. Such
dynamic attaching and detaching of the chromatin loops to the transcriptional
machinery is the driving force behind transcriptional regulation (Cook, 1999; Cook,

2002) (Fig.1.3).
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Table 1.2. Numbers of pols, nascent transcripts, and factories in a HeL a cell

Marker analyzed Number (diameter, nm)

(approach used) pol | pol Il + polll pol Il
i o+ 1o la llo

1 Total pols (westerns) 320,000 150,000 170,000

2 Active pols (sarkosyl, westerns) 86,000 22,000 64,000

3 Nascent transcripts ([*’P]JUTP) 15,000 65,000 10,000

4 Nascent transcripts (Br-UTP; LM) 15,000 55,000

5 Bio-RNA sites (bio-CTP; EM) 7,800

6 Br-RNA sites (Br-UTP; LM/EM) 2,400 8,000 1,800

7 Br-RNA sites (Br-U; LM/EM) 30 8,600

8 Pol ll/llp sites (EM) 8,000 10,800

9 Diameter bio-/Br-RNA sites (EM) 50 43

10 Diameter pol sites (EM) 50 46

11 Pols/transcription unit

(calculated) 125 1

12 Active pols/site (calculated) 500 8 7 5

Data from (Iborra et al., 1996; Iborra and Cook, 1998; Jackson et al., 1998; Kimura et al.,
1999; Pombo et al., 1999). pol 11, / llo are pol II with hypo- / hyperphosphorylated II CTD

(Bregman et al., 1995).
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ZIg-zagging org/10.1126/science.284.5421.1790. Reprinted
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Cook, P. R. (2001). Principles of structure and
_.- | function. New York, NY; Chichester: Wiley-Liss.
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DNA du plex S html. Reprinted with permission from John Wiley
& Sons, Inc.

Fig. 1.3. A model for eukaryotic genome organisation

Adapted from (Cook, 1999; Cook, 2001)

DNA winds around the core histones, and forms a zig-zagging string of nucleosomes. This
string is organised into loops by attachment to TFs (diamonds) and engaged pols (ovals). 10-
20 such loops (only 3 are shown) form a cloud around the factory. Transcription units on
different chromosomes will also bind to the same factory (not shown).

Active pols are bound to a transcription factory and act both as motors that reel in their
templates and as one of the critical structural ties that maintain the loops. Loops appear and
disappear as pols initiate and terminate, and the factors bind and dissociate. Nucleosomes in
long loops are static and acquire a (heterochromatic) histone code. They also aggregate onto
the lamina, nucleoli, and chromocentres.

Individual components in the factory exchange continually with others in the soluble pool.
50-200 successive clouds strung along the chromosome form a territory (the general path of

DNA between clouds is shown).


http://dx.doi.org/10.1126/science.284.5421.1790
http://www.wiley.com/legacy/products/subject/life/feature/Cook/figures2_09.html
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Fig. 1.4. Model of a polymerising complex in a transcription factory

Adapted from (Cook, 2001; Iborra et al., 2004a)

One chromatin loop attached to a transcription factory containing pol II is shown on the left.
Only one of ~8 polymerising complexes of a pol II factory is shown on the right. This
complex contains all the machinery necessary to create an mRNA.

A. The CTD has the potential to associate with sites involved in capping, transcript
degradation, translational proofreading (NMD), proteolysis, splicing, and polyadenylation.
B. Transcription begins as the template bound to the polymerising complex and is reeled in
as the transcript is extruded; the CTD is now hyper-phosphorylated, and a cap has been
added.

C. The transcript continues to be extruded through a splicing site as the ribosome/NMD
machinery begins proofreading the nascent message.

D. Once introns are removed (lariat), the transcript is cleaved and polyadenylated, and is
ready to leave for the cytoplasm; but if errors are detected, the faulty transcript and peptide

produced during proofreading are degraded by nucleases and proteasomes.

Figure 1.4. is adapted from Cook, P. R. (2001). Principles of structure and function. New York, NY; Chichester: Wiley-Liss.
Figure available at http://www.wiley.com/legacy/products/subject/life/feature/Cook/figures2 09.html. Reprinted with permission
from John Wiley & Sons, Inc. Also adapted from Iborra, F. J. et al. (2004). 'Molecular cross-talk between the transcription,
translation, and nonsense-mediated decay machineries', Journal of Cell Science, 117(6), 899-906. Available at http://dx.doi.
org/10.1242/jcs.00933. Reprinted with permission from The Company of Biologists.


http://www.wiley.com/legacy/products/subject/life/feature/Cook/figures2_09.html
http://dx.doi.org/10.1242/jcs.00933
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As reviewed in Ch.1.1, transcription and processing (capping, splicing, 3’
end processing) are inter-dependent and often occur simultaneously. The pol II CTD
organises these functions. This complex also proofreads nascent transcripts via
nonsense-mediated decay (NMD), detecting premature termination codons (PTCs)
(Hilleren and Parker, 1999). Nascent peptides were detected in the nucleus,
suggesting nuclear translation underlies NMD (Iborra et al., 2004a; Iborra et al.,
2004b). The components of NMD machineries and translation colocalise with
nucleoplasmic factories, and co-purify with CTD, indicating a molecular cross-talk
between the three (Iborra et al., 2004a). A model for a “mega-complex” organising
all gene expression events for generating a protein coding RNA is illustrated

(Fig.1.4).

1.4.7 Evidence suggests factories specialise

Previous research showed the different classes of polymerases are
concentrated in their own dedicated factories (Pombo et al., 1999) (Ch.5.1). The first
evidence suggesting factories specialise further was obtained from a study of the
OPT domain (Ch.1.2.5). This domain probably contains two or three transcription
factories, and is often associated with ~30 Mb on human Chr6. This implies that
genes in this chromosomal region that require PTF are transcribed in association
with the OPT domain (Pombo et al., 1998).

Furthermore, globin-related genes seem to be transcribed in particular
factories. In fetal liver, active Eraf and Hbb-b1 — 24.4 Mb apart on the genetic map
— nevertheless are transcribed in the same pol II factory (Ch.1.3.3), while inactive

genes in brain are not (Osborne et al., 2004). Active o- and B-globin genes
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frequently juxtapose, correlating with transcription activity (Brown et al., 2000).
Besides, active ol and a2, but not the inactive { gene, colocalise with neighbouring
housekeeping genes Cl6orf33, Cl6orf8, MPG and Cl6orf35 (Zhou et al., 2006).
Furthermore, during immediate-early gene induction in mouse B cells, Myc proto-
oncogene on Chrl5 is preferentially recruited to the same transcription factory as the
highly transcribed Igh gene located on Chrl2, correlating with their frequent
translocation (Osborne et al., 2007).

In addition, many genes requiring special processing machinery are found to
be associated with the nuclear domain rich in those particular processing factors.
Artificial tandem arrays of human Ul and U2 snRNA genes colocalise in the same
factories on Cajal bodies, and the association is abolished by promoter mutations that
prevent transcription (Frey et al., 1999). In Saccharomyces cerevisiae, five different
tRNAs colocalise with 5S ribosomal DNA and U14 small nucleolar RNA factories
on the surface of the nucleolus, and a point mutation in the promoter eliminates this
association (Thompson et al., 2003). On heat shock, satellite III repeats on human
9q12 are transcribed and associate with a factory containing heat-shock factor 1
(Jolly et al., 2004). Gene-dense regions of various human chromosomes, in particular
the major histocompatibility (MHC) locus, are transcribed at the periphery of PML
bodies (Shiels et al., 2001; Wang et al., 2004). In adenovirus-infected HeLa cells,
exon-junction complex (EJC) proteins (REF/Aly, Y14, SRm160, UAP56, RNPSI,
and Magoh) and U snRNPs colocalise with factories transcribing a virally-encoded
human beta-globin gene. Mutant pre-mRNAs defective in splicing and 3'end
processing do not colocalise with SRm160, REF, UAP56, or Sm proteins, suggesting
they are transcribed in different factories from the wild type genes (Custodio et al.,

2004).
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Specialised factories can play an important role in regulating the selective
transcription of one of many similar genes. African trypanosomes express one of
many variant surface glycoproteins, by incorporating the relevant allele into a special
pol I factory in the nucleoplasm (Navarro and Gull, 2001). In each olfactory neuron,
the olfactory receptor (OR) genes on different chromosomes compete to associate
with an enhancer on Chrl4, ensuring only a single OR gene is activated (Lomvardas
et al., 2006). Furthermore, there seems to be a cell-type-specific dynamic interaction
between interacting chromatin partners. The Ifng gene on mouse Chrl0 interacts
with the 115 cytokine promoter, Rad50 promoter and RHS6 DNase I hypersensitive
site of the Ty2 LCR, all located in the Ty2 cytokine gene locus on mouse Chrl1. The
interactions are extremely strong in naive CD4" T cells but are greatly reduced after
the differentiation of naive T cells to effector Tyl or Ty2 cells (Spilianakis et al.,
2005). A similar mechanism may also contribute to imprinting control. Ifg2/H19
ICR on Chr7 colocalises with one allele of Wsb1/Nfl on Chrll; deletion of the
maternal ICR abolishes the association (Ling et al., 2006).

In this thesis, I aim to analyse factories involved in transcription of specified
groups of genes. I developed a probe for active transcription factories based on
transcriptionally-active minichromosomes. Previous work demonstrated that
plasmids bearing a B-globin transcription unit colocalise with endogenous B-globin
loci (Ashe et al., 1997). Maul reviewed that dsDNA viruses are replicated and
transcribed in nuclei in active domains containing various components involved in
transcription and processing (Maul, 1998). Since high inputs yield many
transcriptionally-inert plasmids (Jackson and Cook, 1993) that provide an obscuring

background, I used a low-input replicating system; then, replication increases copy
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number well above the input so that we can be confident that most of the plasmids

analysed represent minichromosomes and not the inactive input.
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2 Materials and Methods

2.1 Introduction

The work described in this thesis includes two parts: 1) detecting specific
transcription sites using replicating minichromosomes in COS-7 cells; 2) visualising
a transcription wave sweeping along a long gene in HUVEC cells.

Part one includes the following tasks: 1) establishing a replicating
minichromosome based method to detect factories transcribing different groups of
genes; 2) quantifying and visualising plasmid DNA after transfection; 3) labelling
and visualising plasmid transcription sites using RNA-FISH; 4) detecting proximity
of different plasmids and endogenous genes using 3C;

Part two includes the following tasks: 1) labelling and evaluating oligo-
nucleotide probes; 2) visualising the transcription wave in HUVEC cells.

The materials and methods used in both parts are described below. In
addition, I started a study on mouse globin in different tissues. The methods are

included here, but the incomplete results will not be shown.

2.2 Chemicals and kits

The chemicals used in the study are listed below. Unlisted ionic salts, acids,

bases and organic solvents were from Sigma or VWR International.
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Chemical

Manufacturer and catalogue number

Agarose

Alexa Fluor 546 protein labelling kit
Alexa fluor 488 reactive dye

ATP

Biotin-16-dUTP

Biotin-16-ddUTP

Biotin Nick translation mix
Blocking reagent

BSA Sigma fraction V

Br-UTP

COT Human DNA

Cy3 mono reactive dye pack

DAPI (4',6-diamidino-2-phenylindole)
Deionization resin
Deoxynucleoside Triphosphate Set
DEPC (Diethyl pyrocarbonate)
DIG-11-dUTP

DIG-11-UTP

DIG DNA labelling and detection kit
DIG nick-translation mix

DNA marker

DNase 1

Dimethyl sulfoxide

DMEM (Dulbecco's Modified Eagle's Medium)

Dithiothreitol (DTT)

Expand high fidelity PCR system
Ficoll 70

Fetal Bovine Serum
Formaldehyde

Formamide

FuGene 6

FISH tag RNA multicolour kit
GoTaq Green master mix
Gelatin from Porcine skin
Kanamycin

Lipofectamine

L-glutamate

Glycerol

Bio-Rad 161-3102
Invitrogen A10237
Invitrogen A32750
Roche 11093070910
Roche 11093070910
Roche 1427598
Roche 11745824910
Roche 1112589
Sigma A3294
Sigma B-7166
Roche 1581 074
Amersham Pa 230001
Sigma D9542
Bio-Rad AG 501-x8(D)
Roche 1969064
Sigma D5758
Roche 11573152910
Roche 03359247910
Roche 11093657910
Roche 11745816910
Fermentas SM0333
Roche 10776785001
Sigma D8418
GIBCO BRL 41966
Sigma D-5545
Roche 03300242001
Sigma F2878

PAA A15-101
MERCK cat n0.3999
GIBCO BRL 5515UA
Roche 11814443001
Invitrogen F32956
Promega M7113
Sigma G2500
Sigma K1377
Invitrogen 18292-011
GIBCO 25030-024
Sigma G5516
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Glycine

Magnesium Chloride

Micro-spin G-50 columns

Microcon

Hybond-N+ membrane

NP-40 alternative

HEPES (4-(2-Hydroxyethyl)piperazine-1-
ethanesulfonic acid)

Maleic acid

Paraformaldehyde (PFA)

PCR purification kit

Phosphate Buffered Saline
Phenol:chloroform:isoamyl alcohol 25:24:1
Penicillin-Streptomycin-Glutamine
Poly-L-lysine

Pepsin

Platinum SYBR Green gPCR supermix-UDG
Polyvinylpyrolidone

Protease K

Protease inhibitor cocktail

Protein G Sepharose beads

QIAprep Spin Miniprep Kit

QIlAfilter Plasmid Maxi Kit

RNase A

RNase ZAP

RNase inhibitor

Salmon-sperm DNA

Saponin

Sephadex G-50 columns

SDS (20% solution)

SP6 polymerase

Sucrose

Superscript Il platinum SYBR green one step
gPCR system

T4 DNA ligase

T7 RNA polymerase

Terminal transferase

Taq polymerase

Trizol

Sigma G7126

VWR International 10494V
Amersham Biosciences 27533001
Millipore

Amersham RPN-303B
CaliBioschem 492016

GIBCO 15630-122

Sigma M0375

Electron Microscopy Sciences 15710-S
QIAGEN 28006

Sigma P4417

Sigma P2069

GIBCO 10378-016

Sigma P2636

Sigma P7000

Invitrogen 11733-038
Sigma PVP-40T

Sigma P7626

Sigma P2714

GE healthcare 17-0618-01
QIAGEN 27106

QIAGEN 12263

Roche 10109134001
Sigma R2020

Roche 03335399011
Sigma D1626

Sigma S4521

GE healthcare 27-5330-01
Bio-Rad 161-0418

Roche 10810274001
Sigma S-7903

Invitrogen 11736-051

New England Biolabs (NEB)
Roche 10881767001

Roche 03333566001

Roche 1146165

Invitrogen 15596-018
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Tris-HCI buffer (1.5M; pH 8.8) Bio-Rad 161-0798

Tris-HCI buffer (0.5M; pH 6.8) Bio-Rad 161-0799

Triton X-100 Sigma T-8787

Trypan blue Sigma T8154

Tween-20 Sigma 63518
Trypsin-EDTA GIBCO 25200-056

ULS nucleoacid labelling kit Invitrogen U21650
VectaShield Vector laboratories H-1000
H20 Millipore

2.3 Antibodies

The antibodies used in the study are listed below.

Mouse monoclonal antibody directed against:

biotin (Jackson ImmunoResearch 200 002 096)
Br-U (Caltag MD5100)
UBF (F-9) (Santa-Cruz SC-13125)
SC-35 (Sigma S-4045)
Sheep antibody directed against:
DIG (Roche 1 333 089)
anti-DIG-alkaline phosphatase (Roche 11093274910)
Rabbit antibody directed against:
H3 tri-methyl-K4 (Abcam ab8580)
pol Il (Santa Cruz sc-899X)
Secondary antibodies directed against species-specific immunoglobulins:
Cy3 donkey anti-sheep 1gG, H+L (Jackson ImmunoResearch 713 165 147)
Cy3 donkey anti-mouse IgG, H+L (Jackson ImmunoResearch 715 165 150)
Cy5 donkey anti-mouse IgG, H+L (Jackson ImmunoResearch 715 175 150)
Alexa 350 donkey anti-sheep IgG, H+L (Invitrogen A21097)
Alexa 488 donkey anti-mouse IgG, H+L (Invitrogen A21202)
Streptavidin A488 (Invitrogen S11223)
mouse normal IgG (Santa-Cruz SC-2035)
Sheep normal IgG (Santa-Cruz SC-2717)
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Unconjugated donkey anti-mouse IgG, H+L (Jackson ImmunoResearch 715
005 151) was labelled using Alexa 647 protein labelling kit (Invitrogen A20173)

according to the manufacturer’s instructions.

2.4 Cell cultures

COS-7 cells (Mellon et al., 1981) were obtained from the Cell Bank of The
Sir William Dunn School of Pathology. Cells (kept in 1:9 DMSO:serum, -80°C)
were recovered to 37°C, washed in fresh DMEM + 10% foetal calf serum, and
grown on Petri dishes (Nunc), flasks (Corning), 6 well plates (Costar) or coverslips
(VWR international) for individual experiments. For subculture, cells were detached
with 0.25% trypsin-EDTA. Each batch of cells was kept for no more than 20
generations. To inhibit pol II transcription, cells were incubated with c-amanitin (50
ug/ml) overnight at 37°C.

HUVEC cells fixed on coverslips were obtained directly from Professor
Tatsuhiko Kodama at Tokyo University.

18.5 day fetal liver and brain cells from mice (bred by The Sir William Dunn

School of Pathology animal facility) were harvested.

2.5 Buffers and solutions

All buffers and solutions were prepared in MilliQ water and autoclaved

unless otherwise stated. pH was adjusted with 5SM NaOH or 40% HCI.
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2.5.1 Buffers for general molecular and cell biology

2.5.1.1 Buffers for transformation

Transformated cells were recovered in SOC medium, which contains 2.0 g
Bacto-tryptone, 0.5 g Bacto-yeast extract in 100 ml 0.01 M NacCl, 2.5 mM KCI.
After autoclave, 1 ml 2 M Mg*" stock (1 M MgCl,, 1 M MgSOs, filtered) and 1 ml 2
M glucose was added to the medium, pH adjusted to 7.0, and the solution filtered
with 0.2 um membrane (Millipore).

Cells transformed with plasmids were selected using LB plates containing
kanamycin. LB was made by dissolving 5 g Bacto-Tryptone, 2.5 g Bacto-Yeast
Extract, 2.5 g NaCl, 7.5 g Bacto-Agar in 500 ml H20 at pH 7.5. After autoclaving,
the medium was cooled to 60°C before adding kanamycin to 50 pug/ml.

Nucleic acids were generally stored in TE buffer, which contains 10 mM

TriseCl (made in sterile H,O; this cannot be autoclaved) and 1 mM EDTA at pH 7.5.

2.5.1.2 Buffers for gel electrophoresis

DNA and RNA were resolved in 0.5-2% agarose gels in either 1 x TAE or
0.5 x TBE buffer. 10 x TAE contains Tris-base 48.4 g, glacial acetic acid 10.9 g,
EDTA 2.92 gin 1 L H;0. 10 x TBE contains Tris-base 54.0 g, boric acid 27.5 g,

EDTA 292 gin 1 L H20.

2.5.1.3 Buffers for general cell biology

Phosphate buffered saline (PBS) was used for washing cells. It was made
from PBS tablets containing 137 mM NaCl, 2.7 mM KCI and 0.01 M phosphate

buffer (8§ mM Na,HPO4 and 1.5 mM KH,POy,).
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2.5.2 Buffers for ‘Southern’ blot

Depurination buffer was made from 11 ml HCI in 989 ml H,O.

After agarose gel electrophoresis, DNA was denatured in Denaturation
buffer containing 0.5 M NaOH and 1.5 M NaCl.

After denaturation, agarose gel was incubated in Neutralisation buffer
containing 0.5 M Tris-Cl and 1.5 M NaCl at pH 7.5.

SSC buffer was used during hybridisation and subsequent washes. 20 X SSC
stock contains 0.3 M tri-sodium citrate and 3 M NaCl at pH 7.0.

‘Southern’ hybridisation was carried out in Church buffer containing 0.5 M
sodium phosphate buffer (pH 7.2), 1 mM EDTA (pH 8.0), 1% BSA and 7% SDS.

Maleic buffer contains 1 M maleic acid, 1.5 M NaCl at pH 7.5.

10 x Blocking solution was made by dissolving 10 g block powder in 100 ml
maleic buffer. Blocking solution was freshly prepared for every experiment by
diluting the stock solution with maleic buffer.

Antibody solution: Anti-DIG-alkaline phosphatase was centrifuged (10,000
rpm; 4°C, 5 min), and supernatant diluted 1:10* with blocking solution.

Nucleic acid dilution buffer: Labelled DNA probes were diluted in a buffer
containing 50 pg/ml salmon sperm DNA in TE before applied to nylon membrane.

After transfer, membrane was washed in Washing buffer containing 1 M
maleic acid, 1.5 M NaCl and 3% Tween 20 at pH 7.5.

Membrane was washed and incubated in Detection buffer with colour

substrate for detection. The buffer contains 1 M TriseCl, 1 M NaCl at pH 9.5.
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2.5.3 Buffers for DNA and RNA FISH

All buffers for RNA FISH were treated with DEPC (20°C, 16 h) and
autoclaved unless otherwise stated.

1 mM phosphate buffer was made by mixing 39 ml 1 M KH,PO4 and 61 ml
1 M KHPO4-2H,0, before adjusting the pH to 7.0.

50x Denhardt’s contains 1% Ficoll 400, 1% polyvinylpyrolidone and 1%
bovine serum albumin in DEPC-treated H,O, sterilized by filtering, stored at -20°C.

Hybridization mixture contains 50 ng tagged probe, 25% deionised
formamide, 2 x SSC, 200 ng/ul sheared salmon sperm DNA, 5x Denhardt’s, 50 mM
phosphate buffer and 1 mM EDTA.

Tris/saline (TS) buffer was made from 0.15 M NaCl, 0.1 M Tris*Cl at pH
7.5 in DEPC-treated H,O.

After hybridization, Tris/ Saline/ Tween (TST) buffer was used to wash
away unbounded probes. TST buffer contains 0.15 M NaCl, 0.1 M Tris*Cl and
0.05% Tween 20 at pH 7.5 in DEPC-treated H,O.

Blocking reagent 20x stock was made by dissolving 27 g blocking power in

100 ml in H,O (27% solution), and 1 ml aliquots stored at -20°C.

2.5.4 Buffers for 3C

2.5.4.1 Buffers for conventional 3C

Cells were lysed in Lysis buffer, which contains 10 mM Tris-CI (pH 8.0), 10
mM NaCl, and 0.2% NP-40. Protease inhibitors (0.1 mM PMSF, 1:500 protease

inhibitor cocktail) were added.
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Digested chromatin was diluted and ligated in Ligation buffer, freshly made

with 30 mM Tris-Cl (pH 8), 10 mM MgCl,, 10 mM DTT and 1 mM ATP.

2.5.4.2 Buffers for ChlP-3C

Cells were lysed in Hypotonic buffer containing 10 mM Tris-Cl (pH 7.2), 2

mM MgCl, and 0.5% Triton X-100 2.5 ml.

Restriction wash buffer differs according to the specific restriction enzyme
used. For BamHI and Pstl, the high stringency buffer contains 50 mM Tris-Cl (pH
8.1), 500 mM NacCl, and 10 mM MgCl,; the low stringency buffer contains 50 mM
Tris-Cl (pH 8.1), 150 mM NaCl, and 10 mM MgCl,,

Before ChIP, cells were permeabilised in CSK buffer containing 100 mM
NaCl, 300 mM Sucrose, 10 mM PIPES (pH 6.8), 3 mM MgCl,, 10 uM leupeptin, 1

mM EGTA, 1.2 mM PMSF and 0.5% Triton X-100.

