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Summary

Summary

The Myc family of proto-omcogenes encodes transcription factors that play a pivotal
role in regulating cellular proliferation, cellular growth, differentialion and apoptosis.
To regulate cellular growih, it can activate a number of RNA polymerase T-
transcribed genes which encode ribosomal proteins, translation factors and other
components of the biosynthetic apparatus., c¢-Myc can also directly activate
transcription by RNA polymerases 1 and III, thereby stimulating the production of
ribosomal (r)RNA and {ravsfer (ORNA. As such, c-Myc mayv possess the capacity to
induce the expression of all the ribosomal components. The work in this project
aimed to investigate the mechanisms behind the c-Mye-dependent activation of RNA

polymerase 111 transcription.

One mechanism by which activators of pol II transcription can stimulate the
expression of class 11l penes is by promoting transcription complex formation. It had
been previously demonstrated that c-Myc can inieract with the pol Ill-specific
transcription factor TFIIIB. Work in this thesis has further defined this interaction
and demonstrated that activation of transcription by c-Myc can reeruit this complex
along with pol II to 58 tRNA and tRNA genes in vivo. Furthermore, the recruitment
of TFIIIB and polymerase by ¢-Myc are distinet events, with a significant delay
between TFIIIR and pol III binding, arguing against a pol III holoenzyme being

recruited to the genes.

Most recent work on the mechanisms of transcriptional activation by ¢-Myc has

focussed on its ability to influence chromatin structure. Transcriptional activation of

11l



Summary

target genes by ¢-Myc may involve the remodelling of nucleosomes, since c-Myc has
been shown to bind to the Snf5 subunit of the SWI/SNF complex, as well as the
ATPasc/helicases TiP48 and TIP49. Tn the present study, Snf5 and Brgl., both
components of SWI/SNF, have been found at the promoters of pol ll-transcribed

genes. These may have a role in the regulation of pol 11l transcriptional activity.

c-Myc can also recruit a variety of histone modifying enzymes to the promoters of its
target genes. It can bind to the co-factor TRRAPD, a 440 kDa protein that forms the
scatfold of a variety of histone acetyltransferase complexes. [t has been demonsirated
that c-Myc can recruit these complexes to certain target genes, and the increase in
histone acetylation correlates with gene expression. The TRRAP co-factor along with
an associated HAT was found to be present in a c-Myc-sensitive manner on pol Iil-
transcribed genes, and their presence correlated with histone acetylation and gene
expression. In addition to these findings, depletion of endogenous TRRAP by RNAi

in cultured cells resulted in a specific down-regulation of pol I transcription in vivo.

In summary, this thesis has identified previously undescribed mechanisms by which
c-Mye can activate transcription by pol III, and has identificd novel co-activator
proteins involved in the regulation of class TII gene expression. This work has
important implications in understanding the molecular basis of how activators can

stimulate the expression of pol ITl-transcribed genes.

iv
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Chapter 1 Infroduction

Chapter 1 Introduction

1.1 Eukaryotic Transcription

The initial stage of gene expression is the production of RNA molecules from the
template DNA by the process of transcription. The process of transcription is
performed by the nuclear RNA polymerases, which are large, complex multi-subunit
enzymes (Whitc, 2001). Mammalian cells contain four nuclear RNA polymcrases
each responsible for the transcription of a distinct set of genes, RNA polymerases I,
I, IIl and IV (White, 2001; Kravchenco et al, 2005). RNA polymerase I (pol 1) is
responsible for the production of the 458 large ribosomal RNA (tfRNA) pre-cursor,
which is subsequently processed into the 5.85, 18S and 288 rRNAs (Grummt, 2003),
Although pol I is only responsible for the production of a single RNA species, it is
responsible for approximately 60-70% of all nuclear tramscription (Moss and
Stefanovsky, 2002). RNA polymerase II (pol I} is responsible for the transcription of
a vast array of genes, it produces the bulk of messenger RNAs (mRNAs), which are
subsequently translated into proteins, and also synthesises the majority of small
nuclear RNAs (snRNAs) (White, 2001). RNA polymerase IIT (pol ITf) transcribes the
genes encoding the 5S rRNA and the transfer RNAs (iRNAs) as well as the
production ol a host of other essential short untransiated RNAs (Paule and White,
2000). Depending on cellular conditions, pol III is responsible for approximately
10% of all nuclear transeriplion (Moss and Stefanovsky, 2002), RNA polymerase [V
has recently been identified and is expressed from an alternative transeript of the

mitochondrial RNA polymerase gene (Kravehenko et al, 2005). Pol LV is responsible
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for the synthesis of some mRNAs (Kravchenko et al, 2005). These RNA polymerases
arc subject to tight regulation, and this co-ordination of gene expression influences the
fate of mammalian cells (White, 2001). The untranslated products produced by pols I
and III are essential for sustained protein synthesis and therefore a fundamental
determinant of the capacity of a cell to grow (White, 2005). 'The work performed in
this thesis is involved in further understanding the regulation of transcription by pol

1T, and therefore furthering understanding of the control of cell growth.