2.5.5 Buffers for run-on

Physiological buffer was used to mimic the cellular environment, and label
sites of transcription with Br-UTP at an optimal condition. Before run-on, cells were
incubated on ice in physiological buffer containing 100 mM potassium acetate, 30
mM KCI, 10 mM Na,HPO4, 1 mM MgCl,, 1| mM Na,ATP, 1 mM DTT, and 50
mg/ml Ficoll, type 70 at pH 7.4 (Jackson et al., 1993).

Before run-on, cells were permeabilised in Permeabilisation buffer, a
physiological buffer containing an optimised amount of saponin for each cell line.

For COS-7 cells, a concentration of 70 pg/ml was used.



56

The concentration of saponin was determined by applying a series dilution of
saponin to cells plated on 24 well plates, and stained with trypan-blue. The highest
concentration excluding trypan-blue was selected.

Run-on was performed in a Transcription buffer containing 100 uM ATP,

CTP, GTP, Br-UTP and 400 uM MgCl, at pH 7.4.

2.6 Conventional molecular biology

Conventional molecular biology methods were performed according to

(Sambrook and Russell, 2001) and the manufacturer’s instructions.

2.6.1 Cloning

Restriction enzymes and buffers were obtained from NEB. Sticky and blunt
end ligations were carried out using T4 ligase with its accompanying buffer from
NEB. Transformation was carried out using JM-109 competent cells (Promega
L1001). Plasmids were isolated from bacteria using QIAprep Spin Miniprep kit or
QIAFilter Maxiprep kit. The concentration of nucleic acids was measured by

spectrometry using a Nanodrop ND-100 spectrometer (Nanodrop Technologies).

2.6.2 Gel electrophoresis

DNA and RNA were resolved in agarose gels in the appropriate
concentration in 1 x TAE or 0.5 x TBE buffer. Gels were subsequently stained with
0.5 pg/ml ethidium bromide. In some cases, DNA was analysed by E-Gel Pre-Cast

gel system (Invitrogen) using E-gel 48 gels and low molecular weight DNA ladders.
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2.6.3 PCR

The content of the standard PCR mix is as follows: 5 ul 10x amplification
buffer (containing 1.5 mM MgCl,), 1 ul 20 mM solution of dNTPs, 2.5 ul 20 mM
forward primer, 2.5 pl 20 mM reverse primer, 1 U Taqg polymerase, 1-5 ul DNA
template, with H>O added to a total of 50 pl. In some cases, GoTaq Green master
mix was used. Primers were obtained from MWG International or Sigma.

PCR reactions were carried out using a DNA Engine DYAD (MJ research).
Standard PCR cycles are: 94°C 3 min, followed by 30 cycles of 94°C 45 sec, Ta
(appropriate annealing temperature) 45 sec, 72°C 1 min. Then 94°C 1 min, Ta 1 min,
72°C 10 min, and stored at 4°C. Table 2.1 listed the primers and annealing
temperature for each individual reaction.

Table 2.1. PCR primers and annealing temperatures

Product Primers Ta (°C) Cycles

Cloning

pol | 5' GCGCGCATTAATATTACGCCAAGCTTACGG 57.2 30
5' GCGCGCTAGCTTGTTTCTACTAATAACCCG

HBB 5" GGGAAGCTTCCTGAGAACTTCAGGGTGAGTC 52 30

intron 2 5' GGGCTGCAGAAAGTGATGGGCCAGCACAC

u2G 5" GCGCAAGCTTTGTCTTTTCGCTGGCTCG 55 30
5" GGGCTGCAGCGCGTCACAGGACTCGTG

Probes

EGFP (nick 5" CGTAAACGGCCACAAGTTC 57.5 30

translation) 5 TCTCGTTGGGGTCTTTGCTC

DsRed (nick 5" CGAGTTCATGCGCTTCAAGG 57.5 30

translation) 5 TGCTCCACGATGGTGTAGTC

Neo' (nick 5' GGATCGTTTCGCATGATT 58.3 30

translation) 5 GAGTCCCGCTCAGAAGAA

U2G (nick 5" ATCGCTTCTCGGCCTTTTG 55 30

translation) 5 GGAGGTACTGCAATACCAGG

Read- 5' CCGGATCAAGAGCTACCAAC 56 30

through 5 GGGATAACGCAGGAAAGAAC
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2.6.4 Purification of nucleic acids

PCR products were purified using a PCR purification kit (QIAGEN). The
length of nucleic acids was limited to between 100 bp and 7 kb, and 10 pg was
applied per column.

Phenol extraction. When QIAGEN columns could not be used, nucleic acids
were purified from protein using phenol extraction. An equal volume of
phenol:chloroform:isoamyl alcohol 25:24:1 (pH 7.8) was added to the solution,
before vortexing until an emulsion formed. The mixture were centrifuged (13,000
rpm; 20°C; 1 min), and aqueous phase transferred to a fresh tube. The same steps
were repeated until no protein was visible at the interface. An equal volume of
chloroform were added to the aqueous phase, mixed and isolated by centrifugation as
described above to remove phenol.

Ethanol precipitation. 1/10 volume of 3 M sodium acetate and 2 % volume
of ice-cold ethanol were added to solution. Samples were stored at -80°C for 30 min
before centrifuged (14,000 rpm; 0°C; 30 min). The precipitates were washed with
70% ethanol and centrifuged to remove supernatant (14,000 rpm; 0°C; 10 min). The

nucleic acid precipitates were dried and resuspend in H,O to a desired concentration.

2.7 Construction of plasmids

Plasmids with a common backbone but encoding transcription units with
different promoters, introns, and 3’ ends were constructed (Fig 3.4). The SV40
origin of replication (ori) in the backbone allows plasmids to replicate in COS-7
cells (which express SV40 T antigen); ori also encodes the SV40 early promoter

(Mellon et al., 1981). The naming convention is illustrated by reference to plasmid
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™Y EGFPy,pA which possess the pol I CMV promoter upstream of EGFP
followed by the (B-globin) intron and a poly(A) signal, while plasmid 0,EGFP,pA
lacks a promoter and intron. Plasmids were constructed as follows: 0,EGFP,pA from
pEGFP-N1 (Clontech) by replacing base pairs 8-591 with a promoter linker (sense
5’[AC12]GGGGGGATTAATGGGGGGGCTAGCGGG; antisense
5’TAC12]CCCGCTAGCCCCCCCATTAATCCCCCC; where [AC12]C is 5’ amine-
modifier C12); I"°,EGFP,pA by inserting the 250 bp truncated human pol I
promoter (Pleschka et al., 1996) between the Asel and Nhel sites of 0,EGFP,pA;
1'% EGFP,pA by inserting the 234 bp human 7SK promoter (Boyd et al., 1995)
between the Pstl and Kpnl sites of 0,EGFP,pA; 1"2,U2G,3> box and v
,U2G,3’box from pEGPF-C1 (Clontech) by deleting base pairs 8-1367 and inserting
the 623 bp U2G fragment (Medlin et al., 2003) or the promoter-less U2G fragment
(Cuello et al., 1999) between the Asel and PstI sites; 1Y, EGFPy,pA by inserting
906 bp of the B-globin intron 2 (HBB, Homo sapiens; chrl1: positions 5,203,482 —
5,204,406 in NCBI 36 assembly; prepared by PCR amplification of human DNA)
between the HindIIl and Pstl sites of pEGPF-C1. Analogous constructs encoding
DsRed were made from pDsRed-N1 (Clontech). Appropriate construction was
confirmed by sequencing. Two primers on the common backbone were used for
sequencing: Fwd 5° TAACCGTATTACCGCCATGC and Rev 5° TCCGTA

TGTTGCATCACCTTC.

2.8 Transfection

Initially, COS-7 cells were transfected with Lipofectamine or FuGene6

according to the manufacturer’s instructions. A comparison of the two transfection
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reagents and an optimisation of FuGene6 transfection are described in Chapter 3.3.1.
Transfection efficiencies were determined by measuring EGFP levels by microscopy
and FACS. An optimised FuGene6 transfection protocol was used for all future
experiments.

For Lipofectamine, 2 x 10° cells per well (for 6-well plates) were plated in
DMEM + 10% FCS without antibiotics one day before transfection. For each sample,
a complex of the following was prepared and incubated (20°C; 15 min): 1) 1 pg of
plasmid DNA plus 20 pg salmon sperm DNA in 100 ul of DMEM (without serum);
2) 5 ul of Lipofectamine in 100 pl of DMEM (20°C; 45 min). Cells were then
washed with 2 ml DMEM, and the prepared complex plus 0.8 ml DMEM were
added. 6 h after transfection, medium was replaced with 2 ml of DMEM + 10% FCS.

For FuGene6, 2 x 10° cells per well (for 6-well plates) or 1 x 10° (for 90 mm
dishes) were plated in DMEM + 10% FCS without antibiotics one day before
transfection. For each well, 6 ul FuGene6 were diluted in 100 ul DMEM, vortexed
(1 sec), and incubated (20°C; 5 min) before the addition of 0.2 pg of plasmid DNA
(or 1.2 pg per 90 mm dish) plus 0.8 ug salmon sperm DNA (or 4.8 pg per 90 mm

dish). The complex was incubated (20°C; 45 min) before adding to cells.

2.9 Preparation of bacteria artificial chromosomes (BACs)

BACs (listed below) were obtained from BAC PAC resources, Children’s
Hospital Oakland Research Institute (CHORI). Upon receipt, DH10 E.coli culture
was streaked to single colonies on a LB agar plate containing 12.5 pg/ml
chloramphenicol. A glycerol stock was prepared for each BAC and stored at -80°C.

Colonies were then checked by PCR, using primers listed in Table 2.2.
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Table 2.2. BAC clones and their PCR primers

RP23-325M1 5AATGTGGTGAGGAGGTTGGG
5’AAAGGCAGACATAGATGCGG
RP24-170L4 5TGTCAGCTAACCTGAATCCC
5TCCAAGAGGATTTCCACCAC
RP24-344M21 5'CACTCAAAGTTAGTGCCTGC
5'CAACCCCAGAAACAGACATC
RP23-222122 5'CCTCTTGCTCTAAATGCCTG
5TGCTTTTGATCGTGTGCTTC
RP24-104111 5’ATCCCACCACCAAGCCATAC

5’ACACCTTTTATCCCAGCACC

2.9.1 DNA isolation of BAC clones

BACs were isolated using a method modified from the conventional method
based on alkaline lysis. A single colony was grown (37°C; 16 h) in 2 ml LB
containing 12.5 pg/ml chloramphenicol. After centrifugation (3,000 rpm; 20°C; 10
min), the pellet was resuspend in 0.3 ml 50 mM Tris (pH 8), 10 mM EDTA, 100
ug/ml RNase A). 0.3 ml 0.2 N NaOH, 1% SDS was added and mixed (20°C; 5 min).
0.3 ml 3 M potassium acetate (pH 5.5) was added to the solution with gentle shaking,
and incubated on ice (5 min). The protein and genomic DNA was removed by
centrifugation (10,000 rpm; 4°C; 10 min). The pellet containing the BAC was
precipitated using isopropanol, followed by 70% ethanol wash, and resuspend in 40

pl TE.
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2.10 Assessing copy number by ‘Southern’ blot

2.10.1 Hirt extraction

8 h after transfection, cells were trypsinised, washed and replated;
trypsinisation and washing minimize the background of input DNA. Cells were then
lysed (20°C; 20 min) by adding 1 ml of 0.6% SDS (pH 7.5) containing 0.01 M
EDTA. The viscous lysate was scraped from the Petri dish with a disposable cell
lifter (Fisher Scientific) and collected into a 2 ml tube. Then, 0.375 ml 5 M NaCl
was added to the lysate to make a final concentration of 1 M, mixed by gently
inverting the tube 10 times. Samples were stored at 4°C for 8 h before centrifugation
at 17,000 g (4°C; 30 min) to remove SDS, protein, and genomic DNA. The
supernatant with plasmid DNA and RNA were treated with 50 pg/ml RNase (37°C; 1

h). Plasmid DNA was phenol extracted, and ethanol precipitated.

2.10.2 Preparation of probes

Pure plasmids were labelled using a DIG-labelling kit by random-priming
(Feinberg and Vogelstein, 1983), using an adaptation of the manufacturer’s
procedure. 300 ng plasmid DNA was linearised (ECORI; 37°C; 1 h), denatured (95°C;
10 min) and chilled on ice before incubation (37°C; 16 h) with hexanucleotides,
dNTPs and ‘Klenow’ enzyme.

The efficiency of labelling the probes were evaluated by dot-blot
hybridisation (Kafatos et al., 1979) followed by direct detection using the NBT
(Nitro-Blue Tetrazolium Chloride)/BCIP (5-Bromo-4-Chloro-3'-Indolyphosphate p-
Toluidine Salt) system (Roche). Labelled probes were serially diluted and dotted on

to a nylon membrane (Amersham Biosciences). DNA was crosslinked to the
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membrane by baking (120°C; 30 min). Membrane was then washed in washing
buffer (20°C; 2 min), and incubated sequentially in blocking solution (20°C; 30 min)
and antibody solution (20°C; 30 min), before washing twice (20°C; 15 min) and
equilibration in detection buffer (20°C; 3 min). Membrane was then incubated in the
dark (20°C; 16 h) in colour substrate diluted in detection buffer, before direct

visualisation.

2.10.3 *Southern’ blotting

The Hirt extract was digested with ECORI (37°C; 1 h), and diluted into 0.2 pg
— 2 ng per pl before loading on a 1% agarose gel. ECoRI-digested pEGFP-C1 at 200
pg/ul was used as a marker. The gel was then incubated in denaturation buffer (20°C;
15 min twice), rinsed with H,O and neutralisation buffer (20°C; 15 min twice) and
equilibrated in 20 x SSC (20°C; 15 min). DNA was transferred onto nylon membrane
using the capillary transfer method (Southern, 1975). Membrane was then washed in
2x SSC, nucleic acid fixed by baking (120°C; 30 min), and pre-hybridised at the
hybridisation temperature (67 °C; 30 min) in Church buffer. 25 ng random-primed
probes were denatured and added to the Church buffer. Hybridisation was carried out
in a Micro-4 (Hybaid) hybridisation oven (67°C; 16 h). Membrane was washed in 2x
SSC containing 0.1% SDS (twice 20°C; 5 min) and incubated in high-stringency
buffer containing 0.1 x SSC and 0.1% SDS (68°C; twice 15 min). Direct detection

using NBT/BCIP was then performed as described in 2.10.2.



64

2.11 Assessing copy number by real-time PCR

2.11.1 Extraction of total DNA and RNA

Total DNA and RNA (genomic and plasmid) were isolated using Trizol
according to the manufacturer’s instructions. Samples were further purified using

phenol extraction and ethanol precipitation.

2.11.2 Standard curve

A standard curve was first generated using known amounts of pure plasmid
DNA (Fig. 4.1.A). A standard curve for GAPDH was made using a known number
of cells. The amount of plasmid was first determined by spectrometry. A series
dilution of the standard plasmid DNA was added to cells, before total DNA was
extracted, and copy number determined by real-time PCR using EGFP primers.

For RNA copy number, a standard curve was generated similarly using
known amounts of pure EGFP RNA prepared by in vitro transcription. The
transcript level of different plasmids was evaluated using quantitative reverse
transcription-PCR (qRT-PCR), normalised to the GAPDH transcript level in each
sample; transfection efficiencies were determined by FACS or microscopy using

DsRed fluorescence.

2.11.3 DNA copy number determined by real-time PCR

Total DNA from ~10" cells was purified, and quantitative PCR (qPCR)
performed using a Roter-Gene 3000 (Corbett Life Science; Sydney, Australia);
signals were normalised relative to those given by GAPDH. Briefly, each 25 pnl

reaction contained Platinum SYBR Green qPCR SuperMix-UDG w/ROX, and 5
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pmol of each primer as in Table 2.3. Cycling conditions were: 50°C for 30 min,

95°C for 10 min, followed by 40 cycles at 94°C for 15 s and 57.5°C for 30 s.

Samples were run in triplicate and each experiment was repeated three times.
Absolute copy numbers were obtained by reference to standard curves.

Concentration and purity were determined from the absorbance.

Table 2.3. Real-time PCR primers

EGFP 5" ACGTAAACGGCCACAAGTTC
5 AAGTCGTGCTGCTTCATGTG
GAPDH 5 GAAGGTGAAGGTCGGAGTC

5 GAAGATGGTGATGGGATTTC.

2.11.4 RNA copy number determined by gRT-PCR

2.11.4.1 Invitro transcription

EGFP RNA standards for real-time PCR were generated by in vitro
transcription using T7 RNA polymerase. The template (pcDNA-EGFP-N1) was
constructed by inserting EGFP (from pEGFP-N1) between the HindIIl and BamHI
sites into pcDNA3 (Invitrogen). The integrity and size of RNA were verified by gel

electrophoresis, and concentration and purity determined from the absorbance.

2.11.4.2 Quantitative reverse-transcription PCR (QRT-PCR)

Total RNA was purified, cDNA made using the SuperScript III Platinum
One-Step System for RT-PCR, and normalized to GAPDH mRNA levels in the same
sample. qRT-PCR was conducted similarly to qPCR (above). Absolute copy

numbers were obtained by reference to a standard curve.
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2.12 Fluorescence in situ hybridisation (FISH)

2.12.1 DNA FISH

The DNA FISH protocol was adapted from (Brown, 2002).

2.12.1.1 Preparation of probes

DNA FISH probes for plasmids were prepared by random priming using a
DIG-labelling kit as described in Ch.2.10.2, purified using Sephadex G-50 columns,
ethanol precipitated, and resuspended in water at a concentration of 0.1 pg/ul.

DNA FISH probes for the mouse globin region were prepared by nick
translation using a DIG- or biotin-nick translation kit according to the
manufacturer’s instructions. BACs were incubated (15°C; 3 h, 20 min) in the mix,
and chilled on ice until the size of products (determined by gel electrophoresis)

reached a median of 150 bp. Labelled probes were purified as above.

2.12.1.2 Preparation of coverslips/slides

24 h prior to hybridisation, COS-7 cells (grown on coverslips in 6 well plates)
were transfected with the appropriate plasmids.

18.5 day fetal liver and brain was harvested, dissected and transferred to 100
ul cold PBS, disrupted by aspiration and passed through a 70 um sieve to ensure
single cell suspension. Cells were then washed in PBS, incubated in 75 mM KCl at 7
x 10*/ml on ice (20 min). 500 ul cells were centrifuged onto poly-L-lysine coated
slides (VWR International) by using Cytospin 3 (Shandon, Pittsburgh; 2000 rpm;
20°C; 10 min). Slides were incubated immediately (10 min) in KCM buffer (10 mM
Tris-Cl, pH 7.7; 120 mM KCI, 20 mM NaCl, 0.1% Triton X-100) and washed twice

in PBS.
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2.12.1.3 Fixation and permeabilisation

Cells were rinsed briefly in PBS, fixed (17 min; 20°C) in 4%
paraformaldehyde (PFA), 0.05% acetic acid in 0.15 M NaCl, washed three times (5
min; 20°C) in PBS, incubated (30 min; 37°C ) with 50 pg/ml RNase, permeabilised
(5 min; 37°C) in 0.01% pepsin (pH 2.0), rinsed in water, postfixed (5 min; 20°C) in

4% PFA in PBS, and washed (10 min; 20°C) in PBS.

2.12.1.4 Hybridisation

Cellular and plasmid DNA was denatured (2 min; 70°C) in 70% deionised
formamide, 2x SSC, and immediately dehydrated (3 min) by passage through 70%,
90%, and then 100% ice-cold ethanol, and coverslips sealed with rubber cement
(Marubu, Tamm, Germany) prior to hybridisation (16 h, 37°C) in a moist chamber.
50 ng tagged probe were mixed with hybridisation mix, and denatured (10 min; 94°C)

prior to hybridization.

2.12.1.5 Detection

Cells were then washed three times in 2x SSC (15 min; 37°C), twice (5 min;
20°C) in TST, and incubated in 1.4% blocking reagent in TS. Immuno-detection was
carried out using sheep anti-DIG (60 min; 20°C; 1:250), followed by donkey anti-
sheep Cy3 (30 min; 20°C; 1:250), or using mouse anti-biotin (30 min; 20°C; 1:250)
followed by donkey anti-mouse Alexa 488 (30 min; 20°C; 1:200); cells were washed
3x (5 min; 20°C) in PBS after incubation with each antibody, and mounted in

Vectashield with 1 pg/ml DAPI.
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2.12.2 RNA FISH

2.12.2.1 Preparation of probes

A selection of techniques was used to prepare FISH probes. For each
individual target, the choice of labelling methods was optimised. A comparison of

different labelling methods is discussed in Ch.4.4.1.1.

2.12.2.1.1 Nick translation

Most RNA FISH probes were prepared by nick translation. Target DNA
sequences were amplified by PCR (see Ch.2.6.3), purified by gel extraction, PCR
performed again using the purified product as a template, and further purified as
described in Ch.2.6.4. Nick translation was carried out using a DIG- or biotin-nick
translation kit. In most cases, 1 kb template was incubated (15°C; 90 min) in the mix,
and chilled on ice while the size of products was determined by gel electrophoresis.
The reaction was stopped if a median of 150 bp was achieved. Labelled probes were
purified using Sephadex G-50 spin columns (GE Biosciences), ethanol precipitated,

and resuspended in DEPC-treated water at a concentration of 0.1 pug/ul.

2.12.2.1.2 Asymmetrical PCR

Three ~200 bp fragments for EGFP or DsRed probes were synthesized using
touchdown PCR (Don et al., 1991), followed by asymmetrical PCR (Finckh et al.,
1991). The PCR conditions were as follows: 1) Touchdown PCR: 94°C 3 min,
followed by one cycle of 94°C 45 sec, 61°C (annealing temperature, 3°C higher than
the calculated Ta) 45 sec, 72°C 1 min 30 sec. For the subsequent 14 cycles, decrease
the annealing temperature by 1°C per cycle. Then, another 30 cycles with: 94°C 45

sec, 47°C 45 sec, 72°C 1 min 30 sec. The final product was stored at 4°C. 2)
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Asymmetrical PCR: Use 5 ng of the product from touchdown PCR as the template
for asymmetrical PCR. The content of the PCR mix is as follows: 5 pl 10 x
amplification buffer (containing 1.5 mM MgCl,), 11.3 ul DIG or biotin labelling mix
(20 mM dATP, 20 mM dGTP, 20 mM dCTP, 13 mM dTTP, 7 mM DIG-dUTP or
biotin-dUTP), 2.5 ul 20 mM reverse primer only, 1 U Taq polymerase (Roche), 1-5
pl DNA template, add H»O to a total of 50 ul. Table 2.4 lists the primers for EGFP

and DsRed 200 bp probes.

Table 2.4. Touchdown PCR primers

EGFP Pair 1 5 CGTAAACGGCCACAAGTTC
(asymmetrical 5 TTGAAGAAGTCGTGCTGC
PCR) Pair 2 5 GCACCATCTTCTTCAAGGAC
5 CGGCCATGATATAGACGTTG
Pair 3 5 AGCAGAAGAACGGCATCAAG
5 TCTCGTTGGGGTCTTTGCTC
DsRed Pair 1 5 CGTCATCACCGAGTTCATGC
(asymmetrical 5 TTGGAGCCGTACTGGAACTG
PCR) Pair 2 5 ACAAGAAGCTGTCCTTCCCCC
5 TGGTCTTCTTCTGCATCACG
Pair 3 5 ACAAGGCCCTGAAGCTGAAG
5 TGCTCCACGATGGTGTAGTC

2.12.2.1.3 Chemical synthesis

Pre-U2 probe was chemically synthesised. The sequence is 5’

[bio] CCGGAGGGGGTGCACCGTTCCT][bio]. [bio] is biotin tetra-ethyleneglycol.

2.12.2.1.4 Chemical labelling

Five 50-mer oligonucleotide probes were synthesised and labelled as

described (Femino et al., 2003). The sequences of the oligonucleotides were selected
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using conventional algorithms. A thymine was substituted by an amino-modifier C6-
dT for every 10 bases (Gene Design, Tokyo, Japan), and labelled with Cy3 or Alexa
488 using Cy3 Mono Reactive Dye Pack (GE healthcare) or Alexa Fluor 488
reactive dye decapack for microarrays (Invitrogen).

12 pg oligonucleotides were purified by phenol extraction, ethanol
precipitated, before resuspension in 6 ul 0.5 M NaHCO; (pH 9.3). One vial of dye
(Alexa 488 pre-dissolved in 2 pul DMSO) was added into the solution, thoroughly
mixed, incubated (20°C; 60 min), mixed at 15 min intervals, and incubated for
another 60 min (20°C). Another vial of dye was added, mixed and incubated as
described. A third vial was added with an additional 6 pul 0.5 M NaHCO; (pH 9.3),
mixed and incubated with the same procedures.

Probes were then purified using G-50 columns, ethanol precipitated, purified
and concentrated using a Microcon-30 column. The labelling efficiency was

determined by spectrometry.

2.12.2.1.5 In vitro transcription

EGFP RNA probes were prepared by in vitro transcription as described in
Ch.2.11.3.1, except the components of the nucleotide mix were 0.35 mM aminoallyl
UTP (Invitrogen) or DIG-11-UTP, 1 mM each ATP, CTP, GTP, and 0.65 mM UTP.
RNA labelled with aminoallyl UTP was then further chemically labelled with Alexa

488 or Cy3 as described in 2.12.2.1.4.

2.12.2.1.6 ULS labelling

Unmodified DNA oligonucleotides (30-mer) were directly labelled using

ULS labelling kit (Invitrogen) according to the manufacturer’s instructions.
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2.12.2.1.7 Terminal labelling by terminal transferase

DNA oligonucleotides were 3’ end-labelled with terminal deoxynucleotidyl

transferase (Tdt) as described (Binnie et al., 2006).

2.12.2.2 Preparation of coverslips and slides

Pre-treatment of coverslips and slides prior to FISH were adapted from
published procedures (Celis, 1998). Coverslips were incubated in 2N NaOH (20°C;
2h), rinsed extensively in H,O, sonicated 5 min in H,O and ethanol, and submerged
in 70% ethanol. Slides were incubated in RNaseZap (20°C; 10 min), rinsed twice in
DPEC-treated MilliQ H,O, and submerged in 70% ethanol.

24 h prior to hybridisation, COS-7 cells (grown on coverslips in 6 well plates)
were transfected with the appropriate plasmids using FuGene 6. HUVECs were

treated with TNFa, and fixed at the appropriate time.

2.12.2.3 Fixation and permeabilisation

RNA FISH protocol was adapted from published procedures (Celis, 1998;
Levsky et al., 2002; Chakalova et al., 2004). A comparison/optimisation of different
fixation and permeabilisation procedures is described in Ch.4.4.1.2. The following is
the optimal protocol. Cells were rinsed briefly in PBS, fixed (17 min; 20°C) in 4%
PFA, 0.05% acetic acid in 0.15 M NaCl, washed three times (5 min; 20°C) in PBS,
permeabilised (5 min; 37°C) in 0.01% pepsin (pH 2.0), rinsed in water, postfixed (5

min; 20°C) in 4% PFA in PBS, and washed (10 min; 20°C) in PBS.
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2.12.2.4 Hybridisation
Hybridisation (16 h, 37°C) was carried out in a moist chamber. 50 ng tagged
probe was added to hybridisation mix, and denatured (10 min; 94°C) prior to

hybridisation.

2.12.2.5 Detection

Cells were then washed three times in 2x SSC (15 min; 37°C), twice (5 min;
20°C) in TST. Cells hybridised with DIG- or biotin-labelled probes were incubated
in 1.4% blocking reagent in TS. Immuno-detection was carried out using sheep anti-
DIG (60 min; 20°C; 1:250), followed by donkey anti-sheep Cy3 (30 min; 20°C;
1:250) or mouse anti-biotin (30 min; 20°C; 1:250), followed by donkey anti-mouse
Alexa 488 (30 min; 20°C; 1:200) or donkey anti-mouse Cy5 (30 min; 20°C; 1:150).
Cells were washed three times (5 min; 20°C) in PBS after incubation with each
antibody, and mounted in Vectashield containing 1, pug/ml DAPI and 2.5 pm
Orange/Green Intensity Calibration Beads (0.1% intensity; Molecular Probes) at a
concentration of 6 x 10%/ml. Cells hybridised with probes chemically labelled with
fluors were mounted in Vectashield containing 1, pg/ml DAPI and 2.5 um

Orange/Green Intensity Calibration Beads (0.02% intensity) at a concentration of 6 x

10%/ml.

2.12.3 Immuno-FISH

Cells were fixed (17 min; 20°C) in 4% PFA, 250 mM HEPES (pH 8.0),
permeabilised (5 min; 37°C) in 0.5% Triton and 0.5% saponin, postfixed (as in
Ch.2.12.2.3), hybridised (as in Ch.2.12.2.4), UBF or SC-35 detected using mouse

monoclonal anti-UBF (2 h; 20°C; 1:150) or anti-SC-35 (2 h; 20°C; 1:200) followed
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by donkey anti-mouse Alexa 647 (2 h; 20°C; 1:200). DIG-labelled DNA probes were
immuno-detected using sheep anti-DIG (60 min; 20°C; 1:250), followed by donkey

anti-sheep Cy3 (30 min; 20°C; 1:250)

2.13 Labelling transcription and replication sites

2.13.1 Labelling transcription sites using Br-U

Cells were grown in 10 mM Br-U (37°C; 15 min), rinsed in PBS (20°C; 5
min), fixed (20 min; 20°C) in 4% PFA, 250 mM HEPES (pH 8.0), permeabilised (5
min; 37°C) in 0.5% Triton X-100 and 0.5% saponin in PBS, washed (3x, 5 min;
20°C) in PBS, and Br-U detected using mouse anti-BrdU antibody (4-16 h; 20°C;

1:333), followed by donkey anti-mouse Cy3 (1 h; 20°C; 1:250).

2.13.2 Labelling transcription sites using Br-UTP

This protocol was adapted from a published procedure (Pombo et al., 1998).
Cells were incubate on ice (5 min), washed with ice-cold PB+F buffer,
permeabilised on ice with permeabilisation buffer (5 min), washed quickly with ice-
cold PB+F, and incubated (33°C; 15 min) with transcription buffer. Cells were then
washed (2 x) with ice-cold PB+F, fixed with 4% PFA, 250mM HEPES (pH 8.0;
20°C; 15 min), washed (3 x) with PBS, permeabilised (20°C; 5 min) with 0.5%
Triton X-100 in PBS, and washed (3 x) with PBS. Immuno-detection was as

described in 2.13.1.
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2.13.3 Combining detection of Br-RNA with RNA FISH

2.13.3.1 Br-U labelling combined with RNA FISH

RNA FISH was carried out as described in Ch.2.12.3 after the
permeabilisation step described in Ch.2.13.1, then Br-U and FISH probes were
immuno-detected simultaneously, using mouse anti-BrdU antibody (4 h; 20°C; 1:333)
and sheep anti-DIG antibody (4 h; 20°C; 1:250), followed by donkey anti-mouse
Alexa 488 (1 h; 20°C; 1:200) and donkey anti-sheep Cy3 (1 h; 20°C; 1:250).

Alternatively, after Br-U immuno-detection as described in Ch.2.13.1, cells
were fixed in 4% PFA in PBS (20 min; 20°C). Cells were then permeabilised again
in 0.5% Triton X-100 and 0.5% saponin in PBS (5 min; 20°C), before RNA FISH

and detection was carried out as described in Ch.2.12.3.

2.13.3.2 Br-UTP labelling combined with RNA FISH

Br-UTP run-on was carried out as described in Ch.2.13.2, and the

combination with RNA FISH was as in Ch.2.13.3.1.

2.13.4 Labelling replication sites using Br-dU

Cells were grown in 10 mM Br-dU (37°C; 15 min) in medium. Subsequent

fixation and immuno-detection were as described in Ch.2.13.1.

2.14 Cryosections

2.14.1 General methods

The protocol for cryo-sectioning was adapted from (Tokuyasu, 1980; Faro-

Trindade and Cook, 2006). Cells were fixed (20°C; 10 min) in 90 mm dishes in a
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fixative containing 8% PFA, 250 mM HEPES (pH 8.0), scraped into a 1.5 ml tube,
and centrifuged (14,000 rpm; 20°C; 1 min) to collect the pellet. Fresh fixative was
now added and changed once every hour three times. The pellet was stored in
fixative (4°C; 16 h), prior to transfer to 2.2 M sucrose in PBS (4°C; 72 h);
subsequently, fresh sucrose was changed three times every hour.

The pellet was transferred onto copper blocks, excess sucrose removed with
filter paper (Whatman), the pellet shaped into a cone under a Zeiss SV-11 dissecting
microscope, and stored in liquid nitrogen.

120-500 nm sections were cut using a Reichert Ultravut S with FCS
attachment cryomicrotome (Leica) with a cryo-diamond knife (Diatome) or a glass
knife. The correct thickness of sections was selected by continuous interference
colour. Sections were captured with 2.1 M sucrose in PBS, and transferred onto

coverslips [coated with 0.5% gelatine and baked (70°C; 16 h)].

2.14.2 Labelling targets on cryosections

Cells were incubate on ice (5 min), washed with ice cold PB+F buffer,
permeabilised on ice with permeabilisation buffer (5 min), washed quickly with ice-
cold PB+F, and incubated (33°C; 15 min) with transcription buffer. Cells were then
washed (2 x) with ice-cold PB+F, fixed, and cryosectioned as in Ch.2.14.1. RNA

FISH and immuno-detection were performed after cryosectioning as in Ch.2.13.3.2.

2.15 Fluorescence-activated cell sorting (FACYS)

2 x 10° cells per sample were collected, washed once in PBS, resuspended in
2 ml PBS, and analysed on a FACScan flow cytometer (Becton-Dickinson) equipped

with electronic doublet-discrimination module (DDM), which allows discrimination



76

between single cell and cell clusters. The forward-scatter (FSC) and side-scatter
(SSC) light detectors allow size and complexity discrimination. Cell debris and cell
clusters were removed from the analyses. EGFP was detected with FLI
(fluorescence detector 1, 535/30 bandpass filter which permits analysis of light at
530 nm), and DsRed with FL3 detector (585/42 bandpass filter, emission between
564 and 606 nm). Mock-transfected cells and cells transfected with a single plasmid
(II CMV, EGFP, pA or 11 CMV, DsRed, pA) were used as controls. Data on 10,000 cells
were collected and further analyses performed with CellQuest Software (Becton-
Dickinson). The fractions of cells expressing red fluorescence from the reference
plasmid (IT“™Y, DsRed, pA) and green fluorescence from the test plasmid (encoding

EGFP) were calculated.

2.16 Imaging

Two fluorescence microscopes were used for analysis. For general immuno-
fluorescence, a Zeiss Axioskop 40 was used; for more sensitive detection, a Zeiss

Axioplan 2 Imaging microscope was used.

2.16.1 Zeiss Axioplan 2

Epifluorescence microscopy was performed using a motorised Zeiss
Axioplan 2 Imaging microscope with MetaMorph 7 (Molecular Devices) and a
300W Xenon arc lamp. Images were collected with a Zeiss Plan-APOCHROMAT

63 x (1.4 oil; Ph3; 0/0.17) lens. The specifics of the filters are listed in Table 2.5.
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Table 2.5. Filters used on Zeiss Axioplan 2

EXCITATION DICHROIC EMISSION
DAPI S360/40X 84100BS S457/50M
FITC S490/20X 84100BS S582/38M
CY3 S555/28X 84100BS S617/73M
CY5 S635/20X 84100BS S685/40M
GFP HQ470/40X 495DCLP HQ525/50

The ‘S’ before the first five filter combinations signifies the Chroma Quad Sedat filter set.
The first number in the filter designations indicates the centre wavelength of the band of
light the filter transmits, and the second the width of the band.

The dichroic used with the filter can transmit four bands of light simultaneously, as opposed
to the usual long pass dichroics that reflect light below a certain wavelength and transmit

light above that wavelength. The GFP filter is a standard Zeiss filterset 38.

The microscope was equipped with a charge-couple device (CCD) camera,
either a Princeton Instruments MicroMax 1024B (resolution: 1024x1024 pixels; 1
pixel = 13 pm x 13 pum; bit depth: 16 bits) or Photmetrics CoolSNAPyq (resolution

1392 x 1040 pixels; 1 pixel = 6.5 um x 6.5 pm; bit depth: 12 bits).

2.16.2 Zeiss Axioskop 40

Conventional epifluorescence microscopy was performed using a Zeiss
Axioskop 40 microscope with AxioVision 4.2 Software (Zeiss) and a 100 W (HBO
100) mercury arc lamp. Images were collected with a Zeiss Plan-NEOFLUAR 63 x

(1.25 oil; Ph3; «/0.17) lens. The specifics of the filters are listed in Table 2.6.
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Table 2.6. Filters used on Zeiss Axioskop 40

Zeiss filter set EXCITATION DICHROIC EMISSION
DAPI 49 G 365 FT 395 BP 445/50
FITC 10 BP 450-490 FT 510 BP 515-565
CY3 20 BP 546/12 FT 560 BP 575-640
CY5 26 BP 575-625 FT 645 BP 660-71
GFP 38 BP 470/40 FT 495 BP 525/50

The microscope was equipped with a CCD camera Axio Cam MRm (Bit

depth: 12 bits; resolution: 1388 x 1040 pixels; 1 pixel = 6.45 pm x 6.45 um).

2.17 Image analysis

Image analysis were performed using Image] (Rasband, 1997-2007), and
images were processed using Adobe Photoshop CS2 and Corel Designer 9.0. Four
types of analysis were carried out 1) the number of foci, 2) the intensity of signal, 3)
the size of foci, 4) colocalisation. Foci were analysed by human eye or the ‘analyse
particle’ feature of ImagelJ; algorithms for defining positive signals are described in
Ch 4.4.2. Signal intensities were normalized relative to that of reference beads.

Definition of colocalisation is described in Ch. 4.4.3.
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2.18 Chromosome conformation capture (3C)

The proximity of two DNA sequences in 3D nuclear space was assessed by
3C (Dekker et al., 2002; Tolhuis et al., 2002). In some cases, transcriptionally-active

chromatin was selected using a ChIP-3C (Cai et al., 2006).
2.18.1 Conventional 3C

2.18.1.1 Fixation and lysis

4 x 107 cells were fixed (10 min; 20°C) in 50 ml DMEM + 10% FCS
supplemented with 2% formaldehyde, before glycine was added to 0.125 M. Cells
were scraped from the surface, pelleted (3500 rpm; 4°C; 15 min), and lysed (90 min;

4°C) with vigorous stirring in 50 ml lysis buffer.

2.18.1.2 Digestion

Cells were re-pelleted, incubated (1 h; 37°C) with shaking in 1x NEB buffer
3 + 0.3% SDS, and subsequently in 1.8% Triton-X (1 h; 37°C). 10° nuclei were
digested (16 h, 37°C) with 600 U restriction enzyme (BamHI or PstI), and incubated

(20 min, 65°C) in a final concentration of 1.6% SDS.

2.18.1.3 Ligation

Samples containing 2 pg DNA were incubated (1 h; 37°C) in 1% Triton-X,

the volume adjusted to 2 ml, and incubated (4 h, 16°C) in 2,000 U T4 DNA ligase.

2.18.1.4 DNA purification

Cells were incubated (16 h; 65°C) with 100 pg/ml proteinase K, treated (30
min; 37°C) with 0.4 pg/ml RNase A, and DNA purified by phenol extraction and

ethanol precipitation. PCR (25 cycles) was performed with serially-diluted samples
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using primers complementary to backbone sequences as described in Table 2.7, and

PCR products sized by gel electrophoresis.

2.18.2 Chromatin immuno-precipitation — 3C (ChIP-3C)

2.18.2.1 Fixation and lysis

8 x 106 cells were washed in PBS (3x; 0°C; 1 min) before 1 ml 0.67 M PFA
in PBS (20°C; 10 min) was added to crosslink protein and DNA, and subsequently
670 pl 1 M glycine to quench the cross-linker. Cells were scraped from the surface
and transferred to two 1.5 ml tubes, and pelleted (13,000 rpm; 20°C; 1 min). Cells
were suspended in 1 ml ice-cold hypotonic buffer, incubated (0°C; 10 min), and
nuclei pelleted (5,000 rpm; 4°C; 5 min). The pellet was dissolved in 1 ml CSK buffer,

incubated (0°C; 20 min), and pelleted again (5,000 rpm; 4°C; 5 min).

2.18.2.2 ChIP

The pellet of nuclei was dissolved in 40 ul 5 M NaCl (0°C; 10 min), and the
sample diluted to reduce the NaCl concentration to 150 mM. Antibodies against tri-
methyl K4 in histone H3 (16 h; 4°C; 1:1000) were added and incubated (4°C; 16 h)
with rotation.

30 ul protein G Sepharose beads were washed (3x; 2,000 rpm; 20°C; 3 min)
with H,O and once (2,000 rpm; 20°C; 3 min) with restriction wash buffer, before
addition to samples and incubation (4°C; 1 h). Beads were collected (1000 rpm; 4°C;
3 min), and supernatant saved for analysis of the unbound fraction. Beads were

washed once (4°C; 5min) with low stringency buffer, twice (4°C; Smin) with high
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stringency buffer, and once (4°C; 5min) with low stringency buffer. Between each

wash, beads were collected by centrifugation (2000 rpm; 4°C; 3 min).

2.18.2.3 Digestion and ligation

Beads were then incubated (37°C; 16 h) with BamHI or PstI (600 U) in NEB
Buffer 3 in 100 pl, before the reaction was stopped (65°C; 10 min). Samples were
then treated with 200 pg/ml RNase A (37°C; 30 min), diluted with 400 ul of H,O,
and ligated (16°C; 4 h) in ligation buffer with 2,000 U T4 DNA ligase, before cross-

links were reversed (65°C; 16 h).

2.18.2.4 DNA purification

Cells were incubated (42°C; 1h) with 100 pg/ml proteinase K, and DNA
purified by phenol extraction and ethanol precipitation. PCR (25 cycles) was
performed with serially-diluted samples using primers complementary to backbone

sequences as in Table 2.7, and PCR products sized by gel electrophoresis.

Table 2.7. 3C primers

3C primers Ta cycles
EGFP: DsRed 5 TGAAGCGCATGAACTCGGTG 60 25

5 TGGTGCAGATGAACTCAGGG
ALDOA 5 AAATTTCCTCTGAAGCACCG 59.5 25
(BamHIl) 5 TTAATGGGGCATCAAGCAC
ALDOA 5 TTGCAGTGAGCCGAAATCG 59.5 25
(Pstl) 5 AGGGTGTAGTCTCTGTTGGG
plasmid backbone: 5 CCTCTACAAATGTGGTATGGC 56.6 25
host U2 5 GGCAGTGGGAGCAAAATTC
Neo' 5ATTCGGCTATGACTGGGCAC 58.7 25

5’AGTGACAACGTCGAGCACAG
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2.19 Statistics

The Mann-Whitney test, one-way ANOVA, and Student’s t-test were

performed using GraphPad ‘Prism’ (www.graphpad.com; San Diego, CA). Sample
sizes were such that the last 5 samples analysed all lay within 5% of the progressive

mean (Williams, 1977).

2.20 Bioinformatics

The bioinformatics tools used in this study were Ensembl (release 45 — Jun

2007, www.ensembl.org), UCSC Genome Browser (http://genome.ucsc.edu/), PCR

primer Database (QPPD; http://www.ncifcrf.gov/rtp/gel/primerdb/), National Center

for Biotechnology Information (NCBI; http://www.ncbi.nlm.nih.gov) BLAST and

OMIM; RIKEN OmicBrowse (http://omicspace.riken.jp/db/genome.html). Sequence

alignments, restriction analysis, PCR primer/probes design were carried out using

DS Gene 1.5 (Accelrys).
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3 Strategy

3.1 Introduction

The main aim of this study is to answer the question: do particular
transcription factories specialise in transcribing specific gene sub-sets? My strategy
is to use replicating minichromosomes as probes and then examine the distribution
of these probes to see if transcription occurs in factories. Next, I use FISH and 3C to
investigate if two minichromosomes encoding different transcription units colocalise
(i.e., target the same or different factories; Fig 3.1). In this chapter, I describe 1) the
behaviour of minichromosomes in cells, and why a replicating system is used, 2)
how I optimised transfection conditions, and 3) the design of plasmids encoding

different transcription units.
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Fig. 3.1. Strategy

Different plasmids are co-transfected into COS-7 cells, and allowed to replicate; then, FISH
and 3C are used to see if they are spread throughout nuclei, or targeted to the same or

different factories.
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3.2 Minichromosomes in cells

3.2.1 Why choose a replicating system?

As factories are small (~50 nm across) and numerous (factory:factory
distance ~300 nm), they can only be resolved in the light microscope using confocal
imaging of thin cryosections (~100 nm). However, one of the two gene copies in a
diploid cell is unlikely to be found in such a thin section (the average HeLa cell
nucleus is roughly 10-20 um across. The actual size and shape is variable). Besides,
since the number of factories is large (a typical HeLa cell contains ~8,000 pol II
factories), two genes targeting a similar type of factory may not necessarily be in
exactly the same factory. A large number of cells will have to be examined before
the number becomes significant. For these reasons, replicating plasmids are used to

increase copy number.

3.2.2 The SV40 replication system

I introduce plasmids encoding the SV40 origin (ori) of replication and early
promoter into COS-7 cells, a monkey line that expresses the SV40 large T antigen
(Mellon et al., 1981). Once the plasmids are transfected, the large T antigen protein
binds to and activates DNA replication from the SV40 ori (Fanning and Knippers,
1992; Bullock, 1997; Bochkareva et al., 2006).

The control region of SV40 early RNA synthesis is illustrated in Fig 3.2.A. It
contains three 26-bp DNA sites (I, II, IIT). The early RNA encodes the T antigen.
Two 72-bp repeats act as enhancers. A cellular protein factor spl binds to the 21-bp

repeats and is required for transcription. The T antigen binds to site I initially, but
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when the antigen is at higher concentrations it also binds to sites II and III. In vitro,
binding at both sites I and II will stop transcription from the early promoter. In this
study, the T antigen is steadily expressed in the COS-7 cells, and the SV40 early

promoter is hence down-regulated (Myers et al., 1981; Dynan and Tjian, 1985).

3.2.3 Minichromosomes are replicated by the cellular machinery

In the 1970s, the 5,224 base-pair SV40 DNA (Fiers et al., 1978) became a
popular subject for studies on the structure and function of nucleosomes. In infected
cells, SV40 DNA and cellular histones assembled a chromatin-like structure called a
“minichromosome” (Griffith et al., 1975). It forms a spherical particle ~300 A in
diameter, and contains all five histones (Fig.3.2.B). This compact form of the SV40
minichromosome is completely resistant to staphylococcal nuclease (Varshavsky et
al., 1977).

Similarly, after transfection into COS-7 cells, plasmid DNA encoding the
SV40 ori and early promoter is assembled into nucleosomes, and the resulting
minichromosomes are replicated and transcribed by the cellular machinery (Mellon
et al., 1981; Jackson and Cook, 1993; Dean, 1997; Maul, 1998). Among the
population of plasmids, >80% plasmid DNA molecules are supercoiled and so
derived from the nucleosome-covered compact form, with <5% being replicating

intermediates (Jackson and Cook, 1993).
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Fig. 3.2. SV40 minichromosomes

A. The transcriptional regulation of the SV40 early promoter and ori [adopted from (Myers
et al., 1981; Darnell et al., 1986)].

i. The SV40 early promoter and ori. Yellow boxes illustrate the 26-bp DNA sites (I, II, III)
to which T antigen binds. Two 72-bp repeats act as enhancers. A cellular protein factor Spl
binds to the 21-bp repeats and is required for transcription. The backbone of my constructs
contains this entire cassette, but not the SV40 late promoter downstream (Shaw et al., 1985;
Omilli et al., 1986) (Fig. 3.4B).

ii. At an early stage during infection, T antigen preferably binds to site I and replication
initiates.

iii. Later, when the T antigen concentration becomes higher, it binds to sites I and II; this
inhibits transcription from the early promoter.