1.1.2 Transcription and Cell Growth

The progression of the cell cycle and cellular proliferation cannot occur without cells
first attaining a critical mass. As 80-90% of the dry mass of a cell is protein, the rate
of protein synthesis is critical to both growth and therefore proliferation (Zetterberg
and Killander, 1965; Baxter and Stanners, 1978). In most cells the number of mRNA
molecules is greater than the number of ribosomes, therefore ribosome biogenesis is
rate limiting for protein synthesis (Kief and Warner, 1981; Zctterberg and Killander,
1965). Each ribosome is composed of four RNA species and over eighty proteins.
The syathesis of the rRNA is the rate limiting step in ribosome biogenesis as almost
all ’IRNA is incorporated into ribosomes (Liebhaber ct al, 1978). The four rRNAs that
are incorporated into each ribosome are the 5.88, 188 and 288 rRINAs, produced by
pol1and the 585 rRNA, produced by pol III (White, 2005). These RNA species are all
essential and required in equimolar amounts, thercforc the study of the co-ordination
of' both pol1 and pol III transcription is required for an understanding of cell growth.

Levels of the pol IH-transcribed tRNAs have also been demonstrated to be critical for

the rate of protein synthesis and cell growth. Reducing levels of the initiator tRNA in
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yeast can influence cell growth and prolong cell doubling time (Francis and
Rajbhandary, 1990). This is supported by the fact that there is a general increase in
tRNA synthesis in the growth response in all organisms examined (White, 2002). As
well as the synthesis of both tRNAs and the 5SrRNA, pol 11l is also responsible for
the production of a variety of other short untranslated RNAs critical to the
biosynthetic capacity of the cell, which are discussed later in this introduction, and an
understanding ol protein synthesis and cell growth is not complete without

considering transcription of by pol III (White, 2002).

1.1.3 Regulation of pol lll transcription

Due to the essential function of pol III products for protein synthesis and cell growth,
their franscription is highly regulated. A variety of cellular products involved in the
regulation of pol III transeription will be described, as well as the mechanisms behind
their control. A recent addition to the direct regulators of po! TII transcription is the
product of the ¢-Myc proto-oncogene (Gomez-Roman et al, 2003). c-Myc has been
demonstrated to potently and directly activate the transcription of genes transcribed
by pol III (Gomez-Roman et al, 2003). The work in this thesis will attempt to
uncover the mechanisms behind this activation, and to identify any other co-activator

proteins involved in the process.
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1.2 Class Il genes

Products of the genes transcribed by pol III are short RNAs, typically betwecn 100
and 300 nucleotides in length, which remain uniranslated. These short RNA
molecules are involved in various cellular processes and are listed, along with their

function, in the table below.

Table 1.1 - (Adapted from White, 2002)

Product Function Size
58 tRNA Ribosomal component 120 nt
tRNAs Translational Adaptors 70-90 nt
U6 snRNA | mRNA splicing 106 nt
7SK RNA Transcriptional clongation by pol II | 330 at
7SL RNA SRP component 300 nt
MRP RNA | rRNA splicing 265 nt
HI RNA tRNA processing 369t
Alu RNA General pol IT inhibition? 300nt
B2 RNA General pol II inhibition? 180nt
VA RNA Translational control 160 ot
EBER RNA | Translational control 165 nt

The majority of pol Ill-transcribed genes are involved primarily in protein synthesis

from processing the mRNA, to being directly involved in the translation and
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appropriately targeting the newly synthesised polypeptide. These unctions of pol III-

transcribed genes will be described in this introduction.

1.2.2 5S rRNA genes

Ribosomes consist of approximately 85 proteins, as well as four species of IRNA, the
58, 5.8S, 188 and 288 rRNA (Doudna and Rath, 2002, Wool, 1979). The pol III
transeribed 58 rRNA is an essential component of the ribosome, and is therefore
essential in eukaryotic organisms for protein synthesis (Wool, 1979). The four
tRNAs are required in equal stoichiometry, each being present in one copy per
ribosome (White, 2001). Unlike the pol I-transcribed tRNAs, the 58 fRNA is
transcribed in the nucleoplasm, but is transported to the nucleolus for processing and
incorporation into the ribosome (Lafontaine and Tollervey, 2001). The human
genome contains 300-400 58S rRNA genes and many of these genes exist in clusters or

tandem repeats (International Human Genome Consortium, 2004).

1.2.2 tRNA genes

Along with the 58 rRNA, the tRNAs are essential in the translation of mRNAs. The
tRNA molecules serve as adaptors that interpret the sequence of mRNA to specify the
order of amino acid residues in a protein. tRNA molecules, when processed, are
between 70 to 90 nucleotides i length and adopt an L shaped secondary structure
(Draper, 1996; White, 2002). Alihough the tRNAs have similar structures they can
only recoguise a specific amino acid, the amino acid is covalently linked to the 3° end

of the tRNA, and matches this to a specitic codon in the message (White, 2002).
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Each eukaryotic cell contains 50 to 100 tRNA species, and because of this number
there is a great deal of redundancy among the tRNA genes (Sharp et al, 1984). ‘the
human genome confains approximately 500 tRNA genes and related pseudogenes,
and these encode 60-90 tRNAs (International Human Genome Consortium, 2004).
‘The tRNA genes in man arc generally scattered throughout the genome, although

some clustering is observed (International Human Genome Consortium, 2004).