B. Electron microscopy of metal-shadowed compact SV40 minichromosomes (from
(Varshavsky et al., 1977).

i. Minichromosomes prepared for electron microscopy in 0.13 M NaCl. Bar: 0.5 pum.

ii. 100x magnification of (i).



88

3.3 Optimising transfection

3.3.1 Choice of reagent

Two transfection reagents were compared; efficiencies were evaluated 24 h
after transfection. FuGene6 outperformed Lipofectamine under my conditions
(Fig.3.3.A), and a DNA:FuGene6 ratio of 1 pg:3 pl was chosen for further

optimisation.

3.3.2 Optimising input plasmid

In order to be detected, sufficient plasmids must be transfected, but high
inputs yield many transcriptionally-inert minichromosomes (Fig 3.3.B; (Jackson and
Cook, 1993)). Thus, low inputs (i.e. 0.2 pg-1 pg per plate) were used as a
compromise between maximising copy number and minimizing the number of
inactive chromosomes. | first established the lowest input required to ensure the
maximum number of cells were transfected.

Efficiencies were evaluated 24 or 48 h after transfection. Transfection
efficiency increased as input increased up to 0.25 pg/coverslip (Fig. 3.3.C).
Therefore, an input of 0.25 pg/coverslip (cs), and harvesting after 24 h was used in

all future experiments.
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Fig. 3.3. Optimising transfection

A. Determining the best transfection reagent. Transfection efficiencies using FuGene6 and
Lipofectamine (input 0.25 — 0.1 pg/cs) were evaluated 24 h after transfection as described in
Methods. FuGene6 outperforms Lipofectamine.

B. High inputs result in many transcriptionally-inert minichromosomes. The number of
active plasmids was estimated by their ability to resist electroelution from nuclei (as active
plasmids attach to underlying nuclear structures, unlike inactive ones). The same
numbers/cell were retained irrespective of initial input. Data from (Jackson and Cook, 1993).
C. Optimising input. Transfection efficiencies using FuGene 6 with different inputs (0.06 —
1.0 pg/cs) were evaluated 24 or 48 h after transfection as described in Methods. Transfection

efficiency increases as input increases up to 0.25 pg/cs.
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3.4 Construction of plasmids

Plasmids based on a common backbone but encoding different transcription
units with various promoters, + introns, and with different 3’ ends were constructed
(Fig. 3.4). The SV40 origin of replication (0ri) in the backbone allows the plasmids
to replicate in COS-7 cells. Ori also encodes the SV40 early promoter. Plasmids are
named by promoter type, coding sequence, whether or not they contain an intron,
and 3° end. For example, plasmid II™Y,EGFPy,pA possess the (polymerase II)
CMYV promoter upstream of EGFP followed by the B-globin intron and a poly(A)
signal, while 0,EGFP,pA lacks a promoter and intron. Details of plasmids

construction was described in Ch.2.7.

3.5 Conclusion

In order to investigate if factories specialise in transcribing specific gene sub-
sets, I use replicating plasmids encoding different promoters, transcription units, +/-
introns, and 3’ ends as probes. Plasmid DNA is transfected into cells where it is
assembled into nucleosomes, and the resulting minichromosomes are then replicated
and transcribed by the cellular machinery.  As high inputs yield many
transcriptionally-inert minichromosomes, I optimised the transfection method and
determined the minimum transfection input giving sufficient minichromosomes for
detection without too great an input background. I now go on to determine whether
transcribing minichromosomes are spread throughout the nucleus, or concentrated in

the same or different factories (Fig. 3.1, possibilities i-iii).
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Fig. 3.4. Plasmids.

A. Plasmids encoding different promoters (pol I, II, III), different transcription units (EGFP,
DsRed, U2G), + the B-globin intron, and + different 3” ends [poly(A), poly (T), 3’ box] are
shown. The common backbone is derived from pEGFP-C1, containing the SV40 ori, and
early promoter driving Neo'.

B. Backbone pEGFP-C1 encodes the EGFP which has increased translation efficiency in
eukaryotic cells. SV40 polyadenylation signals downstream of the EGFP gene direct proper
processing of the 3' end of the EGFP mRNA. The vector backbone also contains an SV40
origin for replication in mammalian cells expressing the SV40 T-antigen. A neomycin
resistance cassette (Neo"), consisting of the SV40 early promoter (including two 72-bp
enhancers, four 21 bp repeats, and an early promoter element), the neomycin/kanamycin
resistance gene of Tn5, and polyadenylation signals from the Herpes simplex virus
thymidine kinase (HSV TK) gene. A bacterial promoter upstream of this cassette expresses
kanamycin resistance in E. coli. The pEGFP-C1 backbone also provides a pUC origin of

replication for propagation in E. coli and an f1 origin for singlestranded DNA production.
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4 Minichromosomes are transcribed In
factories

4.1 Introduction

In order to investigate whether factories specialise in transcribing different
gene subsets, I developed a method using replicating minichromosomes encoding
different transcription units as probes.

In this chapter, I describe the establishment and optimisation of this method.
First, I assessed the copy number of minichromosomes using ‘Southern’ blots and
quantitative PCR, the copy number of transcripts encoded by the different plasmids
by qRT-PCR, and protein expression levels by FACS. Then, I established optimal
conditions for DNA and RNA FISH to visualise minichromosomes and their

transcripts, and defined algorithms for image analysis.

4.2 Copy numbers of minichromosomes and their transcripts

4.2.1 Copy number of minichromosomes per cell
In order to confirm plasmids are replicated by the cellular machinery to
create large numbers of minichromosomes in a cell, I first used ‘Southern’ blots and

quantitative PCR to assess plasmid DNA copy number.
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4.2.1.1 Copy number assessed by ‘Southern’ blot

During transfection, only a fraction of plasmids enter the cell; a large number
of input plasmids may be lodged on the cytoplasmic membrane. This will generate a
high background which can be confusing. In order to reduce the input background, 8
h after transfection, cells were trypsinised, washed with fresh medium, replated, and
regrown for a total of 12, 24, or 36 h.

At each time, samples were used to isolate minichromosomal DNA by ‘Hirt’
extraction. Transfection efficiencies were determined by FACS or microscopy using
EGFP fluorescence (Fig. 4.1C).

Quantitative ‘Southern’ blots show that minichromosomal copy number
increases progressively from the level seen at 8 h (Fig. 4.1A and B). The 8 h sample
contains unreplicated input DNA (i.e., naked unsupercoiled and so input DNA, and
not supercoiled DNA derived from histone-covered minichromosomes). It provides
an indication of the maximum amount of input background that could possibly be
present, and so is labelled ‘max background’. By 24 h — at least 8,000 new copies

have been generated in each cell (Fig. 4.1A and B).
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Fig. 4.1. Plasmids are replicating in the nucleus after transfection.

Cells were transfected with IICMV,EGFP,pA, grown for 8 h, trypsinised, washed, and
regrown for 12, 24, or 36 h after transfection. A Hirt extract was prepared to determine
plasmid copy number by ‘Southern’ blotting; the transfection efficiency was determined
from the fraction of cells expressing EGFP.

A. Image of a typical ‘Southern’ blot. Lanes 1-4: three fold dilutions of known numbers of
plasmids. Lane 5: Mock-transfected control. Lane 6: 8 h sample (indicating the maximum
input background). Lanes 7-9: 12, 24, 36 h samples. Copy number increases with time.

B. Copies per transfected cell. The total number of plasmids present in the population was
determined using images like in A, and the number of copies / transfected cell calculated
(using the transfection efficiency). The 8 h sample and grey area indicate the maximum
background.

C. A typical image used to determine transfection efficiency. 6 out of 9 cells are expressing

EGFP, and so have been successfully transfected. Bar: 60 um.
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4.2.1.2 Copy number assessed by quantitative PCR

Quantitative PCR is carried out to compare the minichromosomal copy
number per cell for each different plasmid, by reference to known numbers of pure
plasmids. Cells were co-transfected with a reference plasmid (i.e., IICMV,DSRed,pA),
and another test plasmid encoding EGFP. Input background was minimised as
described in 4.2.1.1, before total DNA was extracted. Transfection efficiencies were
determined by FACS or microscopy using DsRed fluorescence. The number of cells
was determined by reference to the DNA copy number given by the cellular gene,
GAPDH.

Different plasmids replicate to give similar copy number per cell (Fig. 4.2.B).
The copy number obtained by quantitative PCR is consistent with the ‘Southern’ blot
result. By 24 h, at least 8,000 new copies (eliminating the maximum background)

have been generated in each cell.
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Fig. 4.2. Plasmid DNA copy number determined by qPCR

Cells were co-transfected with a reference plasmid (II°™V,DsRed,pA) and another test
plasmid encoding EGFP as indicated, grown, and replated as in Fig. 4.1. Total DNA was
isolated with Trizol, and the transfection efficiency determined from the fraction of cells
expressing DsRed.

A. Generation of a standard curve for real-time PCR. Total DNA is extracted from ~10’
(untransfected) cos7 cells, and mixed with known amount of pure II™Y,EGFP,pA DNA.
Plasmid DNA copy number is determined by real-time PCR using EGFP primers. The
average threshold cycle number (Ct) from three independent extractions was plotted against
the amount of plasmid added. The straight line is a variance weighted linear fit through all
the measurements (R*=0.9985).

B. DNA copy number of different plasmids determined by reference to the standard curve
and the level of GAPDH. At 24 h, different plasmids yield similar copy numbers (one-way
ANOVA; p>0.05). PCR product was not detected in mock transfected cells.
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4.2.2 RNA copy number by gRT-PCR

Since different plasmids replicate to give similar copy numbers per cell, do
they also yield similar transcript levels? Here, cells were co-transfected with a
reference plasmid II°™Y,DsRed,pA, and another test plasmid encoding EGFP as in
Ch.4.2.1, before RNA copy number was evaluated using qRT-PCR.

Although transcript copy numbers also increase, promoter type and the
presence of an intron affect expression levels significantly (Fig. 4.3).
Minichromosomes encoding pol I or III promoters generate far fewer transcripts
compared with those encoding a pol II promoter. The transcript level increases two-
fold on insertion of an intron. This result is consistent with early observations in
transgenic mice, where introducing an intron increased mRNA expression 10-100
fold (Brinster et al., 1988). The mechanism of this intron-induced increase is unclear,
but it may be due to more efficient export of intron-containing RNA to the cytoplasm

(Ch.1.1.4).
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Fig. 4.3. RNA copy number per transfected cell

Cells were co-transfected with a reference plasmid 11"V, DsRed,pA, and another encoding
EGFP as indicated, grown and replated as in Fig. 4.2. Total RNA was isolated with Trizol,
and transfection efficiencies determined from the fraction of cells expressing DsRed.
Transcript levels were also determined using qRT-PCR by reference to known amounts of
RNA prepared by transcription in vitro, and normalised to the transcript level given by

GAPDH. Copy numbers increase during the first 24 h, but promoter type and the presence of

an intron affect expression.
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4.2.3 Protein expression level by FACS

I went on to see if the protein expression level of EGFP also differs among
minichromosomes encoding different promoters and +/- introns. Here, cells were co-
transfected with a reference plasmid 1™V, DsRed,pA, and another test plasmid
encoding EGFP as in Ch.4.2.2, before EGFP protein levels were assessed by FACS.
The fraction of cells expressing EGFP protein encoded by minichromosomes with
pol I and IIT promoters is significantly lower than that from pol II promoters, while
the fraction of cells expressing DsRed remains constant (Fig. 4.4 B). Moreover,
minichromosomes encoding an intron yield more EGFP than the others, consistent

with the increased mRNA levels seen by qRT-PCR (Fig. 4.4 A).
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Fig. 4.4. Promoters and introns influence protein expression
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Fig.4.4. Promoters and introns influence protein expression

Cells were co-transfected with a reference plasmid IICMV,DSRed,pA, and another encoding
EGFP as indicated, and DsRed and EGFP fluorescence determined by FACS. Debris and
aggregates were removed from analysis. Background was determined using mock-
transfected cells and cells transfected with a single plasmid (I ™Y, EGFP, pA or II ™V,
DsRed, pA).

A. FACS analysis. Each red dot represents one event. The X-axis indicates the intensity of
EGFP fluorescence, and the Y-axis that of DsRed. Quadrants were drawn to distinguish
different types of cells: lower left, untransfected cells; upper left, cells only expressing
DsRed; upper right, cells expressing both DsRed and EGFP; lower right, cells only
expressing EGFP. Significantly less EGFP fluorescence was detected from
minichromosomes encoding pol 1 and III. Introducing an intron leads to higher EGFP
expression.

B. The fraction of cells expressing DsRed and EGFP was determined from the numbers in
the different quadrants in A from three independent experiments. The fraction of cells
expressing EGFP from minichromosomes encoding pol I and III promoters is significantly
lower than from those encoding a pol II promoter, while the fraction of cells expressing
DsRed remains consistent. The fraction of cells expressing EGFP from minichromosomes
with or without an intron is essentially the same (Student’s t-test). This indicates while the

transfection efficiencies of different plasmids are the same, EGFP expression levels vary.
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4.3 DNA FISH reveals minichromosomes are in factories

I next examined where the minichromosomes are localised in the cell using
DNA FISH. I transfected only one plasmid — II°™,EGFP,pA — and introduced
plastic reference beads into the mounting medium to provide a standard that I could
use to normalise intensities.

After replication by the cellular machinery, the resulting minichromosomes
are organised into chromatin like the endogenous chromosomes. DNA FISH shows
that most minichromosomes are concentrated in ~20 bright nuclear foci against a
diffuse background (Fig. 4.5 A ii and iv).

The average intensity (relative to the intensities given by the reference beads;
Fig. 4.6 A) and size of foci increase with time, while the intensity outside foci
remains constant (Fig. 4.5 B); furthermore, the number of foci per nucleus remains
constant (Fig. 4.5 A ii and iv), suggesting newly-replicated minichromosomes are
concentrated in the existing foci. These results are consistent with foci being sites of
replication (see also (Dean, 1997; Maul, 1998)). Taking copy numbers quantified in
Ch.4.2 into account, a typical focus will contain ~200 minichromosomes by 24 h.

Previous studies show that <5% minichromosomes form concatamers and/or
are replicating intermediates (Jackson and Cook, 1993), so something must confine
them to the foci. As minichromosomes are not diffusely spread, we can eliminate
possibility (i) in Fig. 3.1.

The total intensity given by the minichromosomes inside foci also increases
with time. The fraction outside foci may represent the transcriptionally-inactive
fraction (Jackson and Cook, 1993) as they are not attached to any transcriptional

machinery and so able to freely diffuse in the nucleus.
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Fig. 4.5. Replicating minichromosomes are concentrated in a few foci.

Cells were transfected with II°™Y, EGFP,pA. After 8 h, cells were replated (to wash away
input DNA), and regrown for a total of 24 or 36 h after transfection. At each time,
minichromosomes were visualised by DNA FISH.

A. Minichromosome distribution (by DNA FISH). Minichromosomes are concentrated in
~20 bright foci per nucleus, irrespective of time after transfection. Bar: 2.5 pm.

B. Average intensities (by DNA FISH) of pixels in and outside foci (+SD). Intensities like
those seen in (A) were normalized relative to reference fluorescent beads (not shown). Most
signals are in foci after 24 h, and this increases over time without much change in signal
outside foci.

C. Total intensities were determined by the mean intensities in B and the area occupied in
and outside foci (+SD). The fraction of plasmids in foci increases with time (Student’s t-test;

P<0.05).
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4.4 RNA FISH reveals minichromosomes are transcribed in
factories

I next examined whether minichromosomes are transcribed in factories. I first
established the best RNA FISH conditions — those providing the lowest background
and the highest detection sensitivity.

As in Ch. 4.3, only one plasmid II"™Y,EGFP.pA was transfected. It encodes
the CMV promoter (driving EGFP), plus the SV40 early promoter (driving Neo") on
the common backbone (Fig. 3.4); the latter is down-regulated under the conditions

used here (Myers et al., 1981; Dynan and Tjian, 1985).

4.4.1 Optimising RNA FISH conditions

4.4.1.1 Selecting probes for RNA FISH

As described in Ch.2.12.2.1, various probe preparation methods can be used,
with nick translation (Ch.2.12.2.1.1) being the easiest and most economical.
Labelling and purification can be finished within 3 h, and probes can be stored for a
relatively long period (~two months). The labelled probes normally have a median
length of 150~200 bp, with 1 out of every 10 nucleotides containing a DIG residue;
Fig. 4.6B). However, since the probe is double-stranded, it yields a certain degree of
negative-strand background. Therefore, nick-translated probes are not as sensitive as
chemically-labelled probes (Ch.2.12.2.1.4). PCR-labelled probes (Ch.2.12.2.1.2)
have similar pros and cons. Most of my targets are present in high copy numbers,
and so I often do not require the highest sensitivity. Therefore, nick-translated and

PCR-labelled probes satisfy my requirements for most RNA FISH experiments.
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Chemically-labelled probes (Ch.2.12.2.1.4) are the most sensitive. They can
detect as few as one RNA molecule (Ch.8.2.2). Since the degree of labelling can be
quantified accurately, RNA FISH signals detected using them can also be quantified
accurately. As the probe is a single-stranded oligonucleotide, the hybridisation
efficiency is higher than for double-stranded DNA probes. Furthermore, using a
barcode system, as many as 12 multiple transcripts can be detected simultaneously
(Levsky et al., 2002). However, synthesis of these probes is very expensive, while
labelling and purification is complex. Thus, chemically-labelled probes are suitable
for scarce samples requiring accurate quantification. I use them to visualise a
transcription wave in HUVECs (Ch.8).

For RNA FISH targeting U2 transcripts, a short sequence (22 nt) must be
targeted in order to distinguish nascent U2 RNA from mature U2 RNA. Thus, a
chemically-synthesised oligonucleotide labelled with biotin was used.

RNA probes made by in vitro transcription and ULS labelling are unstable,
and they can give a high general background (see also (Chakalova et al., 2004)).
Terminal transferase-labelled probes do not provide the required sensitivity.

Therefore, these two labelling methods were not suitable for my requirements.
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Fig. 4.6. Quantifying FISH signals

A. Intensities of foci are normalized relative to fluorescent beads.

Cells were transfected with HCMV,EGFP,pA, and EGFP DNA or RNA detected by FISH;
fluorescent beads were added to the mounting medium. The intensities of nuclear foci were
normalized relative to the intensity of fluorescent beads. Inset: a magnified view of typical
foci. Bar: 10 pm.

B. The size of a FISH probe prepared by nick translation.

DNA complimentary to the RNA target was first synthesized by PCR, before it was nick
translated using a DIG nick-translation kit. The size of the products was determined by gel
electrophoresis. A median size of ~150-200 was selected for RNA FISH experiments. DNA
labelled with DIG-11-dUTP (DIG probe) migrates more slowly than a control made with
dUTP (unlabelled).



107

4.4.1.2 Selecting permeabilisation and fixation conditions

Different fixation and permeabilisation conditions affect the resulting
distribution of polymerases and preserve cellular ultrastructure to different degrees
(Guillot et al., 2004). Sufficient permeabilisation is needed to allow probes to access
their RNA targets, but cellular structure must be preserved.

Using different combination of fixation and permeabilisation, I observed two
patterns of RNA FISH signals. In one, transcripts are evenly distributed throughout
nuclei; in the other they are concentrated in ~20 discrete and bright foci per nucleus
(Fig. 4.7A). However, the average EGFP protein expression levels (measured by the
intensity given by EGFP fluorescence) are similar between the two patterns (not
shown). I used progressively harsher fixation and permeabilisation conditions, and
found that harsher conditions increased the fraction of nuclei with bright foci (Fig.
4.7 B).

These results can be explained in several ways including: 1) Harsher
conditions result in aggregation, so the focal pattern could be an artefact. If this is the
case, the total intensity in the nuclear foci seen under harsh conditions should be the
same as that seen in the diffuse pattern. 2) Harsher conditions remove some nuclear
signal, so only a fraction of the transcript population is seen. If true, the total
intensity in foci should be lower than that in the diffuse pattern. 3) The two patterns
arise because the harsher condition provides easier access for probes, increasing
detection sensitivity. Here, the total intensity of foci pattern should be higher than

that of the diffuse pattern.
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Fig. 4.7. Two patterns of RNA FISH arise from differential detection

A II"™ EG FP,pA was transfected into cells, cells fixed and permeabilised using a moderate
procedure, EGFP transcripts visualised using RNA FISH (middle), DNA counterstained
with DAPI (left), EGFP protein fluorescence visualised (right). Three views of one field are
shown. EGFP transcripts were found in two patterns, either concentrated in foci or diffusely
spread. Bar: 5 um.

B. Increasing harshness used during fixation and permeabilisation yield different fractions of
the two patterns. 1 (mild): fixation (4% PFA in PBS, 20°C, 20 min), permeabilisation (0.5%
Triton X-100, 20°C, 5 min). 2 (moderate): fixation (4% PFA in 250 mM HEPES, 20°C, 20
min), permeabilisation (0.5% Triton X-100, 20°C, 10 min). 3 (harsh): fixation (4% PFA,
0.05% acetic acid in 0.15 M NaCl, 20°C, 17 min), permeabilisation (0.01% pepsin, pH 2,
37°C, 5 min). Harsher conditions increased the fraction of nuclei with bright foci.

C. Mean nuclear intensities (+SD) of the two patterns relative to reference beads. Nuclear
intensities of the focal pattern is significantly higher than that of the diffuse pattern,
suggesting a differential detection (Student’s t-test; P<0.05).
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Nuclei with foci were 1.5 fold brighter than those with a diffuse pattern (Fig.
4.7 C); this excludes the first two possibilities. Therefore, I conclude that harsh
conditions are required to maximize detection of transcripts by RNA FISH.

In analogous experiments involving “transient” transfection and different
fixation conditions, two patterns of nuclear signal were also observed; as plasmid
input increased, the fraction with the diffuse pattern increased (Binnie et al., 2006).
In Binnie’s experiment, the transfection input is higher than mine (equivalent to 6.6
pg/plate vs. 1.2 ug/plate). Previous study indicated higher plasmid input creates
more transcriptionally-inert minichromosomes (Fig. 3.3B, (Jackson and Cook,
1993)). Although similar as they appeared, the two patterns observed in Binnie’s and
my experiments probably resulted from different causes. The diffuse pattern from
Binnie’s experiment was likely to be composed of inactive minichromosomes (Fig.

3.3B), while my diffuse pattern was mainly a detection problem.

4.4.2 Defining a focus

I distinguish a nuclear focus from the background using two criteria: the
focus must (i) have an intensity greater than a threshold defined as below; (ii) occupy
>4 pixels (where a pixel is 100 x 100 nm and >85% nuclear signal is contained in
such foci; Fig 4.8 A).

Some DsRed transcripts might be due to read-through from the SV40
promoter on the common backbone (despite the down-regulation and presence of an
efficient polyadenylation signal). I constructed a plasmid lacking a promoter (i.e.,
0,EGFP.,pA). Any EGFP RNA detected with this minichromosome must result from

read-through from the SV40 promoter. EGFP signal is normalised relative to the
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intensity given by fluorescent reference beads; it is just above (Fig. 4.8B, red bars)
the irreducible background due to the autofluorescence seen in mock-transfected
cells (Fig. 4.8B; pink bar). I require foci to have intensities above a threshold just
above the maximum signal given by this read-through (i.e., by the green dotted line

in Fig. 4.8B).
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Fig. 4.8. Defining a focus

Plasmids were transfected, cells grown for 24 h, minichromosomal transcripts detected by
RNA FISH, and images collected.

A. Cells were transfected with IICMV,DSRed,pA. The total number of foci in the 200 tested
cells occupying 1-11 pixels (no focus is larger than 12 pixels) was binned (blue area); the
total pixels occupied in each bin are shown (deep red area). More than 85% of the foci area
was occupied by those larger than 4 pixels.