1.2.3 U6 snRNA genes

An essential step in the production of mature mRNA molecules is the splicing of the
pre-mRNA. Many protein-encoding genes transcribed by pol I are interrupted by
non-coding regions called introns that must be removed by splicing to creaic a
functional mRNA (Maniatis et al, 1987; Mattaj et al, 1993). Spliceosomes are small
nuclear ribonuleoproteins (snRNPs) which are involved in pre-mRNA splicing within
the nucleus (Maniatis and Reed, 1987; Mattaj et al, 1993). In addition to their protein
component, spliceosomes contain five snRNAs (Maniatis and Reed, 1987; Mattaj et
al, 1993). Four of the snRNAs are transcribed by pol II, but the U6 snRNA is
transcribed by pol III (Kunkel et al, 1986; Reddy et al, 1987). The U6 snRNA is a
106 nucleotide transcript, and 18 the most conserved amongst the splicosome snRNAs
(Reddy ct al, 1987; Brow and Guthrie, 1988). Ii appears that the U6 snRNA is in
relative excess in comparison to the other snRNAs in yeast and in higher eukaryotes,

indicating that it is not rate-limiting in spliccosome production (Kaiscr ct al, 1995;

White, 2002).
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1.2.4 7SL RNA gene

The 7SL RNA is another product of pol III and this RNA forms the nucleic acid
scaffold of the signal recognition particle (SRP), along with six different polypeptides
(Walter and Blobel, 1982). The SRP is involved in protein trafficking through the
insertion of nascent polypeptides into the endoplasmic reticulum (Walier and Blobel,
1982). The trafficking of proteins through this organelle is critical for post-
translational modifications, appropriate folding and delivery to their appropriate sub-
cellular locations (Keenan et al, 2001). The 300 nucleotide 7SL is extremely
conserved throughout evolution, with the human genome containing four copies

(International Human Genome Consortium, 2004).

1.2.5 Other Class lll Genes encoding RNP Components

The 330 nucleotide 7SK RNA is a relatively abundant RNA present in the nucleus of
eukaryotic cells (Mattaj et al, 1993; Murphy et al, 1986). Until relatively recently the
function of 7SK remained somewhat of an enigma. Several studies have now
demonstrated that 7SK is a negative regulator of pol II elongation (Nguyen at al,
2001; Yang et al, 2001). 7SK binds to a pol Il elongation factor, PTEI'b, and this
interaction has inhibitory effects on this complex and pol TIT elongation (Nguyen at al,

2001; Yang et al, 2001).

The H1 RNA is the 369 nucleotide component of Rnase P, a complex involved in the
5 processing of pre-tRNA molecules (Bartkiewicz et al, 1989). The primary

sequence of the H1 RNA is not homologous between organisms, but the tertiary
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structure is thought to be highly conscrved to retain its function (Morrissey and

Tollervey, 1995).

The 265 nucleotide MRP RNA is a component of an endoribonuclease originally
identified from its ability to cleave the mitochondrial transcript to generate a primer
for mitochondrial DNA replication (Chang and Clayton, 1987; Chang and Clayton,
1989; Topper and Clayton, 1990). Although identified in the mitochondria the RNase
MRP is predominantly in the nucleolus where it plays an important role in pre-rRNA

processing (Morrissey and Tollervey, 1995).

1.2.6 Viral Genes transcribed by pol [l

There are several viruses that encode class III genes, these viruse can use the pol 111
transcription machinery of host cells to express these genes (White, 2002). The
adenoviral VA; and VAy genes are both transeribed by pol 111 in the late stages of
adenoviral infection (Soderlund et al, 1976; Weinmann et al, 1974). The VA RNAs
act by stimulating the translation of adenoviral mRNA at late times afier infection
(Thimmappaya ct al, 1982). ThcVA transcript is essential for this process, but
deletion of the V Ay transcript has no effect on the viral life-cycle (Thimmappaya et

al, 1982).

The Epstein-Barr virus (EBV) also contains two pol IIl-transcribed genes that are
highly expressed in viral infections (Rosa et al, 1981). The two genes are 165
nucleotides long and are called EBER1 and EBERZ (Rosa et al, 1981). Although they

are highly expressed in EBV infected cells, EBER1 and EBER2 are not necessary for
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the normal viral repliction cycle (White, 2002). The EBER genes are able to
substitute for the VA genes in adenoviral infection, so a similar role in stimulating
translation is likely (White, 2002). Furthermore, EBLRs are sufficient to induce
growth in sofl agar and tumours in mice, thus providing the first example of an

oncogenic RNA (Kitagawa et al, 2000; Komano et al, 1999; Rufel al, 2000).

1.2.7 SINEs

A variety of short interspersed elements (SINEs) in higher organisms are pol I
templates (White,2002). The predominant SINEs in rodents are the B1 and B2 genes.
The B1 gene family is dervived from the 7SL gene and is homologous to the Alu
SINESs present in primate genomes (Ullu and {'schudi, 1984). 'The function of the B1
RNA remains elusive (Daniels and Deininger, 1985). The B2 family of genes are
rodent specilic SINEs and appear to bave been derived from a tRNA gene, and are
essentially tRNA pseudogenes (Daniels and Deininger, 1985). A function of the B2
SINE has recently been proposed in the heat shock response. B2 has been shown to
bind to pol II and generally repress mRNA production in response to heal shock
{Allen et al, 2004). The Bl and B2 genes are present in high copy numbers in the rat
genome with 384 000 copies of B1 and 328 000 copies of the B2 gene (Rat Genome