B. A threshold is set to discriminate between nuclear foci and background using cells
transfected with promoter-less 0,EGFP,pA. Some EGFP signal is nevertheless detected by
RNA FISH, and the average intensity of pixels in a focus (>4 pixels) was measured relative
to that of reference beads. The fraction of foci with relative intensities of 0-5, 6-10, etc. is
indicated. Intensities of mock-transfected and untransfected cells lie in the first bin (i.e., to
the left of the grey dotted line). Signal given by 0,EGFP,pA to the right of this grey line is
due to read-through from the SV40 early promoter into EGFP. I set a threshold at the
maximum due to this read-through (green dotted line), and with plasmids containing
promoters (e.g., II’™Y,EGFP,pA) only foci with intensities greater than this threshold are

considered (green arrow).



112

4.4.3 Minichromosomal transcripts are concentrated in foci

After optimisation of RNA FISH and establishing algorithms for image
analysis, | examined whether minichromosomes are transcribed in factories.

RNA FISH shows that both DsRed and Neo" transcripts are found mainly in
the cytoplasm. In more than 60% of the cells, both types of messages are
concentrated in nuclear foci against a general nuclear background (Fig. 4.9A-D).

Such nuclear foci (which can only be seen clearly in the insets) mark the high
concentration of nascent RNA at transcription sites, while the background represents
completed transcripts on their way to the cytoplasm (Dirks et al., 1993; Levsky et al.,
2002). Most RNA in such foci is nascent (i.e., still associated with engaged
polymerases), as transcripts leave transcription sites quickly (Iborra et al., 1998).

Inspection of the two nuclear foci in the inset in Fig 4.9 A-D reveals that each
contains red and green signal. Foci are deemed to colocalise if >25% of a focus of
either colour also contains a focus of the other colour. 95% EGFP RNA foci
colocalise with DsRed foci, and vice versa (Fig. 4.9D, bottom). As expected, these
two transcription units — which are both on the same chromosome and driven by
strong viral (pol II) promoters — are transcribed in the same place. I will not consider
the few transcripts from the (down-regulated) SV40 promoter from now on, as a
Neo" probe is not used and any readthrough into the test gene is below our threshold.

A nucleus transfected with I°™Y,EGFP,pA typically contains 23 + 6 foci
with an average area 7 + 3 pixels (Fig. 4.8A). This number is equivalent to the
number seen by DNA FISH (Fig. 4.5A).

I conclude a significant fraction of the plasmids are transcribed in foci.



113

One plasmid: 1™, EGFP, pA

EGFP transcripts

% red in green . Qg + 5; oF, green inred . g5+ 5§
Fig. 4.9. Nascent minichromosomal RNAs are found in nuclear foci

Cells were transfected with IICMV,DSRed,pA, grown for 24 h, minichromosomal transcripts
detected by RNA FISH, DNA counterstained with DAPI, and images collected. Two sets of
four views of one field are shown. The percentage (+SD) of green foci that overlap red foci,
and vice versa, is shown below. Bar: 5 um.

A. Three of the five cells (arrowhead) were untransfected, and contain no EGFP or Neo'
transcripts.

B-D. Transfected cells contain many cytoplasmic EGFP transcripts, but few Neo" transcripts.
The nuclei contain some red and green foci (marking nascent RNA at transcription sites),
against a general background (marking transcripts on their way to the cytoplasm). Inset: two
foci with both red and green fluorescence; this result is expected, as the plasmid encodes

both EGFP and Neo",
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Fig. 4.10. RNA FISH negative controls

Cells were transfected with HCMV,EGFP,pA, incubated = o-amanitin or = RNase, DNA
stained with DAPI, and EGFP transcripts detected by RNA FISH. Three sets of two views
of one field are shown. RNase and a-amanitin abolish EGFP signal indicating that RNA

made by pol II is detected in untreated cells. Bar: 10 pm.
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4.4.4 Negative controls

In order to confirm the signals detected in my RNA FISH experiments are
truly from RNA, I carried out two negative controls. In one, after fixation and before
hybridisation, cells were treated with RNase. Neither cytoplasmic mRNA nor
nuclear foci was seen after this treatment (Fig. 4.10 iii and iv), indicating the signals
were from RNA, not DNA or other non-specific signals. In the other, I treated cells
with an inhibitor of pol II — a-amanitin (Nguyen et al., 1996; Pombo et al., 1999).
Similarly, neither cytoplasmic mRNA nor nuclear foci was seen after this treatment

(Fig. 4.10 v and vi), indicating the RNA detected was produced by pol II.

4.5 Discussion

In this chapter, I established the method using replicating minichromosomes
as probes to detect transcription factories.

First, using ‘Southern’ blots and qPCR, I quantified the copy number of
minichromosomes and their transcripts. 24 h after transfection, minichromosomes
replicate to give more than 8,000 new copies per cell (Fig. 4.1). Plasmids encoding
different transcription units give similar numbers of DNA molecules (Fig. 4.2).
However, promoter differences and the presence of an intron result in different
transcript levels (Fig. 4.3), consistent with the variation in protein expression
determined by FACS (Fig. 4.4). The copy number obtained (~8,000) is higher than
CaPQOy4-mediated transfection (~2,000) (Jackson and Cook, 1993), possibly due to the
more immediate introduction of plasmid into cells. However, a significant fraction of
the 8,000 copies may nevertheless be assembled into minichromosomes but still be

transcriptionally inactive.
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Second, 1 wvisualised minichromosome DNA wusing DNA FISH.
Minichromosomes are concentrated in ~20 nuclear foci against a general background
(Fig. 4.5). Although copy number increases with time, the number of foci remains
constant, and the intensity inside foci increases, indicating the newly-replicated
minichromosomes remain close to their site of synthesis. Quantification of the
intensity of foci and the diffuse background revealed ~50% of minichromosomes
reside in foci. Therefore, each of the ~20 foci can contain 200 minichromosomes.
Several early studies support this finding. For example, (Nakamura et al., 1986;
Kennedy et al., 2000) showed nascent DNA is made in a limited number of
replication factories in the nucleus. Replicating adenoviruses (Pombo et al., 1994), as
well as SV40 viruses (Dean, 1997), are found in clusters. Moreover, SV40 DNA was
found in 20-30 foci in the nucleus after microinjection into the cytoplasm (Dean,
1997). Furthermore, Fackelmayer and colleagues found by FRAP that 70% plasmid
microinjected into COS-7 cells was immobile, and this fraction was also resistant to
salt extraction (Mearini et al., 2004). These findings suggest plasmids are replicated
in factories after transfection.

Next, I determined the optimal RNA FISH conditions for the maximum
detection sensitivity and specificity. Initially I observed two patterns of signal, one
diffusely spread and one in discrete foci. As I used progressively harsher conditions,
the fraction with the focal pattern increases. This is neither due to artificial
aggregation nor subtraction of RNA targets, since the total intensity in foci is higher
than that in the diffuse pattern (Fig. 4.7). I conclude the diffuse pattern arises from
limited detection.

I demonstrated nascent minichromosomal RNA 1is concentrated in ~20

nuclear foci against a general nuclear background (Fig. 4.9). RNase and a-amanitin
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controls showed that these RNA FISH signals were due to RNA made by pol II
(Fig.4.10).

Although minichromosomal DNA and RNA were not visualised
simultaneously, the number of transcription foci is nevertheless equivalent to the
number seen by DNA FISH (Fig. 4.5 and 4.9). I conclude most minichromosomes
are transcribed in factories. The diffuse background marks the soluble pool of
minichromosomes, presumably the transcriptionally-inert fraction (Jackson and
Cook, 1993). It is not clear if all the 200 copies in the cluster are transcriptionally
active. If all are active, there should be at least 200 engaged pols in a focus. This
number is far larger than 8, the average number of active molecules of pol II in a
typical factory in human, mouse, and newt cells. The foci visualised here may be a
cluster of several such factories, similar to the OPT domain which contains 3
factories (Pombo et al., 1998). After infection, many viral genomes are found to be
replicated and transcribed at the periphery of specific nuclear domains (ND10),
defined by accumulations of proteins that can be interferon-upregulated (Maul,
1998). ND10 may contain the necessary factors for viral replication, organising the
adjacent transcription factories into a large cluster. In addition, active globin genes
are organised and transcribed in an “active chromatin hub” (ACH) (Tolhuis et al.,
2002), also indicating highly transcribed genes are clustered together to be
transcribed, in a large transcription factory.

Do these plasmid replication sites colocalise with their transcription sites?
Several early studies indicated that transcription and replication occur in the same
sites (reviewed in (Hassan and Cook, 1994)). In this study, replicating plasmids and
their nascent transcripts were clustered in similar numbers of bright nuclear foci.

This supports the findings of (Hassan et al., 1994) that replication sites are
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transcriptionally active and transcription sites are replication-competent. However,
(Pombo et al., 1994) suggested replication sites of adenovirus were adjacent to, but
do not perfectly colocalise with their transcription sites. The question remains open,
and further experiments are needed (e.g. immuno-FISH localising proliferating cell
nuclear antigen (PCNA) and transcripts simultaneously).

Finally, RNA FISH indicated two transcription units on the same type of
plasmids are always transcribed in the same foci (Fig. 4.9). However, we can not
conclude whether the two types of transcripts are from the same minichromosome or
different individuals. Previous studies suggested that transcription of a gene can
interfere with transcription of another linked gene (Emerman and Temin, 1984;
Eszterhas et al., 2002). For example, introduction of a single copy of a bicistronic
provirus bearing two adjacent selective markers, each with its own promoter, leads to
cells resistant to one or the other selective agent but rarely both (Emerman and
Temin, 1984). In this case, EGFP and Neo' transcription units are on the same
plasmid (II"™V,EGFP,pA), and so are unlikely to be active at the same time.
Therefore, different transcription units controlled by viral CMV or SV40 early
promoter can be transcribed in the same factories.

In the next chapter, I go on to investigate whether minichromosomes
encoding different transcription units are transcribed in the same or different

factories.
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5 Promoters target genes to specific
transcription factories

5.1 Introduction

After transfecting replicating plasmids into COS-7 cells, most of the resulting
minichromosomes are transcribed in factories. As reviewed in Ch.1.1, different
genes possess different promoters and processing signals. Since much processing
occurs co-transcriptionally, appropriate machineries are required to be recruited
during transcription. Do all factories contain the same necessary components or do
they specialise in transcribing different genes?

Previous studies indicated pols I, II, and III have their own dedicated
transcription factories (Pombo et al., 1999). In mammalian cells, active pol I is
exclusively located in the nucleolus while active forms of pols II and III are both
present in the nucleoplasm. Does each factory contain a mixed population of pol II
and III, or is each enzyme found in a different dedicated factory? If pol II and III are
present in the same factory, after inhibiting pol II with a-amanitin, the number of
foci (detected after immunolabelling nascent RNA) should remain the same while
the intensity of foci falls. However, if pol II and III are found in separate factories,
site number will fall. Result showed they are found in separate factories (Pombo et
al., 1999). Furthermore, an antibody against pol IIp does not block access to nascent
Br-RNA made by pol 111, and vice versa. This result confirmed that active forms of
pol II and III are concentrated in spatially separated and dedicated factories (Pombo

et al., 1999).
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In this chapter, I will test if promoter affects choice of transcription factory

using a different method (RNA FISH).

5.2 Similar promoters are targeted to the same factories

I first examined two minichromosomes identical except for coding region —
™ EGFP,pA and II™Y,DsRed,pA (Fig. 5.1E-H). As before, transfected cells
contain high concentrations of mature mRNA of both types in the cytoplasm, as well
as ~20 nuclear foci against the nuclear background. 78% DsRed (nascent RNA) foci
colocalise with EGFP foci, and vice versa; minichromosomes with identical
promoters are transcribed in the same factories.

As most HCMV,EGFP,pA and IICMV,DSRed,pA transcription sites colocalise,
from now on, "™ DsRed,pA is used as a reference plasmid to compare with
various plasmids encoding EGFP.

Since 80% of the two plasmids sequences are identical, the colocalisation
might result from “homologous pairing” driven by base pairing (Kleckner, 1996). A
recent study using non-replicating plasmids encoding globin genes also made a
similar argument (Binnie et al., 2006). If this argument is correct, then substituting
the promoter region (~200 bp) with a different promoter — which does not

significantly affect homology — will not change the localisation of the two plasmids.
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One plasmid:
Il 5™V DsRed , pA
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Il €MV DsRed, pA
Il SMY, EGFP , pA
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Fig. 5.1. Similar promoters target minichromosomes to similar factories

Cells were transfected, grown for 24 h, minichromosomal transcripts detected by RNA FISH,
DNA counterstained with DAPI, and images collected. Two sets of four views of one field
are shown. Percentages (£SD) indicate green foci that overlap red foci, and vice versa. Bar:
5 um.

A-D. Transfection only with I, DsRed,pA. One cell (arrowhead) was untransfected. The
other nucleus contains some red (DsRed) and green (EGFP) transcription foci against a
general background. Inset: two foci with both red and green fluorescence.

E-H. Co-transfection with IICMV,DSRed,pA + IICMV,EGFP,pA; these differ solely in coding
region. The two central cells are transfected; they contain DSRed and EGFP RNA mainly in
the cytoplasm, and some in nuclear foci against a general background. Inset: the nuclear

focus contains both types of RNA.
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5.3 Polymerase I, Il, and Il units are transcribed in different
factories

Here I substitute only the promoter region of 'Y, EGFP,pA with a pol I or
III promoter. Few transcripts copied using the pol I promoter in I*° EGFP,pA are
found in prominent nucleoli (Fig. 5.2C) or the cytoplasm; instead, most are found in
38 £ 13 large nuclear foci (area 30 £ 13 pixels). However, few of these nuclear foci
colocalise with those containing nascent RNA encoded by II™Y,DsRed,pA (Fig. 5.2
A-D). Similarly, few transcripts copied from a pol III unit are cytoplasmic (Fig.
5.2G), and nuclei typically contain 16 + 5 small foci (area 6 & 3 pixels). Few of these
again colocalise with pol II foci (Fig. 5.2E-H). These results indicate active forms of
the three nuclear polymerases are each concentrated in their own dedicated factories,
consistent with possibility iii in Fig. 3. This confirms earlier results (Pombo et al.,
1999).

Pol I transcribes ribosomal cistrons in nucleoli (Ch.1.1.2). Therefore, one
might expect transcripts expressed from a pol I promoter to be concentrated in
nucleoli. However, most of the pol I minichromosomal foci are nucleoplasmic (Fig.
5.3 E-H). I further investigate the pol I foci using immuno-FISH. Immuno-labelling
of UBF, a pol I transcription factor, revealed discrete foci in both nucleoli and the
nucleoplasm (Fig. 5.3F). The nuclear pol I transcripts often colocalise with UBF (Fig.
5.3H), suggesting these foci are functionally active. This result is consistent with
another study, where artificial arrays of heterologous UBF-binding sequences at
ectopic sites on human chromosomes recruit UBF to sites outside the nucleolus, and
form pseudo-NORs; these are morphologically similar to the NORs seen during

metaphase (Mais et al., 2005).
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Fig. 5.2. Promoters can target minichromosomes to specific factories

Cells were co-transfected with II™Y DsRed,pA and the plasmid indicated, grown for 24 h,
transcripts detected by RNA FISH, and DNA counterstained with DAPI. Four views of one
field for each pair are shown. Percentages (=SD) indicate green foci that overlap red foci,
and vice versa. Arrows: non-colocalising foci. Bar: 5 um.

A-D. Pol I and II promoters target minichromosomes to different factories. The one
transfected cell contains DsRed (but not EGFP) RNA in the cytoplasm, and the nuclear foci
do not colocalise. Inset: foci do not colocalise (confirmed by low percentages).

E-H. Pol II and III units are targeted to different factories. The two transfected cells contain
both types of RNA in cytoplasm and nucleus. Inset: foci do not colocalise (also low

percentages).
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Fig. 5.3. Transcripts made from a polymerase | promoter colocalise with UBF

Cells transfected + I*5EGFP,pA were grown + a-amanitin, EGFP transcripts and UBF
detected by immuno-FISH, and DNA stained with DAPI. Four views of three fields are
shown. Bar: 5 um.

A-D. In untransfected cells, UBF is concentrated in nucleoli.

E-H. In transfected cells, UBF is found in additional nucleoplasmic sites that often contain
EGFP RNA.

I-L. o -amanitin has little effect on EGFP RNA, as expression is not controlled by a pol 11

promoter.
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To exclude the possibility that EGFP RNA was initiated from a cryptic pol II
promoter, I inhibited pol II with a-amanitin. RNA FISH results showed a-amanitin
had little effect on the level of EGFP transcripts, confirming that they were made by
pol I (Fig. 5.31-L). However, a-amanitin appears to disrupt the pol I foci into many

smaller foci.

5.4 Discussion

At the beginning of this chapter, I showed using co-transfection and RNA-
FISH that nascent minichromosomal RNAs made from the same promoters driving
different genes were nevertheless found in the same transcription foci (Fig.5.1).

Binnie et al. argued that homologous gene sequences mediate ‘transcription
domain’ formation (Binnie et al., 2006), but homologous promoter sequences are not
required for this formation. However, I substituted one pol II promoter region (~200
bp) with a pol I or III promoter and found the two plasmids no longer colocalised.
Thus, homology between the two transcription units is unlikely to be responsible for
the nuclear colocalisation; rather, it is functioning promoters that determine the
choice of transcription factory and so colocalisation.

In addition, I confirmed previous antibody blocking and transcription
inhibition results. Pol II and III transcription units are transcribed in different
factories (Fig. 5.2), strongly supporting hypothesis (iii) in Fig.3.1.

The finding that active forms of pols I, II, and III are found in their own
specialised factories can help explain why active pol III units can silence pol II units.
Transcription of tRNA™ (by pol I1I) silences URA3 (which is transcribed by pol II);

transcription of many other yeast tRNA genes also reduces the transcription of pol 11
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units lying within ~400 bp between three and fifty-fold (Bolton and Boeke, 2003).
Moreover, transcription of tRNA genes in centromeres inhibits transcription of
adjacent pol II units, while mutating the pol III promoter abolishes this effect (Scott
et al., 2006). We suggest that when pol II genes are flanked by a cluster of pol III
genes (e.g., encoding tRNAs), the active tRNA genes drive the locus into a pol III
factory in order to be transcribed; consequently, the neighbouring pol II genes may
be pulled out of pol II factories, and so silenced. Then, when pol III promoters are
deleted, the ties between the tRNA genes and the pol III factories disappear, so that

the pol II genes can now attach to a pol II factory and be transcribed (Fig.5.4).
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Fig. 5.4. Pol 111 units can silence pol Il units

A pol III transcription unit (green) lies adjacent to two pol II units (purple). Pols II and III
have their own specialised transcription factories (purple and green balls).

A. When the pol III unit is transcriptionally active, it attaches (arrow) to the pol III factory.
The two neighbouring pol II units are now distant from the pol II factories, and so silenced.
B. When the pol III unit is inactive (e.g., because of a mutation in its promoter), it detaches
(arrow) from the pol III factory. The two neighbouring pol II units are now able to reach the

pol II factories to be transcribed.
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6 Processing signals and introns target genes to
specific factories

6.1 Introduction

In the previous chapter, I confirmed that different pol I, II, and III units are
transcribed in their own dedicated factories. As different pol II transcripts are being
made, they are co-transcriptionally processed in different ways. For example, some
are capped and polyadenylated, others are not; some have introns that have to be
spliced, others do not; non-coding RNAs also require extensive modifications
(Ch.1.1.1). Do transcription factories further specialise in transcribing different
groups of pol II genes? Various evidences suggest they do (Ch.1.4.6).

In this chapter, I continue with the same strategy and methods. As ~80%
minichromosomes encoding a CMV pol II promoter (regardless of whether it drives
EGFP or DsRed) are transcribed in the same ~20 foci (Fig. 5.1), I use the same
reference plasmid (II°™V,DsRed,pA) in all co-transfections. I test if processing

signals affects choice of transcription factory.

6.2 RNU2 minichromosomes are transcribed in special factories

I first compared two very different pol II units. The U2G transcription unit
contains a functional U2 promoter including a PSE and DSE and its own enhancer
(Cuello et al., 1999; Smith and Lawrence, 2000; Matera et al., 2007); this makes it
quite different from most pol II promoters driving protein-coding genes. U2

sequences from +28 to +169 were replaced with B-globin exon 3 sequences (from
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151 to 7 bp upstream from the poly(A) site) to enable me to distinguish plasmid
sequences from those in endogenous U2 genes (Medlin et al., 2003). The plasmid
also contains the full 3* processing sequences of the U2 gene (Cuello et al., 1999).

I co-transfected a reference plasmid II™Y,DsRed,pA — which encodes a
“standard” intron-less unit — and the test plasmid I11"2,U2G,3’box (Fig. 6.1A-D).
After co-transfection, most “standard” (DsRed) transcripts are cytoplasmic, while
most U2G transcripts are nuclear. This is expected; “standard” messages are
exported to accumulate in the cytoplasm, while U2G transcripts are detected using a
probe complementary to sequences in the pre-U2 RNA that are removed rapidly and
degraded (Medlin et al., 2003).

Most nuclear RNA of both types is again found in foci, but now <6% foci
colocalise (Fig. 6.1A-D); U2G units are transcribed in different factories from CMV
units, consistent with possibility (iii) in Fig. 3.1. There are 23 + 6 and 15 + 4 DsRed
and U2G nuclear foci of similar area (7 & 3 pixels), respectively.

This experiment was repeated using II°™Y,DsRed,pA and I1V*"",U2G,3 box —
the only difference being the replacement of 12 bp in the U2 promoter with
irrelevant sequence that destroys promoter activity (Cuello et al., 1999); no U2G
transcripts are now detected (not shown), so those seen previously cannot be

produced from a cryptic promoter.
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Fig. 6.1. Different pol Il units target different factories

Cells were co-transfected with IICMV,DSRed,pA and I1Y%,U2G,3’box, grown for 24 h,
transcripts detected by RNA FISH, DNA counterstained with DAPI, and images collected. A.
Four views of one field are shown. Below: percentages (£SD) of green foci that overlap red
foci, and vice versa. Arrows: non-colocalising foci. Bar: 5 um.

B. One transfected cell contains DsRed transcripts in the cytoplasm, and in nuclear foci.

C. Pre-U2 transcripts (host and minichromosomal) are detected by the pre-U2 probe (Smith
and Lawrence, 2000). They are found in nuclear foci in both transfected and untransfected
cells.

D. Merge of B and C. Inset: nuclear foci do not colocalise (confirmed by low percentages

below).
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6.3 Introns target genes to special factories

Next I examined if introns also affect localisation. HCMV,EGFPV,pA, is
essentially similar to ™Y EG FP,pA, the only difference being the addition of the
globin intron 2 to the end of the EGFP unit. Expression levels of the two plasmids
after introduction into cells is different; quantitative RT-PCR and FACS show that
transcripts from the intron-containing unit and the resulting protein are present in
higher quantities (Fig. 4.3 and 4.4, see also (Brinster et al., 1988)).

After co-transfection with the reference plasmid II™Y DsRed,pA, transcripts
copied from IICMV,DSRed,pA and HCMV,EGFPV,pA are both found mainly in the
cytoplasm (Fig. 6.2B-D). Both intron-containing and intron-less nascent RNA are
also found in ~20 nuclear foci of similar size and intensity. There are 21 + 4 and 23 +
6 intron-containing and intron-less nuclear foci of 6 £ 3 and 7 + 3 pixels,
respectively.

But although flanked by the same promoter and 3’ signals, ~80% of them are
found in different factories, and only ~20% colocalise (Fig. 6.2B-D).

If intron-encoding minichromosomes are transcribed in specialised factories,
then those factories must contain the necessary splicing machineries. I therefore
carried out immuno-FISH to visualise SC-35 (a splicing factor) and EGFP RNA

simultaneously.
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Fig. 6.2. Introns can target minichromosomes to specific factories

Cells were co-transfected with IICMV,DSRed,pA and IICMV,EGFPV,pA, grown for 24 h,
transcripts detected by RNA FISH, and DNA counterstained with DAPI.