Sequencing Project Consortium, 2004)

The major SINE in humans and other primates is the Alu family. The Al family of
genes represents approximately 10% of the human genome, with over one million
copics (International Human Genome Consortium, 2001). Alu gencs consist of two

imperfect repeats derived from the 7SI, gene separated by a 18bp spacer (Ullu and
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Tschudi, 1984). ‘The upstream repeat contains a functional promoter sequence, but
Alu genes are generally expressed at very low levels in human cells (Liu and Schmid,
1993). Alu gene products may perform a similar role to the B2 RNA in the heat
shock response in human and primate cells. Expression of Alu transcripts is increased
in heat shock conditions and these RNAs can bind to and inhibit pol II (Mariner et al,
2005). The rccent data proposing functions of SINEs is challenging the concept that

these elements are merely ‘junk’ DNA.

The functions of genes transcribed by pol III are critical in the process of protein

synthesis and their functions are summarised in figure 1.1.

10
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Figure 1.1 Pol lll transcripts are invoived in the proteln synthetic

pathway

Several pol III transcripts are involved in the regulation of the protein synthetic
machinery. The newly synthesised mRNA is processed by the spliceosome, which
includes the U6 snRNA. The MRP RNA and the HI RNA are involved in TRNA and
tRNA processing, respectively. The tRNA and 5S rRNA genes are involved in the
translation of the mature mRNA molecule, with the 7SL genes involved in the
appropriate targeting and delivery of the newly synthesised peptide to the correct

cellular location. Boxes indicate a pol III product.

11
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1.3 Promoter Structures of Class lif Genes

The promoter structures of genes transcribed by pot Il are often markedly different
from the promoters utilised by the other polymerases. The most umusual feature is
that the vast majority require sequence elements downstream of the starl site of
transcription within the transcribed region, termed internal control regions (ICR). The

structure of these promoters is discussed below and displayed in figure 1.2.

1.3.1 Type | promoter

Type I promoters arc found only within the 58 rRNA genes, Much of the work done
on the promoter structure of 58 rRNA genes has been performed using Xenopus
laevis, as a model system. The Xenopus lnevis somatic 58 gene ICR is made up from
three conserved sequence elements: the A-block located between + 50 and +64, the
intermediate element (IE) located between +67 and +72 and the C-block at +80 to
+97; these elements are required for efficient transcription of the gene (Figure 1.2,
Bogenhagen et al, 19835; Picler ct al, 1985 a,b; Pieler et al, 1987). The bases between
the conserved elements appear to act merely as spacers, and mutation do not influence
transcriptional efficiency, but short deletions or additions of bascs in thesc regions
reduces transcription and the stability of a transcription complex (Pieler et al, 1987).
The 5S yRNA genes studied in other eukaryotic organisms have similar promoter

structures and the spacing between the promoter elements is eritical (White, 2002).

13
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1.3.2 Type Il promoter

The type II promoter is the most common promoter arrangement utilised by pol III-
transcribed genes. Genes with type II promoters include the tRNA genes, the major
SINEs and the VA genes (White, 2002). Thesc genes arc characterised by two
conserved sequence elements, the A and B blocks, within the transcribed region
(Figure 1.2; Galli et al, 1981). These sequence elements are about 10 base pairs in
length, and are essential for the transcription of the gene {Galli et al, 1981). The A-
block is homologous to the A-Block contained within Type 1 promoters, and these
elements can be interchangeable, although the A- block is much closer to the start site
of transcription in type I promoters (Ciliberto et al, 1983). The B-block is further
downstream of the A-block, and these blocks are generally 30-40bp apart, but this
spacing can be increased due to short introns in the coding regions of certain genes
{Sharp et al, 1984; Geiduschek et al, 1988). Although the A and B blocks are
necessary and sufficient for efficient transcription, flanking sequences are likely to

have an influence upon the transcription of most if not all tRNA genes (White, 2002}.

1.3.3 Type Il promoters

A few class III gene promoters fack any requirement for internal promoter elements;
these are referred to as type Il promoters. Examples of genes with a type III
promoter are the U6 snRNA, MRP and 7SK genes (White, 2002). The best-
characterised example of a type II promoter is that of the U6 snRNA gene. The
sequences required for expression of the human and mouse U6 snRNA gene are the

TATA box, a proximal sequence element (PSE) and a distal sequence clement (DSE);

14
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all of which lie upstream of the transcription start site (Figure 1.2; Das et al, 1988;
Kunkel at al, 1989; Lobo et al, 1989). As well as the upstream sequences described
above, the yeast U6 snRNA genes have funclional A and B blocks with homology to
those utilised in type II promoters that are not present in the U6 snRNA genes of

higher eukaryotes (White, 2002).

15
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Figure 1.2 Structure of class lll genes

The three types of promoter arrangement that are utilised by pol ITI are displayed in
this figure. The start site of transcription is indicated with an arrow and the

termination signal indicated by a run of T residues.
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1.4 Transcription Complex Assembly on Class Ilf genes

The nuclear RNA polymerases alone have little specificity for particular DNA
sequences. In the case of pol III, recruitment to specilic genes requires the prior
assembly of pol Ill-specific general tramscription factors. These factors vary
depending on the nalure of the promoter structurc and the assembly of these

transcription complexes will be discussed below.