A. Four views of one field are shown. Below: percentages (=SD) of green foci that overlap
red foci, and vice versa. Arrows: non-colocalising foci. Bar: 5 um.

B-D. Both cells contain DsRed and EGFP transcripts in cytoplasm and nucleus. Inset: upper
focus contains both types, the lower one only EGFP (infrequent colocalisation is reflected

by low percentages below).
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Fig. 6.3. Intron-containing RNA colocalises with faint SC-35 foci

Cells were transfected with II°™Y,EGFPy,pA, grown for 24 h, EGFP transcripts and splicing
factor SC-35 detected by immuno-FISH, and DNA stained with DAPI. Four views of one
field are shown. Inset: EGFP transcripts (arrowhead) colocalise with the many faint

speckles containing SC-35, but not the few bright ones. Bar: 5 um.
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As expected, SC-35 is diffusely spread in the nucleus, as well as concentrated
in a few discrete large “speckles”; it is not found in nucleoli (Lamond and Spector,
2003; Xie et al., 2006). Intron-containing foci contain some SC-35, but they do not
generally colocalise with the brightest “speckles” (Fig. 6.3); instead they are often
found at the periphery of speckles. This result confirms speckles are not active sites
of transcription (Xie et al., 2006); they are more likely to be involved in the storage
of splicing components. Factories located close to speckles may then have easier

access to these stores.

6.4 Discussion

In this chapter, using co-transfection and RNA-FISH, I found transcription
factories containing pol II further specialise.

First, minichromosomal U2 transcription units are transcribed in different
factories from those with CMV promoters (Fig. 6.1), although both promoters are
pol II specific. This result suggests that promoter recognition plays an important role
in targeting transcription units to the correct factories. Presumably the PIC
recognises some ‘code’ in the promoter containing the information about the specific
factors needed during transcription and/or processing. If the minichromosome binds
to the ‘wrong’ factory, we imagine that the PIC is unstable and productive
transcription does not occur; through re-iterative binding and dissociation, the
transcription unit will eventually reach the ‘correct’ factory where it can initiate
productively. This hypothesis is supported by an earlier study using artificial tandem
arrays, where U2 genes are often found associated with Cajal bodies, and a mutation

on the promoter abolish this colocalisation (Frey et al., 1999). Since Cajal bodies are
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rich in factors involved in snRNP biogenesis (Ch.1.2.4), factories located close to
Cajal bodies ensure a rapid exchange of the necessary factors to process U2
transcripts.

Next, I showed the presence of an intron in the minichromosome also affects
localisation. Most minichromosomes with an intron (i.e., 80%) are transcribed in
different factories from those with the same promoters and transcription units but
without an intron (Fig. 6.2). We now know that splicing is a co-transcriptional event,
and that the phosphorylated pol I CTD is responsible for co-regulating transcription
and processing (Proudfoot et al., 2002). If introns communicate with promoters
through looping on transcriptional initiation, this might stabilise binding of gene
locus to factories containing the appropriate processing factors.

Where are the intron-specific factories located? Some transiently transfected
HeLa cells contained large clusters of plasmids bearing an intron, which perfectly
colocalise with SC-35 domains (Huang and Spector, 1996); while those lacking an
intron do not. However, my immuno-FISH result suggested the transcription sites
were adjacent to, but do not colocalise with, splicing speckles (Fig. 6.3); this is in
accord with a recent study that splicing speckles are not sites of transcription (Xie et
al., 20006).

An interesting question remains. How does the polymerase ‘know’ whether
the transcription unit contains an intron before transcription takes place? I
hypothesise here that minichromosomes carry a certain type of “mark” that directs
them to specific factories (Fig. 6.4). Newly-synthesised minichromosomes encoding
an intron are unmarked (left). But once transcribed in the ‘correct’ factory (above),
the intron is spliced, and the transcribed unit becomes marked (right), ensuring it

targets the correct factory during the next transcription cycle. If the minichromosome
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reaches the wrong factory (below), abortive transcription occurs; the transcription
unit remains unmarked and returns to the unmarked pool (left).

The marking process probably occurs slowly so that transcripts generated on
binding to the ‘wrong’ factory can be detected (i.e., before they are degraded, or
exported). This may explain the ~20% colocalisation seen between
minichromosomes with and without an intron. Presumably, the “marks” are
epigenetic codes (i.e., certain combinations of histone modifications). So far, we
know little about histone modifications in intronic regions.

Another explanation of introns targeting specific factories is related to the
regulatory elements in the intron. The HBB intron 2 sequences contain an intragenic
enhancer and a separate potential MAR element (Rubin et al., 2000; Carter et al.,
2002). The transcriptional regulatory elements could potentially direct the intron-
containing minichromosome to special factories even though it has an identical
promoter to the intron-less construct. To conclude that the presence of an intron per
se is important in transcription localisation, an intron which does not contain
regulatory elements should be used as a control. However, the presence of such an
intron is worth questioning. Many introns may contain regulatory elements that
remain to be identified.

In conclusion, pol II factories further specialise in transcribing genes
containing introns, and non-coding U snRNAs. Transcription units must associate

with the correct factory before they can be transcribed.
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Fig. 6.4. Model: introns target minichromosomes to specific factories

Newly-synthesised minichromosomes are unmarked (left, green nucleosomes). After
transcription in the correct factory (above), the intron is spliced, and the transcribed unit
marked (right, orange nucleosomes) to ensure it targets the correct factory during the next
transcription cycle. If the minichromosome goes to the wrong factory (below), it is

transcribed without becoming marked, and so will return to the unmarked pool (left).
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7 Minichromosomes with similar promoters
are in close proximity

7.1 Introduction

Using RNA FISH, I demonstrated that promoters and the presence of an
intron strongly affected nuclear location of minichromosomes (Ch.4 and 5). In this
chapter, I use chromosome conformation capture (3C) to verify the FISH result.

3C has been proven a powerful method to investigate chromatin structure in
vivo (Dekker et al., 2002). The recent advancement of 3C enables a genome wide
view of inter- and intra- chromatin interactions (de Laat, 2007; Ohlsson and Gondor,
2007). However, 3C has hardly been used for minichromosomes. Here I first
established a ChIP-3C method to evaluate minichromosome proximity. Then I went
on to test whether minichromosomes with the same promoters are in closer
proximity than the ones with different promoters. Finally I examined if
minichromosomes encoding a specific gene (i.e. RNU2) lie close to the endogenous

gene locus.
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Fig. 7.1. Minichromosome proximity detected by 3C

A. Conventional 3C method. Chromatin is first cross-linked by formaldehyde. After

restriction digestion, chromatin is diluted so that intramolecular ligation is favoured. Specific

ligation product is detected using qPCR after reversal of the cross-links. The yellow mark

indicates restriction sites. Adapted from (Dekker et al., 2002).

B. Detecting proximity of minichromosomes with different promoters using 3C. Two

separate co-transfections were carried out: in one, IICMV,DSRed,pA + IICMV,EGFP,pA and in

another IICMV,DSRed,pA + III7SK,EGFP,pT. Standard 3C procedures performed as in A.
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7.2 Establishing the ChIP-3C method for plasmids

7.2.1 Preliminary 3C

A scheme of the conventional 3C method is shown in Fig. 7.1A. Dilution of
the cross-linked chromatin after restriction digestion is critical. It is essential that the
dilution is sufficient to favour an intramolecular ligation in the next step.

I wish to compare if minichromosomes with similar promoters are in closer
proximity than the ones with different ones. Therefore, I co-transfected cells with
plasmids encoding DsRed and EGFP, either driven by two similar pol II promoters
or a pol II and III promoter. I then used 3C to test how close DsRed genes are to
EGFP genes (Fig. 7.1B).

Preliminary experiments revealed that DsRed lay significantly closer
(p=0.0321, unpaired t-test) to EGFP in a Il + II combination (i.e., I"™¥,DsRed,pA +
™Y EGFP,pA), than a II + III combination (II™"V,DsRed,pA + III"** EGFP,pT)

(Fig.7.2).
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Fig. 7.2. Minichromosomes with similar promoters lie close together

Cells were transfected with (IIVV,DsRed,pA + I EGFP,pT) (yellow) or
(1™, DsRed,pA + II™Y EGFP,pA) (blue), fixed after 24 h, lysed, and digested with BamHI,
ligated, DNA purified, and PCR performed using specific primers.

A. Dilution series of 3C products. Image illustrates gels containing amplimers. Mock-
transfected cells served as a negative control (lane 7). More DsRed:EGFP 3C products are
seen when promoters are identical (lanes 4-6; compare with lanes 1-3).

B. Quantification of A. DsRed:EGFP 3C product between two minichromosomes with

identical promoters (blue) is two fold that found with different promoters (yellow).
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7.22 ChlIP-3C

As inactive DNA (i.e., naked input and/or minichromosomes in the diffuse
nuclear background) probably masks even larger differences, 1 first select the
transcriptionally-active fraction by chromatin immunoprecipitation (ChIP).

The ChIP-3C (Cai et al., 2006) is shown in Fig. 7.3A. Tri-methyl K4 in
histone H3 marks the actively-transcribed chromatin (Barski et al., 2007). I added a
ChIP step after fixation using a ™™™ H3K4 antibody, before the active fraction of
chromatin (from both endogenous and minichromosomes) is selected using protein
G beads. As the stringency of washes directly affects the performance of ChIP, I

analyse both the supernatant and pellet.

7.2.3 3C controls

Although the 3C method is in principle straightforward, it nevertheless
requires carefully designed controls (Dekker, 2006). The final result of 3C is
represented by a relative crosslinking frequency, which corrects for differences in
PCR efficiencies, crosslinking and ligation efficiencies, amounts of template, and

size of PCR fragments (Fig. 7.3B). All controls are described below.
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Fig. 7.3. ChIP-3C

A. Detecting proximity of minichromosomes with different promoters using ChIP-3C.
Transfections were carried out as in Fig. 7.1B. A ChIP step was added after fixation before
restriction digestion to reduce input background.

B. Equation used to calculate relative crosslinking frequency between two
minichromosomes [X(mini)]. A(mini): intensity of PCR signal (determined with Imagel)
obtained with a given DsRed:EGFP ligation product. A(ALDOA): intensity of PCR signal
obtained with the ALDOA:ALDOA ligation product. A(mini) and A(ALDOA) are determined
for both in vivo and the PCR control in vitro. A(Neo"): intensity of PCR signal obtained with
Neo" on the common backbone. This controls for plasmid copy number. The calculation
gives a relative crosslinking frequency for each sample since it corrects for differences in
PCR amplification efficiencies, crosslinking and ligation efficiencies, amounts of template,

and size of PCR fragments (Tolhuis et al., 2002).
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7.2.3.1 Internal control

The housekeeping gene ALDOA (aldolase A; Macaca mulatta; MMUL 1.0,
Feb 2006; Chr20 at location 28,031,923-28,050,811) is used as an internal control to
validate the 3C method. The primers were designed to flank more than two
restriction sites covering > 2,000 bp. If the method is valid, a PCR product of an

expected size (~400 bp) is produced.

7.2.3.2 PCR efficiency control

Control ligation products were prepared by mixing equimolar amounts of
multiple plasmids containing the restriction sites. The mixture was digested with
BamHI or Pstl and ligated to generate a library of randomly-ligated control
fragments. The specificity of the 3C primers was tested by PCR using 2 ng of the
randomly-ligated control fragment with 200 ng of genomic DNA for 30 cycles.
Plasmid pTP18 (Pavelitz et al.,, 1995) and a BAC (RP-11-114A14, BACPAC
Resources Center, Oakland, CA) were used as sources of host U2 and ALDOA DNA

respectively.

7.2.3.3 Copy number control

The number of plasmids per cell was also taken into account, in order to
eliminate differences between each transfection. Copy numbers are normalised to the

PCR product given by Neo', encoded on the common backbone of all plasmids.
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7.3 Minichromosomes with similar promoters target the same factories

I next use ChIP-3C to compare how close DsRed genes are to EGFP genes in
cells co-transfected with plasmids encoding either two similar pol II promoters (i.e.,
1™V DsRed,pA + II™Y EGFP,pA) or a pol II and III promoter (II™Y,DsRed,pA +
111" EGFP,pT). DsRed:EGFP 3C products are seen in both supernatant and pellet
(Fig. 7.4, rows 1,3), consistent with the presence of inactive DNA in the supernatant.
More such products are seen in the pellet (the active fraction) when promoters are
similar (row 3). In contrast, ALDOA is an active (endogenous) housekeeping gene
and no ALDOA:ALDOA 3C products are seen in the supernatant (row 2); moreover,
pellets from both combinations yield similar levels (row 5). The average of 4
independent experiments confirms the II + II combination gives 6-fold more
DsRed:EGFP 3C product than the II + III combination (row 7). I conclude that
minichromosomes bearing similar promoters are more likely to be in close proximity.
This strongly supports the conclusion from RNA FISH — transcription factories

specialise in transcribing genes controlled by different promoters.
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Fig. 7.4. ChIP-3C: minichromosomes with similar promoters lie together

Cells were co-transfected with IICMV,DSRed,pA + IICMV,EGFP,pA I + II) or
IICMV,DSRed,pA + I"* EG FP,pT (II + III), grown for 24 (rows 1-7), treated = cross-linker,
active and inactive chromatin separated by ChIP (using an antibody against tri-methyl K4 in
H3), and proximity between DsRed and EGFP genes assessed by 3C. Images illustrate gels
containing amplimers, while row 7 gives the relative cross-linking frequency. Amounts of
3C amplimers in bands were determined by reference to equivalent weights of DNA, and
normalized relative to ALDOA:ALDOA levels (ALDOA is an active endogenous
housekeeping gene) and amplification efficiency.

DsRed:EGFP products are obtained from both supernatant and pellet (rows 1,3), consistent
with naked input and/or active minichromosomes in the supernatant; they are seen only after
cross-linking (X-link; rows 1,4), and more are seen in the pellet when promoters are
identical (row 3, compare left and right lanes). ALDOA:ALDOA 3C products are seen only in
the pellet (rows 2,5) and in similar amounts in both combinations (row 5). Amplimers are
obtained in roughly equal amounts using the same primers and synthetic 3C templates made
by ligating equimolar amounts of pure DNA from relevant genes (row 6). Minichromosomes
bearing identical promoters (i.e., I + II) yield 6-fold more 3C product than those encoding

different ones (i.e., Il + III; row 7), indicating they lie closer together.
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7.4 Similar host- and minichromosomal units lie together

Next, I wished to know if active minichromosomes organise their own
factories, or share the same factories with the host genes. Here I transfect plasmids
with either the U2 or CMV units, and assess the proximity between the common
plasmid backbone and host U2 units using ChIP-3C. As both kinds of plasmids
replicate to give ~8000 copies at 24 h (Ch.4.2), inactive background may confuse the
result. Therefore, I choose an earlier time point (8 h), when there are fewer copies
(Fig.4.2).

As Fig. 7.5 shows, 9-fold more plasmid:host 3C product was obtained with
the U2 unit than the CMV unit. This confirms the FISH results, and suggests
minichromosomal and host genes bearing similar U2 units are transcribed in the

same factory.
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pellet X-link U2 CMV
1 plasmid : host U2 + -_—
2 plasmid : host U2 -
4 PCR control - — —
5 transfection control ( Neo') = -_—
6 relative cross-linking

frequency (% SD, n=4) 9+2 1

Fig. 7.5. ChIP-3C: similar genes in host and minichromosomes lie together

Cells were co-transfected with I1"2,U2G,3” box (U2) or II"™Y,EGFP,pA (CMV), grown for 8
h (rows 1-6), treated + cross-linker, active and inactive chromatin separated by ChIP (using
an antibody against tri-methyl K4 in H3), and proximity between plasmid backbone and
sequences flanking host U2 genes assessed by 3C. Images illustrate gels containing
amplimers, while row 6 gives the relative cross-linking frequency. Amounts of 3C
amplimers in bands were determined by reference to equivalent weights of DNA, and
normalized relative to ALDOA:ALDOA levels and amplification efficiency.

More plasmid:host 3C products are seen with the U2 plasmid (row 1, compare left lane with
the right). In contrast, amplimers from ALDOA:ALDOA, from synthetic 3C templates, and
from the Neo" gene on the backbone (a control for transfection efficiency) are all obtained in
roughly equal amounts (rows 3-5). Minichromosomes bearing U2G units lie closer to host
U2 units than those encoding CMV units, and so yield 9-fold more (plasmid:U2) 3C product
(row 6).
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7.5 Discussion

In this chapter, I first established 3C methods to determine proximity
between minichromosomes, as well as between mini- and host-chromosomes (Fig.
7.2). In addition to conventional 3C, a ChIP using an antibody against ™™™ H3K4
was used to eliminate the transcriptional-inactive background.

ChIP-3C showed minichromosomes bearing identical promoters (i.e., I + II)
yield 6-fold more 3C product than those encoding different ones (i.e., I + III; Fig.
7.4); this confirms that minichromosomes with the same promoters lies closer
together than those with different promoters. This verified the RNA FISH result
(Ch.5.3).

This result with minichromosomes is supported by several studies. For
example, artificial tandem arrays of human Ul and U2 snRNA genes colocalise in
the same factories on Cajal bodies, and the association is abolished by promoter
mutations (Frey et al., 1999). Moreover, a- and 3-globin transcription units are often
found in close proximity, and the interaction is transcription-dependent (Brown et al.,
2006).

Moreover, ChIP-3C demonstrated mini- and host-chromosomes bearing
similar transcription units (i.e., RNU2) lie close to each other. Minichromosomes
with a U2 unit generate 9-fold more plasmid:host 3C product than those with the
CMV unit (Fig. 7.5). This is consistent with active minichromosomes sharing the
same factories with similar host genes, and further validates the use of

minichromosomes as probes to detect specialised transcription factories.
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So far, I used two independent methods (RNA FISH and 3C) to demonstrate
that pol I, II, and III units are transcribed in their own dedicated factories, and that

pol II factories further specialise in transcribing different subsets of genes.
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8 Direct visualisation of a transcription wave

8.1 Introduction

The mRNA expression profile of the human genome (i.e., transcriptome) in
various tissues has been extensively studied using microarrays (Caron et al., 2001;
Purmann et al., 2007). However, little is known about how nascent transcripts are
made in real time. As reviewed in Ch.1.1.1, nascent RNA is co-transcriptionally
processed, and most introns are rapidly degraded; as a result, nascent RNA is hard to
detect. However, an inducible system and the presence of genes with exceptionally
long introns provide a window of opportunity to study transcript production in detail.
This study represents the collaboration with T Kodama’s group in Tokyo
(Laboratory for Systems Biology and Medicine, Research Centre for Advanced
Science and Technology, The University of Tokyo). They performed all the
microarray studies that will be described; they also provided me with fixed cells that
I then analysed using RNA FISH.

In human vascular endothelial cells (HUVECs), TNFa induces a cascade of
gene expression, mediating the inflammatory response such as the migration,
adhesion and transmigration of leukocytes (Aggarwal, 2003; Minami et al., 2004;
Janes et al., 2006). Using traditional oligonucleotide microarrays (i.e., an Affymetrix
U133 plus 2.0 (U133)), the levels of ~500 transcripts were shown by my
collaborators to change significantly when TNFa is added to HUVECs. Among
these, SAMDA4 (222,209 bp, Chr13) and EXT1 (312,453 bp, Chrl4) are very long

genes containing multiple long (~150 kb) introns.
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Fig. 8.1. A transcription wave visualised using microarrays

A. Affymetrix U133 plus 2.0 array (samples collected every 15 min after stimulation)
Levels of intron 1 (green), 2 (blue), and 7 (red) RNA, plus those of mature mRNA (black),
are indicated.

B. Tiling arrays (samples collected every 7.5 min after stimulation). Transcripts detected by
intronic and exonic probes are indicated by red and yellow needles, probe positions are

shown from left to right, and time after stimulation from top to bottom. Blue arrows: start

and end of first wave.
(Adapted from T. Kodama et al., manuscript submitted).



153

The level of SAMD4 mRNA increases 2.5 times between 90-150 min after
stimulation, indicating a stable accumulation of mature mRNA (Fig. 8.1A). I mainly
analyse nascent transcripts during the first 90 min — before the time when mRNA
levels begin to rise.

T Kodama and his group used a 25-mer oligonucleotide tiling array covering
the whole of SAMDA4; probes were spaced every 13 nt (except for repeated regions,
and those containing high or low GC content). Cells were collected every 7.5 min
after stimulation with TNFa, RNA isolated, and applied to the microarray. Att=0
min, essentially no signal was given by any SAMD4 probes on the array (targeting
either the sense or anti-sense strand). However, soon after stimulation, signal was
seen with probes at the immediate 5° end of the gene; a wave of signal then moved
progressively down the gene over time (Fig. 8.1B). Similar profiles were seen in
other long genes stimulated by TNFa (i.e., ZFPM2, EXT1, ALCAM, and
NFKB1) (not shown). Signals given by only a few of the many thousands of probes
on the array are given in Fig. 8.1A. One probe set targeting an intron one-third of
the way down SAMD4 yielded a wave of signal that appeared between 30-60 min;
between 120-180 min, a second wave appeared (Fig. 8.1A, probe 230503 at, green
curve). The first wave reaches an intron two-thirds of the way into the gene later
(probe 214967 at, blue curve), and a near-terminal intron later still (probe
235756 _at, red curve). Movement of the first wave is consistent with passage of a
polymerase down the gene coupled to rapid degradation of intronic RNA once the
polymerase passes. In contrast, the timing of second wave does not change, and
must result from polymerases that initiate at additional promoters and/or complex
effects on transcript stability. In this chapter, I used intron-RNA FISH to validate

the tiling array results.
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8.2 Establishing the intron-RNA FISH method

8.2.1 Designing probes

Five 50-mer probes were synthesised (Gene Design, Tokyo, Japan) for each
target (SAMD4: intronla, 1b, 7 (Fig. 8.3A); EDNL1;) as described (Femino et al.,
2003) (see Ch.2 chemical labelling); each set of 5 50-mers targeted ~600 nt. The
targets were selected because they provided strong signals in the tiling arrays. Probe
sequences, location, and targets are listed in Table 8.1 and 8.2. Every 10 nt, a T was
substituted by an amino-modifier C6-dT, and labelled with Cy3 or Alexa 488. The

labelling efficiency of SAMD4 and EDN1 probes is 23 and 20 per 250 nt respectively.
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Table 8.1. FISH probes for SAMD4

Intron  Sequence Start End Strand

la C(T)AATTACTCTAA(T)CCTGCCATTCC(T)AA 54138070 54138119  +
GCCAGGTGA(T)GGCCCTTTGA(M)T

la AGAGTG(T)CTGAGGGGT(T)AGAGTATTC(T) 54138250 54138299  +
CTCCAAGTCA(T)CAGCCTTGGT(T)T

la (T)GGTTGCCAGA(T)GCCTTCGGAG(T)TTTC 54138392 54138441  +
TTCTT(T)CTCTAAGGAC(T)TAGCAC

la (T)GTCCTGCTT(T)CTCCTTTGTT(T)CTACATT 54138446 54138495  +
GCT(T)CCCTCAATTT(T)CTCTCC

la GCA(T)TGATTCCACAG(T)TATCTAATCCA(T) 54138589 54138638  +
GGCCAGCCAG(T)CCCACATTCC(T)

1b GTCC(T)GAGATCCAA(T)GCCACTCCCTA(T) 54219630 54219679  +
TTCATCCCCT(T)CAGGGGTACC(T)G

1b C(T)CTATCCTGCC(T)CACAAAGGC(T)CGCA 54219687 54219736  +
CCTGTA(T)TTTCAGCCA(T)CCCTAT

1b GCCA(T)CCACTTGGGTC(T)TCTGGGAGAC( 54219747 54219796  +
T)CTCACTAACC(T)GGCATGGTCC(T)

1b GTCA(T)GATCTTAGAAA(T)CCTATGTGAC(T) 54219797 54219846  +
GCCTTGGGC(T)CCAGACATCAC(T)

1b (T)YCCTGATCTCA(T)GACCAGCATT(T)TTCCT 54219852 54219901  +
CAATC(T)TTCTTGGAAC(T)ATCCC

1c ATAG(T)AGCGAGACT(T)TATCAACAG(T)GA 54147087 54147136  +
GTTAGTG(T)TACAGGTGAC(T)TGGC

1c GGAA(T)TTCTGCCCAC(T)CGGAAGGCCAC( 54147804 54147857  +
T)GGTGTCCTGAG(T)GTTGCTCAT(T)CAGC

1c AGGC(T)ACGATTTTTA(T)GTAAAGGCTGA(T 54147866 54147917  +
JTAAGTGGTT(T)GCTGGGATC(T)GGAG

1c CGCC(T)GGCCCCAAC(T)GGCTTATTT(T)CT 54148022 54148071 +
GTCAAAC(T)CAGTGTTTGA(T)AGAA

1c GGTT(T)CACCATGTTA(T)CCAGGCTGG(T)C 54148121 54148171 +
TCGAACTCT(T)GACCTCAAG(T)CATC

1d CTTC(T)GAGACTCATGC(T)ATTGCCCAGGC( 54240283 54240335 +
T)GAAGTGCAA(T)GGCACAATC(T)CATC

1d GCAA(T)ATCAATGCAG(T)ATCTTCAGTG(T)T 54240472 54240525  +
TGCTTGGTTA(T)TCCACTGAGG(T)ACTG

1d CTGT(T)CCTGCTGGA(T)TATAGTCTG(T)GAA 54240631 54240682  +
AGACAGTG(T)CATCAGAACC(T)CTTA

1d AGCC(T)CCAAGTCCTTT(T)CACTCAAGTAT( 54241064 54241118 +
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1d

la

la

la

la

la

1b

1b

1b

1b

1b

T)ACATAGGGGT(T)CAGAGGTCAG(T)AAGG
TGAA(T)GAAACTTTC(T)GGAGGGGAGA(T)C
TGAGCTCTT(T)GATCTTCTC(T)GATG
ATTC(T)TCACTGTGT(T)CTTGCTTTC(T)CTTC
CTTTG(T)CGCTTTTTCC(T)GGCC
TGCC(T)AATTCTCTCAC(T)ACTGTAACC(T)G
CCTAGGTGC(T)CAGTAAGTATC(T)
GCTG(T)GATGGCCTG(T)TTCTTTCTG(T)CTC
ACCCCT(T)CTCTCACTAC(T)GTAA
CTGC(T)CCTCTGTGC(T)CCAGGGCAC(T)CA
GGGATGACC(T)TATCAGAGGCT(T)T
C(T)CAGCTGTCT(T)GAGGCAAGG(T)GGACA
GTACC(T)TGTCCTCCAA(T)ATCAAT
GGAA(T)CAATGCCCTTT(T)ACTTGGGACA(T
)CTTTCCAAG(T)CTGGATTAT(T)TC
CAGGGA(T)GAAGATACT(T)CCTTTCCTG(T)
CTGTTCTAG(T)CTCTTCTGG(T)TGC
CTTG(T)GGGAATGACA(T)GAGTAGCCCCA(
T)GGACAGAAACC(T)TCTCAGCCC(T)
CTTACA(T)TCTCTCTCAG(T)TCATGCCTG(T)
CAGGCTAAA(T)GTCTGGATCC(T)T
TACT(T)CAAGTGCACAC(T)GGGGACCAG(T)
ATCAAGGACA(T)CACCTGAGA(T)CT
TTTA(T)GACTGCCGCAA(T)ATCCCACTT(T)A
GGAGGAAA(T)GCAGAGCCAT(T)GA
AATAAT(T)ATGCTGTCA(T)AACATGCAG(T)
ACCTGGGTC(T)AGGACTGGCC(T)TA
(TYGAACATGTGCC(T)GAGGTAGGTAT(T)TC
ATTAGTGTG(T)GACTCAGGAA(T)CT
TTCTTA(T)CCCACAATG(T)TTGGGGTTG(T)G
GCCTTTAA(T)GTTTGGGAT(T)GTG
ACTTGC(T)CAGTTCCATG(T)CGGCCTCCTG(
T)CTCTTCTGT(T)TGATTCCAT(T)T
TTATTA(T)CCTCAGTTTC(T)AGGAGGCAC(T)
GAGTCTTGGG(T)AGAGGGGCA(T)G
CGTGTG(T)AGCTGGACA(T)GCAGGGAGCA(
T)CACCAACCAA(T)GAGAGGGAC(T)G
CGCC(T)CCTAGCCCACC(T)TGATGCATA(T)
TCTTAATGGCA(T)CTGGCTAAGG(T)

54241181

54302708

54302779

54302831

54302890

54303206

54138628

54138874

54138990

54139289

54139341

54218373

54218436

54218509

54218570

54218723

54304865

54305126

54305195

54241231

54302757

54302828

54302880

54302939

54303255

54138677

54138923

54139039

54139338

54139390

54218422

54218485

54218558

54218619

54218772

54304914

54305175

54305244
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G(T)TTGTAAGTCC(T)CAATGACGTT(T)CTGC 54305261

CACATGA(T)TAACATCCT(T)CTGC
TTCTCC(T)GGTATTTAGG(T)CCTTAAAGA(T)
TCAGCATCAC(T)GGGAGACAAC(T)

54305325

54305310

54305374

SAMD4 is located on Chrl4. (T) is amine-C6-dT. The location of intron la, 1b and 7 is

illustrated in Fig. 8.3A. 1c and 1d are probes for future experiments (see Ch.8.6)

Table 8.2. FISH probes for EDN1

Intron  Sequence Start End Strand

3 C(T)CA(T)AGCCAGAGGGC(T)CTCCAATAAT 12401546 12401597 +
(T)TCCAATGTG(T)CCATTTTCA(T)TCTC

3 CTCC(T)TGTGGTTTT(T)GGTGTGGTT(T)GAT 12401445 12401493  +
ATTGTT(T)GGATTTTGG(T)CCTC

3 AATG(T)GTGCTTGTT(T)ATGACTGCTCCGA 12401362 12401412 +
CAGATGA(T)GAACTAGTG(T)CCAG

3 CTGC(T)ACAAACTCAC(T)CCTGCACAAA(T) 12401169 12401223 +
GGCTTCAACAC(T)TTGAGCCTAGG(MTTTT

3 ATTC(T)AACCCTCTA(T)ATCATCACTTC(T)G 12401095 12401149 +

CCTCTCAGTC(T)CCACCCTCCCA(T)GAGA

EDNLI is located on Chré. (T) is amine-C6-dT.
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8.2.2 Can probes detect a single molecule?

Are probes sensitive enough to detect a single transcript? If a single probe
can be visualised, then there is a good chance a mixture of 5 probes could detect a
single RNA molecule.

I absorbed labelled probes to glass slides as illustrated in Fig.8.2. Using a
Zeiss Axioplan 2 microscope equipped with a Photmetrics CoolSNAPyq camera, and
an exposure of 8,000 ms in the FITC channel and 12,000 ms in the Cy3 channel
(Alexa 488 is generally brighter than Cy3), I was able to visualise many discrete foci
(Fig.8.2A). Dilution of probe correlates with the number of foci seen, and the mean
intensity of foci remains the same, indicating the foci detected are single molecules
rather than aggregates. I normalised the intensity to that given by 2.5 um Orange and
Green Intensity Calibration beads (0.02 % intensity), and calculated labelling
efficiencies from the absorption of bases and bound fluors using published extinction
coefficients. For each target region, the probes have between 19-23 fluors. A single
SAMD4 50-mer had 17 + 2 % the fluorescence intensity of a bead.

Furthermore, by adding 1 or 2 linking oligonucleotides complementary to the
ends of different monomers, followed by hybridisation, one would expect the
distribution of the intensity of foci to shift towards higher intensities (as the linker
brings together different probe molecules). Theoretically, the ratio of mean intensity
without linker: +1 linker: +2 linkers = 1: 1.25: 1.66. Analysis of the result showed a
consistent shift of intensity distribution (Fig. 8.2B), and the ratio of mean intensity

was 1: 1.28: 1.61, which is similar to the expected value.
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Fig. 8.2. Are probes sensitive enough to detect single molecules?

5 labelled probes (targeted against region la and tagged with Alexa 488) were mixed with
reference beads, probes of different concentrations absorbed to glass slides, images collected,
and intensities analysed.

A. Two concentrations (20 pg/ml and 2 pg/ml) of probes mixed with reference beads (bright
circles). When diluted 10x, correspondingly fewer probes are seen, while the mean intensity
of each focus remains roughly the same; this indicates there are few aggregates, and that
each focus represents a single probe. Bar: 2.5 um.

B. Distribution of mean intensity of foci shifts when linkers are added. 1 or 2 linkers, linking
either 1° + 2™, and/or 3™ + 4™ probes were added to probes before they were absorbed to

slides. The intensity of each focus was measured and normalised relative to that of the

reference beads, and the fraction of foci in bins of different intensities determined. When 1

or 2 linkers are added, the median intensity increases.
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Therefore, I conclude the imaging system is sensitive enough to detect a
single probe in vitro; therefore, it seems possible that I could use 5 probes to try and

detect a single transcript in a cell.

8.3 Visualising the transcription wave using intron-RNA FISH

Using sets of five 50-mers (and their anti-sense equivalents as controls), I
carried out RNA FISH to detect nascent SAMD4 RNA at 0, 30, 52.5, and 75 min
after stimulation. Intensities of foci are normalised relative to reference beads.

Immediately after TNFa stimulation (0 min), almost no signal was detected
in the middle of the first intron (using probe 1a). By 30 min, some cells contain one
or two nuclear foci; there were never more than two foci (Fig. 8.3B). Presumably,
such foci mark nascent RNA at the site of transcription on one or both of the two
alleles (Femino et al., 1998). At 52.5 and 75 min, the total number of foci in the
population declines with time but focus intensity and size remain constant (Table
8.3). A typical focus has an intensity ~50% that of the reference beads, which is
equivalent to that of three 30-mers (Ch.8.2.2). I also found two red (or two green)
foci in one cell more often than expected if each allele fired randomly. This suggests

when one allele fires, the other is more likely to fire in the same cell.
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Fig. 8.3. Transcription wave visualised by RNA FISH

HUVECs were fixed 0, 30, 52.5 and 75 min after stimulation with TNFa, nascent SAMD4 or
EDN1 RNA detected by FISH using intron probes la, 1b, or 7, or an intron probe against
EDN1 (labelled with Alexa 488), cells counterstained with DAPI, and images collected.

A. SAMD4 locus showing probe positions.

B. A typical field 30 min after stimulation obtained using probe la. Cells have 0, 1, or 2
green foci/cell (arrows) marking nascent RNA at one or other allele. Intensities are
normalised relative to fluorescent beads (inset) to permit comparison between different
experiments. Bar: 5 um.

C. RNA FISH and arrays give similar results. Left: signals (i.e., size in pixels x intensity x
number of foci; in arbitrary units) were obtained by RNA FISH. Signals in SAMD4 intron la
(green), 1b (red) and 7 (blue) peak as a wave of transcription passes through each region
with time, whereas EDN1 signal (grey) remains constant. Right: similar variations are given

by relevant probes in arrays. Array data provided by T. Kodama.
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Table 8.3. Size, intensity, and distribution of RNA FISH foci

Focus
size relative intensity number per  Distribution
Intron min (pixels + SD) (% + SD) nucleus 0 1 2
SAMD4
la 0 + 48 £ 21 0.04 965 3 0.5
30 42 + 15 0.73 50 275 225
52.5 + 51 +18 0.27 795 14 6.5
75 10+£3 51+24 0.15 875 10 2.5
1b 0 8= 61 + 96* 0.03 975 25* O
30 10+4 42 +18 0.11 895 10 0.5
525 + 40+ 14 0.42 66 28 6
75 + 39+£18 0.24 775 215 1
7 0 t 65 + 39* 0.02 98 2* 0
30 35+ 20 0.08 935 55 1
52.5 47 + 22 0.13 875 12 0.5
75 + 3511 0.63 575 27 15.5
EDN1
2 0 10+4 22+13 0.38 69 22 9
30 10+4 31+13 0.32 74 20 6
525 10+3 35+13 0.31 77 15 8
75 9+2 39+20 0.33 72 23 5

Values obtained from images like that shown in Fig. 8.3B. Intensities were normalised

relative to fluorescent reference beads (Fig. 8.3B, inset). For each time and region, 400 cells

were analysed in two independent experiments for SAMDA4, and 200 cells from one

experiment for EDN1. Pixels were 103 x 103 nm.

The fraction of cells with two SAMDA4 foci at 30 min is higher than expected if we assume

alleles fire independently; this is consistent with the presence of “responding” cells in the

population in which both alleles are likely to fire. EDN1 relative intensity is lower, as the

labelling efficiency of EDN1 is 20 fluors / 250 nt compared with 23 fluors / 250 nt with

SAMDA4.

*. Few foci were detected and most were probably ‘rogue’ (background) foci as intensities

were much higher than the average.
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The integrated intensity per nucleus (equivalent to the total signal in the
population measured by microarray) rose from 0 to a peak at 30 min before declining
(Fig.8.3C left, green line). Another probe set targeting the end of intron 1 (intron 1b)
demonstrated an analogous wave that peaked at 52.5 min (Fig. 8.3B, left, red line);
one targeting intron 7 peaked later still (Fig. 8.3B, left, blue line). This pattern of
waves is similar to that seen using tiling arrays (Fig. 8.3C right). Anti-sense probes
targeting intron la, 1b and 7 gives no signal (not shown).

The highly-expressed gene, EDN1 (endothelin-1), was used as an internal
control. Its transcript levels remain stable regardless of time after TNFa stimulation
(not shown). No transcription wave was observed by RNA FISH; rather, the
expression pattern remained stable (Fig. 8.3C left, grey line).

The nascent transcript profile of SAMD4 seen by RNA FISH is very similar
to that by tiling array (Fig. 8.3C). Thus I conclude intron RNA FISH validated the

microarray results.

8.4 Double labelling reveals co-transcriptional degradation

120 min after TNFa stimulation, the tiling array detects a smaller second
wave; the peaks given by the two probes (SAMD4 1a and 7) are much closer together
(Fig. 8.4B right). Several possibilities may explain the appearance of the 2" wave. 1)
Temporal asynchronies: transcription is not as synchronised as in the first wave,
perhaps because different cells behave differently. 2) Spatial asynchronies: instead of
initiating from one 5’ promoter, polymerases may initiate from multiple starting sites

in the middle of the gene. In both 1) and 2), the broad wave indicates a collective
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result for a population of cells. 3) On each template, several polymerases transcribe
simultaneously from different starting sites.

I carried out a double labelling targeting SAMDA4 introns la and 7 at 0, 30, 60,
90, 120, 150, 180 min — times that covered both the 1% and 2™ waves.

From 0-112.5 min, double labelling yielded similar results to the single
labelling (Ch.8.3). Moreover, intron la and 7 never colocalise during the 1% wave,
indicating introns are co-transcriptionally degraded (presumably after splicing). In
other words, intron 1a is never seen in the presence of intron 7, so that the first intron
must be removed by the time that the polymerase is transcribing intron 7.

During the 2" wave (i.e., between 112.5-180 min) microarray data indicates
that regions la and 7 are both present in the population; however, FISH shows that
they are never together at the same allele (Table 8.4). Thus, some cells contain one
or two foci of the same colour (either green or red), and these account for 30-40% of
the population. Only a few contain both colours (green and red), and these account
for ~5%. But none of the foci contain both colours (and so appear to be yellow).
Thus intron 1 must be co-transcriptionally removed before intron 7 is made.

These results also suggest that only one polymerase can be engaged on an
allele at any time (which would exclude possibility 3) described above). We
calculated the probability of seeing a yellow focus by multiplying the probability of
seeing a red one with that of seeing a green one. This value is low but still high
enough to be observed when 400 cells are sampled, and so is significantly higher
than the experimentally-observed result (Student’s t-test, P<0.05). In other words,

transcribing one intron inhibits the transcription of another intron.
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Fig. 8.4. 2" wave detected by double-labelling RNA FISH and array

HUVECs were fixed after 0, 30, 60, 90, 120, 150, 180 min after TNFa treatment, nascent
SAMD4 RNA detected by RNA FISH using introns probes la and 7 (Fig. 8.3A) labelled
with Alexa 488 and Cy3 respectively, cells counterstained with DAPI, and images collected.
Intensities are normalised relative to fluorescent beads.

A. Two typical images of double labelling at 120 (i) and 150 (ii) min. One cell contains 2
green foci (arrows), the other contains one red and one green focus. Yellow foci are never
seen. Bar: 5 um.

B. A second wave of transcription after TNFa stimulation detected by both RNA FISH and
the tiling array. Intron la and 7 peak at two distinctive time points during the 1% wave
(which lasts between 0-112.5 min). However, during the 2™ wave (which begins at the point

marked by the arrow), the peaks are closer together. Array data provided by T. Kodama.
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Table 8.4. Fraction of cells after double labelling

time (min) fraction of cells with pattern indicated (%)

yellow focus
(any combination)

[expected]
30 63 29 6 1 0 1 0[0.2]
120 70 13 1 14 0 2 0[0.7]
135 57 18 4 18 1 2 0[1.5]
150 55 14 6 18 3 4 0[2.1]
165 70 12 4 10 2 2 0[0.9]

Fraction of cells with the pattern indicated using SAMD4 probes 1a (green; Alexa488) and 7
(red; Cy3), as in Fig.8.4, is shown. The expected percentage of yellow foci is the probability
of a focus being red multiplied by the probability of a focus being green. Average intensity
and size of individual foci are similar at different times (as in Table 8.3; not shown). 200
cells were analysed at each time.

At all times, most cells possess no foci, and the next largest group possesses foci of one or
other colour; few cells possess both red and green foci, and no yellow foci were seen. This
demonstrates co-transcriptional degradation, as intron la must have been removed before
intron 7 was transcribed. Moreover, assuming transcriptional initiation occurs randomly, one
should see the ‘expected” numbers due to two independent polymerases present at one locus.
The absence of colocalisation is consistent with transcription of one intron inhibiting

transcription of the other, and/or productive transcription occurring very rarely.
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8.5 Various data suggest there is one engaged polymerase/allele

Although the fraction of cells containing 1 or 2 foci varied with time, all foci
had the same intensity and size (Table. 8.3). The mean intensity of foci given by
SAMD4 and EDNL1 are also similar (Fig. 8.5; if corrected for the labelling efficiency
of the probes); this suggests the two genes are generally transcribed by the same
number of polymerases.

There are two possible explanations of the above data: a simpler one (i.e.,
only one polymerase is engaged on an allele at any time), and a more complicated
one (i.e., similar numbers of polymerases are packed into a convoy that transcribe
both SAMD4 and EDNL1 at all times and across all regions).

To test the two hypotheses, | analysed the distribution of foci intensities at
each region at each time point. If foci contained variable numbers of transcripts, one
would expect them to exhibit a wide range of intensities containing more than one
peak. However, all profiles appear similar, with intensities clustered around a mean
(i.e., SAMD4 —48%, and EDN1 — 36%). Only a single peak is seen in each case (Fig.
8.5). Moreover, comparison of intensities given by a single focus and 50-mer probe
indicates that a typical focus contains only three of the five 50-mers in the probe set
(mean 50-mer intensity SAMD4 — 17%, and EDN1 — 14%). This is consistent with
fewer than 5 50-mers hybridising to one transcript.

These different aspects of the data are all consistent with the hypothesis that

on one template, only a single polymerase is engaged at any time.
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Fig. 8.5. Distributions of intensities of SAMD4 and EDNL1 foci

The intensity of foci in images like that in Fig. 8.3A were normalised relative to fluorescent
beads, and relative intensities binned (0-0.1, 0.1-0.2, etc). Arrows indicate relative intensities
of single 50-mers (which had an average of 4.5 and 3.5 fluors per SAMD4 and EDN1 50-
mer, respectively), mean intensities of distributions, and the mean of the EDN1 distribution

after correction for the difference in intensities of the 50-mers. Distributions are similar.
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8.6 Discussion

In this chapter, I used intron-RNA FISH to confirm results obtained by my
collaborators using tiling arrays. The two methods yield essentially very similar
patterns of SAMDA4 transcripts after TNFa stimulation (Fig. 8.1, 8.3 and 8.4).

Both microarray and RNA FISH data are consistent with a transcription
elongation speed of around 3.5 kb/min on SAMD4 (Fig. 8.1 and 8.3). This value is
faster than previous studies, for example 1.1-1.4 kb for Drosophila UBX
(Shermoen and O'Farrell, 1991), and 1.7-2.5 kb for human dystrophin (Tennyson et
al., 1995). Very recently, another sensitive method of detecting polymerase activity
was established based on photobleaching and photoactivation of fluorescent MS2
proteins labelling nascent RNA (Darzacq et al., 2007). This study reported an
elongation speed of 4.3 kb/min.

In addition to validation of the microarray method, intron-RNA FISH
revealed much single-cell information about the transcription of long genes.

First, introns are co-transcriptionally degraded (and spliced), as intron la
levels fall before the transcription wave reaches intron 7 (Fig. 8.3). This is also
supported by double labelling (Fig. 8.4), as intron la and 7 RNA are never seen
together at the same transcription site (as no yellow foci are seen).

Second, productive transcription is a rare event. Although SAMDA4 is induced
by TNFa, most cells possess only one or no transcription foci (Table 8.3). Even at
the peak time (intron 1a, 30 min), cells containing 2 foci represent only ~23% of the
population. Furthermore, the peak value of transcription seems to decline with time,
as Fig. 8.3 and Table 8.3 illustrate (compare integrated intensity of intron la at

30min with that of intron 7 at 75 min), as mRNA continues to accumulate (Fig.
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8.1A). Tiling array results suggest a continuous declination of nascent transcript
level from the 3’ to the 5° of the gene. This pattern is also observed in other genes
like ZFPM2 (another TNFa-responsive gene on Chrl5, length 485,619) (Kodama
et al., manuscript submitted). Probes covering the first ~8,000 nt from the initiation
site continuously yield signal (between 15—-180 min), and polymerases only seem to
escape downstream between 15-30 min to initiate the first wave (Fig. 8.1B). This is
not due to the conventional abortive transcription, which occurs before the
formation of stable elongation complexes just after initiation (reviewed in
Ch.1.1.1.2). The abortive transcripts of this type are <15 nt (Dvir, 2002), and so are
too short to be detected in this study. Our results point to a major checkpoint that
regulates escape.

Third, I find the transcription event is likely to be performed by a single
polymerase. All transcription foci detected for both SAMD4 and EDN1 have similar
intensity and size (Table. 8.3), and the distribution of foci intensities are similarly
narrow (Fig. 8.5).

Fourth, two alleles possibly interact (directly or indirectly) in a cell in
response to stimulation. The fraction of cells with two SAMD4 foci at 30 min is
higher than expected if alleles fire independently; this is consistent with the
presence of “responding” cells in the population in which both alleles are likely to
fire.

A number of studies suggested transcription is a rare event, since most genes
are associated with less than 1 polymerase at a time (Jackson et al., 2000). A study
using GFP-tagged pol II revealed most active human transcription units are also not
being transcribed most of the time (Kimura et al., 2002). Many expressed genes in

bacteria and yeast are transcribed only once per cell cycle (Bon et al., 2006).
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Moreover, in Drosophila, genes encoding tubulin B1 and glyceraldehyde phosphate
dehydrogenase associate with <1 pol II (Rougvie and Lis, 1990). In my study, by
double labelling, intron-RNA FISH here showed intron 1a and intron 7 RNA never
colocalise (Fig. 8.4), indicating that there is only one polymerase engaged at a time
even on the long SAMD4 gene (>200 kb). However, many other studies concluded
transcription is a frequent event, especially on hyperactive units — for example, heat
shock genes in flies (O'Brien and Lis, 1991), globin (Wijgerde et al., 1995) and
actin (Femino et al., 1998) in mammals. In addition, the ENCODE project reveals
most part of the human genome is transcribed (although may not be at the same
time, since it is a collective result of many cells), sometimes from both strands (The
ENCODE consortium, 2007).