1.4.1 Complex Assembly on a Type [l promoter

The initial step in the formation of the transcription complex on type II promoters is
the binding of the pol IT-specific transcription factor TFIIIC (Paule and White, 2000;
Schramm and llernandez, 2002). 'This complex has been well defined in yeast and is
a large and complex multi-subunit transcription factor, Yeast TFIIIC is made up of
six subunits, which have an aggregate mass of over 500kDa (Geiduschek and
Kassavetis, 2001; Schramm and Hernandez, 2002). The subunits of TFIIIC,
individually, have no DNA binding activity, but the formation of the entire complex
creates two globular domains capable of binding to the A and B blocks of a type II
promoter (Baker at al, 1986). Althongh TFIIIC binds to both the A and the B block of
a type Il promoter it is the B block that appears to be the major determinant of binding
affinity (Baker et al, 1986). The tolerance of variable spacing between the A and B
blocks is surprising as they are bound simultaneonsly by a single transcription factor
complex, and explained by the fact that TFIIIC can be streiched to achieve this

remarkable flexibility (Schultz et al, 1989).
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Figure 1.3 Transcription complex assembly on a type Il promoter

The pol Il1-specific transcription factor TFIIC binds to the A and B blocks on
the promoters of genes with a type II promoter. TFIIIC then recruits TFIIB,

which can then recruit the polymerase.
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Human TFIIC appears to be more complex than its yeast homologue. The
biochemical fraction containing TFIIIC activity can be split into two functional
components termed TFIIIC1 and TFHIC2, with both required for transcription on type
1 and type 1l promoters, but only TFIIICI being required for transcription of genes
containing type Il promolers (Yoshinaga at al, 1987; Dean and Berk, 1987; Yoon et
al, 1995; Lagna et al, 1994; Oettel et al, 1997). The identity of TFIHC1 activity
remains relatively ill defined and its polypeptide composition has not heen
uncquivocally demonstrated (White, 2002). The TFIIIC] activity stabilises the
interaction between TFIIIC2 and the promoters of class Il genes (Wang and Roeder,
1996). Human TFITIC2 is relatively welil defined, it is composed of 5 subunits, which
have been identified and cloned, it has a mass similar to that of yeast TFIIC and
performs a similar function, but the subunits have weak or no homology with subunits
of the yeast factor (Yoshinaga at al, 1989; Sinn et al, 1995; Wang and Roeder, 1996).
The five subunits are TFIIC 220, TFIIC 110, TFIIC 102, TFIIC 90 and TFIIC 63,
cach named after their mass in kDa (White, 2002; Schramm and Hernandez, 2002).
The two largest subunits of TFIIIC2, 220 and 110, form the binding interface between
TFIIIC and the B-block of type II promoters and TFIIIC 102 and 63 are associated
with the A-block, with TFIIIC 90 bridging the two DNA binding domains (Schramm
and Hernandez, 2002). Human TFIIIC2 plays additional roles to its yeast counterpart
highlighted by the fact that two of its subunits TFIIIC 110 and 90 possess histone
acetyl transferase activity (HAT) and that human TFIIIC2 can relieve chromatin-

mediated repression of a tRNA gene (Hsieh et al, 1999; Kundu et al, 1999).
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The main function of TFIIIC is to recruit another complex, TTIIB, to the promoters
of type 1 and 11 genes (Schramm and Hernandez, 2002; White, 2002). TFIIIB is the
central class 1II initiation factor since it alone is sufficient to recruit the polymerase
and specify the site at which transcription begins (Kassavetis et al, 1990), TFIIIB is
another mmiti-subunit pol II1 specific iranscription factor and it is a complex of three
polypeptides in yeast and humans, one of which being the TATA-binding protein
(I'BP). IBP is essential in pol I transcription and is also involved in the
transcription of genes transcribed by polI and pol II (Burley and Roeder, 1996). Two
pol IlI-specific TBP-associated factors are also required for TFIIIB activity. The first
of these is a factor with homology to the pol IT basal transcription factor TFIIB, and
for this reason it is referred to as the TFIIB-related factor 1 (Brfl), and has a relative
molecular mass of 90kDa in humans (Roberts ot al, 1996). The other human TFIIIB
associated TAF is Bdpl, with the major form being a 160 kDa polypeptide (Schramm
et al, 2000). Several alternatively spliced forms of Bdpl have been identified in
human cells (Schramm ct al, 2000). The roles of these variants remains unclear. A
250kDa variety of Bdpl may play additional roles in pol Il-transcription with it

recently being proposed to be the unidentificd TEIIIC1 activity {Weser et al, 2004).

Type I and II promoters of pol [Ii-transcribed genes have no TATA element and the
TBP-containing TFIIIB complex does not bind to DNA directly and is recruited via

interactions with TTTIIC (Bieker et al, 1985; Setzer and Brown, 1985).
All three subunits of TITHD are required for polymerase recruitment, but only TBP
and Brfl have been shown to make dircet interactions with the polymerase (Schramm

and Hernandez, 2002). Of these interactions, the binding of Brfl to the yeast C34 pol
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1T subunit (RPC39 in humans) appcars to be critical (Schramm and Hernandez,
2002). Additional contacts between TFIIIC and pol III may stabilise the transcription

complex (Flores et al, 1999; Dumay et al, 1999; Hsieh et al, 1999).

1.4.2 Complex assembly on a type | promoter

The action of TFIIIC to recruit THFIIIB, and the subsequent TFIIIB-dependent
recruitment of pol IIT is similar on type I and TI promoters (Schramm and Hernandez,
2002; White, 2002). The differences in these promoters is that the type 1 promoter of
the 58 rRNA genes lacks a functional B block and cannot directly recruit the TFIIIC
complex. On these promoters TFUIC is recruited through protein-protein interactions
with another pol llI-specific transcription factor TFIIIA (Figure 1.4; Schramm and
Hernandez, 2002; White, 2002). TFIIIA was the first eukaryotic transcription factor
to be purificd to homogeneity and the first cukaryotic transcription factor to have its
gene cloned (Engelke et al, 1980; Ginsberg et al, 1984). TFIITA is composed of a
single polypeptide, of a relative molecular mass of 42 kDa in humans, and is the
founding member of the C;H, zinc finger family of DNA-binding transcription
factors, consisting of nine tandem, zinc-dependent DNA binding motifs (Miller at al,
1985, Moorfield and Roeder, 1994). The N-terminal three zinc fingers recognise the
type I promoter-specific C-block in 58 tRNA promoters, and the interaction of these
fingers contributes to 95% of total binding of TFIIIA to type I promoters (Foster ¢t al,
1997; Nolte et al, 1998; Clemens et al, 1992). The precise interactions of TIFIIIC with

TFIIA still remain unclear {Schramm and Hernandey, 2002),
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Figure 1.4 Transcription complex assembly on a type | promoter

The type I promoter-specific transcription factor TFIIIA binds the internal control
region of the gene. TFIIC is then recruited to the promoter via protein-protein
interactions with TFIIIA. This is then followed by the recruitment of TFIIIB and

subsequent recruitment of the polymerase.
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1.4.3 Complex Assembly on Type lll promoters

The type III promoters associated with vertebrate U6 snRNA, 7SK and MRP genes
have distinct factor requirements from pol Ui-transcribed genes with type 1 and I1
promoters. The complex assembly on these genes is outlined in figure 1.5. Type III
promoters contain a8 TATA box and a PSE, which are recognised by the TBP
component of a IFIIIB complex and a mulii subunit complex termed SNAPc
respectively (Schramm and Hernandez, 2002). The TFIIB complex utilised in the
transcription of genes with a type III promoter differs in subunit composition to that
used by type I and type I promoters. The TFIIB activity is made up from TBP,
Bdpl and a Brfl homologuc, Bri2 (Schramm ct al, 2002). Proicin-protcin
interactions between SNAP; and the TBP component of TIIIB enhance their
interaction with the promoters of type III genes, and this may explain the strict
spacing between the PSE and the TATA box (Mittal and Hernandez, 1997; Schramm
and Hernandez, 2002). The binding of these factors then leads to the subsequent
recruitment of the polymerase by the TFIIIB complex (White, 2002). Although basal
transcription only requires the presence of the PSE and the TATA box, the binding of
another transcription factor, Octl, to the upstream DSE element of type 1l gene

promoters can enhance levels of transcription (Schramm and Hernandez, 2002).
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Figure 1.5 Transcription complex assembly on type lll promoters

SNAP: and TFIIB bind co-operatively to the PSE and TATA box of type III
promoters, Binding of another factor, Oct-1, to the upstream DSE cnhances
transcription of genes with a type III promoter. This is through interactions between
SNAP¢c and Oct-1, which enhances SNAP¢/TFIIIB recruitment to the promoter.

Polymerase is then recruited via interactions with SNAP/TFIIB,
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Pol III
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1.4.4 Polill

As previously mentioned, pol I is the largest and most complex of the nuclear RNA
polymerases. As all three nuclear RNA polymerases perform essentially the same
task, faithful transcription of a DNA template to produce a complementary RNA
strand, it is of no surprise there are common subunits between polymerases and
significant homology between some of the unique subunits (White, 2002). Pol 11l is
well defined in budding yeast; it consists of 17 subunits, ten being unique to pol 111,
two being shared between pols I and Il and five common between pols I, IT and 11T
(Schramm and Hernandez, 2002; White, 2002). Of these 17 subunits identified in
yeast, 16 have been disrupted and demonstrated to be essential for function (Chedin et
al, 1998). Human pol II! has been purified by chromatography and from cell lines
expressing tagged pol III subunits, and orthologues of the yeast subunits have been

identified (Wang and Roeder, 1996; Wang and Roedcr, 1997; Hu ct al, 2002).

The two largest subunits of pol IIT are homologous to the two largest polypeptides of
pol I and polII, as well as having homology to the B’ and § subunits of bacterial RNA.
polymerase (White, 2001). These conserved subunits, along with subunits shared
belween the eukaryolic pols, are thought to form the RNA polymerase catalytic core,
with the unique subunits performing other essential roles such as template selection

and transcription factor interaction sites (White, 2601).
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1.4.5 Transcription Initiation and Elongation

Once the polymerase is reeruited to the promoter it melts the double-helix around the
start site of transcription. There is cvidence that along with the polymerase,
components of TFIIIB may be involved in his event (Kassevetis et al, 1998). In
contrast to transcription by pols I and II, there are no clongation factors associated
with the pol III transcription apparatus, this may be due to the extremely short length
of class TIT genes, or unique subunits of the polymerase may perform this role (White,
2001). One of the mysteries associated with pol III transcription is how the
polymerase transcribes through the poi HI transcription apparatus, which covers the
entire gene, without removing it or being significantly obstructed (Bogenhagen et al,
1982; Jahn et al, 1987). It may be that protein-DNA interactions between the
transeription complex are disrupted during elongation, but protein-protein interactions

between {ranscription factors keep the complex intact (White, 2002).