In my opinion, both types of results could fit into the following model: once
transcribed, chromatin becomes “open” and frequently contacts transcription
factories, resulting in frequent initiation events. However, a checkpoint mechanism
is tightly controlling polymerase escape into elongation, to produce a full-length
transcript. Many nongenic transcripts are the results of abortive transcription across
the whole genome, as detected by the ENCODE project. This model is consistent
with several recent findings. A study from Young’s group on human ES cells
suggested most active genes are associated with pols, but very few produce
detectable full length transcripts, other genes experience initiation but not
elongation (Guenther et al., 2007). Singer’s kinetics study on polymerases in living
cells suggested only 1% of polymerase-gene interactions leading to completion of
an mRNA (Darzacq et al., 2007). The checkpoint mechanism may be related to

cotranscriptional processing. For example, a study in yeast demonstrated an early
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elongation checkpoint that facilitates the link to pre-mRNA processing, coordinated
by the yeast forkhead transcription factors Fkh1p and Fkh2p (Morillon, 2003).

In addition, many interesting questions still remain.

First, the second wave has a very different pattern from the first. Multiple
internal promoters may be present in SAMD4. After being transcribed once, the
chromatin structure may become open / active, so that polymerases can initiate at
alternative sites.

Second, is a long intron being degraded as the polymerase is still transcribing
the same intron? If not, the polymerase needs to remain associated with a ~150 knt
piece of RNA until it reaches the next exon. This seems unlikely, since the signal
detected by probe la falls as that detected by 1b rises (Fig.8.3). In Drosophila, a
large intron can be spliced by a process known as recursive splicing. Here, a splice
donor site might be joined to donor site in the same intron if it contains the
appropriate signal. Such recursive splicing signals have the sequence
YAG|GURAGU, where | marks the exon-intron junction. If a new acceptor site in
the same intron is now generated by the polymerase, the old donor may be joined to
the new acceptor to give the recursive splicing (Burnette et al., 2005). Examination
of the first intron of SAMDA4 reveals two motifs that completely match the recursive
splicing sequence described above (none were found in the anti-sense sequence). If
less-strict criteria are used (i.e., YAG|GURAG), I could identify 10 such elements in
the sense strand. A more comprehensive RNA FISH experiment such as the
following is needed. I would need to prepare a series of intron probes ranging from 1
knt away from intron la to the end of intron 1 (two examples are intron lc and 1d,
Table 8.1), covering the whole intron. Then, I would perform a double labelling

experiment involving a reference (e.g., intron la) and a test probe (the rest). Two
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probes lying 1 knt apart would serve as a positive control (they would always appear
to co-localise as they target the same short piece of nascent RNA). As the distance
between the two probes increases, I would expect to see signal from the 3’ probe
without any signal from the 5° probe. The point at which this occurred could
correlate with a recursive splicing element.

Third, are TNFa-induced genes transcribed in specialised factories? As
reviewed in Ch.1.4.6, many genes responding to the same inducer are transcribed in
dedicated factories. In order to address this question, a double labelling experiment
targeting nascent transcripts from SAMD4 and EXT1 (or one of the many other
genes that respond to TNFa like these two) is required. Thanks to the inducible
system, whether colocalisation (if any) is transcription-dependent should be easy to
resolve.

In conclusion, the use of tiling arrays and RNA-FISH with intron-specific
probes provides a powerful way of analysing transcript production with high
temporal and spatial resolution. While arrays provide large amounts of quantitative
information on a population of cells, RNA FISH provides detailed single-cell

information.
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9 Discussion

9.1 Introduction

Different nuclear genes are transcribed by different classes of RNA
polymerase (i.e., I, II, or III), and the resulting transcripts are processed differently
(e.g., some are capped, others spliced). It is widely assumed that active polymerases
track along their templates as they make RNA. However, after allowing engaged
polymerases to extend their transcripts in tagged precursors (e.g., Br-U or Br-UTP),
and immunolabelling the now-tagged nascent RNA, active transcription units are
found to be clustered in nuclei, in small and numerous sites we call “transcription
factories” (Cook, 1999; Cook, 2002). Previous research has shown the different
classes of polymerases are concentrated in their own dedicated factories (Pombo et
al., 1999). This thesis aims to analyse factories involved in transcription of specified

groups of genes in eukaryotes.
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9.2 Using replicating minichromosomes as probes to detect
factories

12 plasmids encoding different promoters, transcription units, +/- introns and
3’ ends were constructed; all plasmids contained the SV40 origin of replication (Fig.
3.4). After transfection into COS-7 cells expressing the SV40 T antigen, plasmid
DNA is assembled into nucleosomes, and the resulting minichromosomes are
replicated and transcribed by the cellular machinery. As some input DNA can persist
for many hours as a naked and inactive template, and as replication increases copy
numbers well above the input levels, this approach facilitates analysis of active
minichromosomes against the inevitable background due to the inactive input (Fig.
3.2). Whether nascent RNA copied from the different transcription units was then
found in factories was analysed using RNA FISH. Establishing this method using
minichromosomes as probes to detect factories requires careful control, optimisation,
and quantification.

Choice of how much input to use for transfection depended on optimising the
transfection efficiency, and then selecting the time when replication increased the
active fraction of minichromosomes sufficiently (Fig. 3.3). Optimal fixation and
permeabilisation conditions were chosen to ensure sufficient access of probes, as
well as preserving nuclear structure (Fig. 4.7). Hybridisation conditions were
adjusted so that negative controls using RNase and a-amanitin yield essentially no
signal (Fig. 4.10). As read-through from neighbouring promoters is always a
problem, a promoterless plasmid was constructed so that the extent of read-through
from the SV40 promoter into the test transcription unit could be assessed. To enable

comparison between results obtained on different days from different experiments,
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all signals obtained by RNA FISH were carefully quantified and normalised relative
to the fluorescence given by plastic reference beads (Fig. 4.8). Two patterns of RNA
FISH signal were observed; a minority of the signal was diffusely spread throughout
the nucleoplasm, while the majority was concentrated in discrete foci. Many others
have shown that the latter mark the high concentrations of nascent RNA at the site of
transcription, and the former completed transcripts on their way to the cytoplasm

(Fig. 4.7) (Dirks et al., 1993; Levsky et al., 2002).

9.3 Minichromosomes are transcribed in factories

I first demonstrated that replicating minichromosomes give at least 8,000
copies per cell by 24 h by ‘Southern’ blots and qRT-PCR (Fig. 4.1 and 4.2). DNA
FISH shows these minichromosomes are concentrated in only ~20 foci — or factories
(Fig. 4.5). As the copy number increased, the number of plasmids per focus
increased, while the number of foci remained the same. This suggests the newly-
replicated plasmids remain close to their site of synthesis.

Next, RNA FISH shows nascent minichromosomal transcripts are clustered
in a similar number of foci in the nucleus (Fig. 4.9). Although early studies suggests
that transcription and replication occur in the same sites (reviewed by (Hassan and
Cook, 1994)), there is no direct evidence in this study showing the foci containing

minichromosomal RNA are sites where minichromosomes are also being replicated.

9.4 Factories specialise in transcription by pols I, 1, and 111

Using RNA FISH, I showed that transcripts copied from CMV and SV40

early promoters on the same type of plasmid always colocalise (Fig. 4.9), despite the
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well-known phenomenon of transcription interference (Emerman and Temin, 1984;
Eszterhas et al., 2002). This makes it likely that these two viral promoters initiate in
the same factories.

I also demonstrated that transcription units bearing the same promoters
(CMV pol II promoters) are usually transcribed in the same factories (Fig. 5.1). This
is unlikely to be due to homologous base-paring as previously described (Binnie et
al., 2006), as a substitution in the promoter region dramatically changed the
localisation (below), suggesting this association is transcription dependent.

In addition, I showed by RNA FISH that pol II and III transcription units are
transcribed in different factories (Fig. 5.2). This is in accord with earlier results
showing that some factories contain nascent RNA made by pol II (but not III), while
others contain transcripts made by pol III (but not II; (Pombo et al., 1999)). 3C
confirms that templates bearing similar promoters are more likely to be together than
those with different promoters (Figs 7.2 and 7.4). This result helps explain why
active tRNA genes (which are transcribed by pol III) might silence pol II
transcription (Scott et al., 2006). The tRNA gene may associate with a pol III factory
(as it is transcribed), resulting in the relocation of neighbouring pol II genes distant
from a pol II factory (Fig. 5.4).

In contrast to endogenous pol I genes, minichromosomal transcription units
driven by pol I create mini-nucleoli in the nucleoplasm; this is supported by the
demonstration (by immuno-FISH) that they contain the nucleolar marker, UBF (Fig.

5.3).
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9.5 Polymerase Il factories further specialise

Here, 1 demonstrate that transcription units controlled by different pol II
promoters are transcribed in their own specialised factories.

When two plasmids encoding different pol II promoters (CMV, U2) are co-
transfected, RNA FISH reveals the two kinds of nascent RNA to be in different foci
(Fig. 6.1). In addition, 3C showed minichromosomal U2 genes also lie near their
counterparts on host chromosomes (Fig. 7.5); this makes it likely they share the same
factory.

Introns also target genes to particular factories, presumably the sub-set
containing the splicing machinery (Fig. 6.3); however, such targeting is less precise,
as ~20% foci contain nascent transcripts with and without introns (Fig. 6.2).

These results suggest that a promoter — whether on a minichromosome or a
host chromosome — must first diffuse to a factory of appropriate type before it can be

transcribed.

9.6 Specialised transcription factories

In conclusion, using FISH and 3C, I demonstrated that minichromosomes are
transcribed in factories which specialise in transcribing different genes depending on
the kind of promoter the contain, whether or not they contain introns, and the type of
signals at the 3° end.

Factories can be first categorised into pol I, I, and III classes, according to
their polymerase content; then, they can be sub-categorised into different sub-classes,

according to promoter type and the processing factors that are required (Fig. 9.1).
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Fig. 9.2 summarises what we know of the size and number of the different
specialised factories. All nucleoplasmic minichromosomal factories (pol II or III)
appear to have a similar size in the light microscope, ~7 pixels (diameter ~250 nm).
Of course, if these factories have true dimensions below the resolution of the light
microscopes | used, they will nevertheless appear larger. These apparent dimensions
are larger than a typical nucleoplasmic factory (seen in mammalian cells in tissue
culture by electron microscopy) which has a diameter of ~50 nm. Pol I
minichromosomal factories appear much larger, ~30 pixels (diameter ~550 nm). The
true diameter of these various minichromosomal factories can be determined by
electron microscopy.

All the different plasmids gave a roughly similar number of foci per cell, ~20,
although there were fewer U2 snRNA and pol III factories (one-way ANNOVA
P<0.05). Pol I factories were also more abundant than the others (i.e., ~40 per cell).
The number of the different types of factories seems to be related to the different
types of polymerase they contain.

These results beg many questions. For example, how many different types of
factory are there? What is the recognition mechanism that targets a minichromosome
to particular factories? There is some evidence that certain factories contain high
concentrations of particular factors (reviewed by (Bartlett et al., 2006)). Then, as a
promoter diffuses through the nucleus it might only bind stably to a factory

containing the appropriate factors, to increase the frequency of initiation.
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Fig. 9.1. Specialisation of transcription factories

Factories can be sub-divided into class I, II, and III, according to the different types of
polymerase they contain. Then pol II factories further specialise in transcribing protein-
coding or structural RNAs. Presumably pol III factories also further specialise in producing

tRNAs and other structural RNAs.
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Fig. 9.2. Size and number of different specialised factories

Size and number of factories were measured from images like those shown in Ch.5 and 6.
Essentially all nucleoplasmic minichromosomal factories have a roughly similar (apparent)

size (~7 pixels) and number per cell (~20).
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9.7 Transcription-driven chromosome pairing

These results shed light on the pairing of homologous chromosomes that
occurs in both somatic and meiotic cells (Fig. 9.3B). For example, during meiosis,
homologs seek out and align with their partners prior to the close synapsis that
occurs during recombination. It is now accepted that distinct mechanisms underlie
alignment and synapsis, as homologs still align in mutants unable to carry out the
later steps (McKee, 2004; Gerton and Hawley, 2005). Chromosomes only pair
during the initial alignment when they are transcriptionally active (reviewed in
(Cook, 1997)). As a result, homologs will inevitably share similar arrays of
promoters, processing signals, etc. along their length. Then, we can imagine that two
homologs (which we will call 2m and 2p for chromosome 2 maternal and paternal,
respectively) will generally be organised into two similar arrays of factories. If two
homologous genes (which we will call orange™ on the maternal chromosome, and
orange® on the paternal one) happen to find themselves in close proximity within the
nucleus, there is a chance that orange™ might bind to, and initiate in, a factory
mainly organised by 2p. As this factory specialises in transcription of orange-like
genes, the two chromosomes will be tied together for as long as it takes to transcribe
orange™. This increases the chances that an adjacent promoter (e.g., driving grey™)
might bind to the homologous factory on 2p to further stabilize the association
between the two homologs. Through a continuation of this process, we can imagine
the chromosomes will eventually pair (i.e., become zipped up) with their partners.
Note that this alignment is not driven by base pairing between homologs.

Subsequently, base-pairing between sequences on the two homologs will drive the
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later steps of synapsis, and recombination (McKee, 2004; Gerton and Hawley,
2005)..

Transcription-based pairing of this type can also have direct effects on gene
expression. The earliest example is probably provided by the “transvection” seen in
the Ultrabithorax (Ubx) locus in Drosophila (Lewis, 1954). One likely explanation
of this phenomenon suggests a functional enhancer element on the chromosome with
the structural mutation acts in trans on a target promoter located on the homologous
chromosome (Geyer et al., 1990; Wu, 1993; Cook, 1997; Wu and Morris, 1999). We
would suggest that Ubx genes are transcribed in a special factory, and that an
enhancer on one homolog and a promoter on the other occasionally find themselves
in the same factory, and so can communicate effectively with each other. Of course,
pairing along the length of the two homologs will increase the chances that the two
find themselves in the same factory (as in Fig. 9.3B) and so can communicate, and
this is consistent with the loss of transvection seen when pairing is disrupted (e.g., by
introducing an inversion).

Another example where pairing affects gene expression, is provided by X
chromosome inactivation. When more than one X is present in a diploid mammalian
nucleus, one of the two X chromosomes is active. Activity is regulated by the X-
inactivation centre (Xic). On the active X, transcription of Xite activates the linked
Tsix allele, repressing the antisense counterpart Xist; on the other inactive X, Xist is
transcribed, repressing other genes on the same X (Penny et al., 1996; Lucchesi et al.,
2005). X-X pairing is restricted to Xic, and occurs just before or during Xist up-
regulation (Xu et al., 2006). In other words, the two X chromosomes come together
only when Xist and Tsix are actively transcribed, perhaps to share one factory which

contains the necessary machinery that allows the two genes in trans to be transcribed
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in a mutual exclusive manner. Deleting Xite and Tsix perturbs pairing, whereas
ectopic X-autosome interactions inhibit endogenous X-X pairing and block the
initiation of X-chromosome inactivation (Xu et al., 2006). Moreover, Pol II
inhibition by actinomycin D or a-amanitin resulted in a consistent disruption of X-X
pairing (Xu et al., 2007). Once again, a specialised factory brings together genes on

two different chromosomes so that they can interact.
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Fig. 9.3. Transcription-driven chromosome pairing

A. Targeting to factories. The promoter encoded by the minichromosome in the centre only
initiates in a factory with the appropriate machinery (i.e., with a similar colour). As a result,
it forms a cluster with two similar minichromosomes by association with the factory on the
right.

B. Chromosome pairing. During alignment, homologs are transcriptionally active (Cook,
1997), so that each chromosome in the haploid set will possess a unique array of active
transcription units running from telomere to telomere; only the homolog will possess a
similar array. Here, only one of the many loops associated with a factory is shown. The
orange promoter on maternal chr2 (2m) is unlikely to bind to the green factory on maternal
chrl (Im). But just as a specialised factory facilitates pairing between minichromosomes
bearing similar transcription units, correct alignment begins when the orange (2m) promoter
binds to the orange factory on its homolog (2p). Once transcription of the orange promoter
on 2m begins, 2m and 2p become temporarily tethered together, and this will increase the
chances that adjacent promoters bind to homologous factories (i.e, the grey unit on 2m with
the grey factory on 2p, etc.). As a result, 2m and 2p eventually become zipped together

(arrowhead), and so aligned.
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9.8 Direct observation of a transcription wave

Using TNFa to switch on transcription of selected human genes rapidly and
synchronously, T. Kodama’s group generated a high temporal (i.e., at 7.5 min
intervals) and spatial (i.e., every 13 nt) resolution profile of nascent transcripts in
responsive genes using tiling arrays. I then used probes targeting intronic regions
that were sufficiently sensitive to detect a single transcript copied from one of the
genes (i.e., SAMD4; Fig. 8.2) to verify the microarray results, and to monitor a
transcription cycle at the level of a single cell. The two methods yield essentially
similar results.

RNA FISH gave the following results.

First, soon after the addition of TNFa, a wave of transcription swept along
SAMDA4 at around 3.5 kb/min (Fig. 8.1 and 8.3). This wave reflects the movement
of a convoy or a single polymerase from 5’ to 3’ of a transcription unit during the
first 90 min; subsequently (i.e., between 90-180 min) a second wave appeared, but
this could result from the firing of additional promoters and/or complex effects on
transcript stability (Fig. 8.4).

Second, introns are co-transcriptionally degraded (presumably after splicing).
Single labelling showed a 5’ intron was removed before the wave reached a later
intron (Fig. 8.3). Moreover, signals from both an early intron and later intron were
never seen at the same allele by double labelling (Fig. 8.4).

Finally, productive transcription is a rare event regulated by a checkpoint.
Most cells possess only one or no transcription foci (Table 8.3). Double-labelling
also indicates that each allele has a maximum of one transcript associated with it at

any time (Fig. 8.4), as all transcription foci detected have such similar intensities
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and size (Table. 8.3; Fig. 8.5). Moreover, transcription of one intron seems to

suppress transcription of another intron on the same allele.

9.9 Further experiments

Further experiments are required to investigate these specialised factories in
more detail. To establish a more mature system, an inducible promoter could be used
to observe the changing ‘targeting’ to a specialised factory, perhaps by substituting
the CMV promoter for a heat-shock promoter (Pelham, 1982), or one regulated by
the ‘Tet-on, Tet-off” system (Gossen and Bujard, 1992). Inducible SV40 (Ameres et
al., 2005) and pol III (Meissner et al., 2001) promoters can also be tested .

A simultaneous labelling of transcription sites and RNA FISH on
cryosections should enable a higher-resolution study of the anatomy of the
transcription foci observed in this study. Ultimately, these factories should be
analysed by electron microscopy to determine their size, and whether they are a
cluster of several smaller factories like the ones in untransfected cells, or if each
focus represents one special factory of larger size that contains many more active
genes. Tomographical techniques can also be applied to obtain detailed information
at the ultrastructural level.

I showed by ChIP-3C that similar host and minichromosomal genes share the
same factories (Fig. 7.5); this can be confirmed by RNA FISH.

Whether minichromosome replication and transcription occur at the same
foci remains to be answered by combined DNA and RNA FISH (van Raamsdonk
and Tilghman, 2001; Lomvardas et al., 2006), or a RNA FISH combined with a

PCNA immuno-fluorescence.
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We also wish to know how many different kinds of factories exist in a cell, to
complete the preliminary diagram in Fig. 9.1. Plasmids encoding histone genes,
microRNAs, tRNAs, and promoters with different types of motifs could be
constructed, and similar experiments involving RNA FISH and 3C performed. We
might, for example, construct plasmids with different combinations of the 5 major
elements found within polymerase II promoters — a TFIIB recognition element (BRE;
positions -37 to -32 relative to the transcription start site or TSS), TATA box
(positions -31 to -26), initiator (Inr; position -2 to +4), motif 10 element (MTE;
precisely positioned at +18 to +27), and downstream core promoter element (DPE;
+28 to +32; Smale and Kadonaga, 2003; Gross and Oelgeschlager, 2006). [These
motifs are degenerate, and most promoters in the human genome contain only some
of them (e.g., Jin et al., 2006). Thus, only 9 of >9,000 promoters analysed contain all
5 elements, and the synthetic “super core promoter 1" (SCP1) — which is stronger
than the CMV IEl and AAML core promoters both in vitro and in vivo (Juven-
Gershon et al., 2006) — contains 4 (i.e., TATA-Inr-MTE-DPE). Many promoters
contain 3 motifs (e.g., TATA-Inr-MTE or BRE-Inr-MTE), many others only 2
(mainly DPE-MTE, TATA-MTE, and Inr-MTE), and 3% contain none (Jin et al.,
2006). TATA boxes were thought to be present in most promoters, but recent
surveys show that >70-80% human promoters lack a TATA box (e.g., Jin et al,,
2000).]

In the long term, it should be possible to visualise these factories in living
cells, using the appropriate fluorescent protein based RNA reporter (Daigle and
Ellenberg, 2007; Darzacq et al., 2007).

Following the discovery of specialised factories, the next obvious step is to

identify their components. RNA-TRAP (illustrated in Fig. 9.3) could be applied to
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purify the proteins associated with a specific minichromosomal factory (Chakalova
et al.,, 2004), prior to analysis using ‘western’ blots, ChIP, or mass spectrometry.
RNA TRAP could also be applied to investigate the mechanism enabling an intron-
containing gene to detect the appropriate “splicing” factory (e.g., by comparing the
protein content of chromatin pulled down after transfecting plasmids +/- introns
using ‘western’ blots and antibodies directed against specific histone modifications,
or by analysing the DNA sequences after selecting different protein fractions using
ChIP). Similarly, nascent RNA could be selected after ‘run-on’ in Br-U.

Details of when and where introns are degraded as the wave of transcription
sweeps along SAMD4 can also be analysed using intronic probes scattered every
1,000 nt along the long intron. Double-labelling FISH and 3C can also be applied to

see if different genes stimulated by TNFa come together to share the same factory.
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Fig. 9.4. Analysing protein components of specialised factories

Plasmids encoding transcription units with introns are transfected into cells, and RNA FISH
performed using oligonucleotides labelled with haptens (orange oval) that target the intron
sequence. Next, an HRP-conjugated Fab fragment is added to localise HRP activity to the
site of transcription, before biotin-tyramide is added; this allows the HRP to activate the
tyramide, which now attaches to proteins in close proximity. Then, biotinylated chromatin
and proteins are immuno-purified, to be analysed using blotting, ChIP, or mass spectrometry.

Adapted from (Chakalova et al., 2004).
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9.10 Concluding remarks

I used replicating minichromosomes as probes to examine whether
transcription occurs in factories, and whether factories specialise in transcribing
particular sets of genes. Plasmids encoding the SV40 origin of replication are
transfected into COS-7 cells, where they are assembled into minichromosomes.
Using FISH, I discovered that minichromosomal transcription occurs in discrete foci,
and that these foci specialise in transcribing different groups of genes. Pol I, II, and
[T units all have their own dedicated factories. Different pol II promoters and the
presence of introns can also influence the nuclear location of transcription. Finally,
using 3C, I confirmed that minichromosomes with similar promoters lie close
together in 3D nuclear space, and that they are likely to share factories with similar
endogenous genes.

After treating HUVECs with TNFa, I also used RNA FISH to observe a
wave of transcription as it swept along a long gene (i.e., SAMDA4). I found that
introns are co-transcriptionally spliced, and that productive transcription is a rare
event. It is also likely that only one polymerase is found on the gene at any time, and
that a polymerase can either abort at a checkpoint ~8,000 nt after initiating, or

continue to transcribe for many thousands of base pairs.
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