1.4.6 Transcription termination and reinitiation

Pol III requires a variety of accessory factors for accurate initiation of transcription,
but can terminate transcription accurately and efficiently in the absence of accessory
factors (Cozzarelli, et al, 1983; Hammond and Tlolland, 1983; Waison et al, 1984,
The termination signals on class III genes are simple clusters of four or more T
residues that are recognised by the polymerase and are sufficient for the accurate

cessation of transcription by pol Il (Bogenhagen and Brown, 1981).
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The formation of a transcription complex and the initiation of transcription is a
relatively slow process (Dieci and Sentenac, 1996). This slow step is avoided because
pol III can be recycled without being released from the template, leading to a
subsequent round of transcription being five to ten-fold faster than that of the mitial
transcript (Dieci and Sentenac, 1996), The bends in the DNA duplex caused by the
binding of the pol II transcription faclors may facilitate the reinitiation of
transcription by bringing the staxt site inio close spatial orientation with the end of the
gene, thus when transcription complexes are assembled they are capable of multiple

rounds of transcription (White, 2002).
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1.5 Regulation of Pol lll Transcription

1.5.1 Activators of pol 1ll transcription

It has been previously demonstrated that serum stimulation of resting culture cells can
activate pol [l transcription (Johnston et al, 1974; Mauck et al, 1974). Mitogenic
stimulation of quiescent cells results in the activation of several signalling cascades

that can directly activate pol III transcription.

One example is the protein kinase, CK2. CK2 is a highly expressed and constitutively
active Ser/Thr protein kinase with a large number of substrates and has been
implicated in neoplasia and cell survival (Meggio and Pinna, 2003). The activity
and/or levels of CK2 are elevated in response to mitogenic stimulation, and associated
with both cell growth and proliferation (Meggio and Pinna, 2003). CK2 can bind
directly to and phosphorylate the pol III transcription factor TFIHIB in both yeast and
mammalian cells (Hockman and Schultz, 1996; Johnston et al, 2002). In mammalian
cells this is postulated to incrcase the affinity between TFIIIB and TFIIC2, thus
facilitating the formation of the transcription complex (Johnston et al, 2002).

Another cellular signalling pathway stimulated upon addition of growth factors is the
mitogen activated protein kinase (MAPK) cascade. Induction of this pathway leads to
activation of the extracellular signal-related kinase (ERK), through a signalling
cascade that involved a recepior tyrosine kinase, the GTPase Ras, the kinase Raf and
the ERK kinase MEK (Downward, 2002). This pathway can promote cell growth in

several ways including increasing translational capacity and initiating transcription by
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pol I (Whitmarch and Davies, 2000; Stefanovsky, 2001). The MAPK kinase cascade
can also stimulate transcription of the 58 rRNA and tRNA genes through ERK
binding and phosphorylation of TFIIIB (Felton-Edkins et al, 2003a). Phosphorylation
of TFIIIB cnhances its ability to interact with TFIIC and pol iil, and promotes the

formation of the transcription complex to directly stimulate pol III transcription

(Felton-Edkins et al, 2003).

1.5.2 Repressors of pol Il transcription

The product of the retinoblastoma susceptibility gene is an important tumour
suppressor protein that prevents cell proliferation and growth in the absence of
appropriate mitogenic signals (Kaelin, 1999; Weinberg, 1995). The Rb gene encodes
a 110 kDa phosho-protein that can regulate the activity of several key transcription
factors involved in the transcription of genes critical to cell growth and cell eyele
progression (White, 2005). ‘lranscription of pol Hl-iranscribed genes can be
efficiently repressed by addition of RB in vitro, or transfection of vectors encoding
RB into cells (White et al, 1996; Chu et al, 1997; Hirsch et al , 2000). Conversely, in
a RB-knockout cell line, transcription of poll IIl-transcribed genes is markedly
increased (White et al, 1996). Inresting cells underphosphorylated RB can inhibit pot
ITT transcription by binding to and sequestering TFIIIB in the nucleoplasm in the Gy
and G; stages of the cell cycle (Scott et al, 2001). RB is inactivated by
phosphorylation in the G-S tramsition by cyclin-dependent kinases and this
inactivation of RB correlates well with an increase in pol HI activity, suggesting an
important role {or RB in the regulation of pol LI activity (Brown et al, 1998; Scott et

al, 2001).
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The tumour suppressor protein p53 is another inhibitor of pol III transcription. p53 is
induced in response to a wide array of cellular insults, ioncluding hypoxia,
ribonucicotide depletion and exposure to genotoxins, which leads to a complex
program of events leading to either growth arrest or programmed cell death (Gomez-
Lazaro et al, 2004). p53 regulates the transcription of a number of cellnlar targets
including genes transcribed by pol III (Chesnokov et al, 1996; Cairns and White,
1998). TFILB, the target of the RB tumour suppressor, is also bound and repressed
by p53 (Chesnokov ¢t al, 1996, Cairns and White, 1998; Crighton et al, 2003). The
binding of p53 to TFIIIB inhibits the formation of the transcription complex in vivo
by blocking the interaction between TFIIB and TFIIC (Crighton et al, 2003). This is
highlighted by the increased levels of TFIIIB and pol IIT present on the promoters of
pol Ill-transcribed genes, coupled with the higher levels of pol Ili-transcribed

products, in pS3 knockout cclls (Crighton et al, 2003).

Another negative regulator of pol III transeription is the Mafl protein. Studics in
yeast have identified that Mafl can interact with both TFIIIB and pol III (Pluta et al,
2001; Upadhya et al, 2002). This protein is involved in the repression of pol III
transcription in response to a variety of stresses including nutrient deprivation and
DNA damage (Upadhya et al, 2002). Recent data have suggested that not only does
Mafl repress pol III transcription in yeast, but is involved in the regulation of 58
rRNA and tRNA genes in mammalian cells (Grabam and White, unpublished

ohservations).
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1.6 Activation of pol lll transcription by c-Myc

Pol IIT transcription is also directly and potently activated by the product of the c-Myc
proto-oncogene (Gomez-Roman ¢t al, 2003). The broad aim of this thesis is to
develop an understanding of the mechanisms behind this activation to further expand

ow knowledge of the control and regulation of transcription by pol III

1.6.1 The c-Myc transcription factor

The c-Myc proto-oncogene has been the subject of intense study over the past two
decades. The interest in this gene comes from the fact that ¢-Myc is involved in a
variety of essential processes aund that its deregulation often leads to tumour
formation. The most striking example of this is observed in Burkitt’s lymphoma. In
Burkitt’s, a chromosomal translocation resulis in the c-Myce gene being juxtaposed
with Ig loci, leading to constitutive activation ol the c-Myc gene (Nesbit et al, 1999).
c-Myc deregulation has been observed in many tumour cells, and is often associated
with poorly differentiated aggressive cancers, FExamples include breast, colom,
cervical, small cell lung carcinomas, glioblastomas, melanoma, myeloid and
lymphoblastic leukemias and Iymphomas (Dang et al, 1999, Nesbit et al, 1999). The
mechanisms behind ¢-Mye activation and the nature of its target genes is becoming

clearver and will be discussed in this chapter.
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1.6.2 c-Myc structure and the Myc/Max/Mad Network

Myc was originally identified as the viral oncogene (v-myc) of the avian
myelocytomatosis retrovirus, and was only the second oncogene identified (Sheiness
et al, 1978). A cellular homologue of Myc (c-Myc) was identified in chickens
through homology with its viral counterpart {Venunstrom et al, 1982). There is, in fact,
a family of Myc proteins which have been identified in the mammalian genome, c-

Mye, N-Mye, L-Myc and MycS (Grandori et al, 2000).

The product of the c-Myc proto-oncogene is a transcription factor, containing a
transcription activation domain at its amino-terminus, and a carboxy-terminal region
with homology to the bHLBZ family of transcription factors (Figure 1.6; Kato et al,
1990; Murre et al, 1989). The Myc family of proteins cannot form homodimers,
except at high protein concentration in viiro, instead heterodimers are formed with
another bHLHZ protein Max (Figure 1.6; Blackwood and Eisernunan, 1991;
Prendergast et al, 1991). Myc/Max heterodimerise to form a sequence-specific DNA
binding complex. Myc/Max heterodimers recognise the enhancer-box (E-box)
sequence CACGTG (as well as related non-canonical sites) and activate transcription
from synthetic reporter genes containing this element within their proinoters
(Blackwood and Eisenman, 1991; Amati et al, 1992; Krezner et al, 1992). In contrast
to Myc, Max proteins can homodimerise and recognise E-box sequences, but

Max dimers appear to be transcriptionally inert {Amati ct al, 1992; Krezner et al,

1992)
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Figure 1.6 The Myc/Max/Mad network
Schematics of the Myc, Max and Mad proteins are displayed below. The known
functional domains are indicated. bHLHZ: basic helix-loop-helix leucine zipper

domain; TAD: transactivation domain; MBI: Myc Box [; MBIL: Myc Box II; MBIII:

Mye Box IIT; NLS: nuclear localisation signal; SID: Sin3 interaction domain.
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Max is expressed in the absence of Myc; this led to the search for other Max
interacting protcins. The Mad family of transcription factors represent four bHLHZ
containing proteins, Mads 1-4, that can specifically bind with Max (T'igure 1.6; Ayer
et al, 1993; Zervos et al, 1993; Hurlin et al, 1995). Mad proteins are similar to the
Myc family members as they homodimerise poorly, but form heterodimers with Max
in vivo (Ayer et al, 1993; Zervos et al, 1993; Hurlin et al, 1995). Mad/Max dimers
bind to the same E-box sequences that Myc/Max dimers recognise (Ayer et al, 1993;
Zervos et al, 1993; Hurlin et al, 1995). However, in contrast to Myc, transcription
assays demonstrate that Mad binding represses E-box dependent activation of a
reporter gene (Ayer et al, 1993; Hurlin et al, 1995).

In general Max-interacting proteins are unstable and their expression tightly regulated
(Grandonri et al, 2000). Max itself is relatively stable and is constitutively expressed;
control of the Myc/Max/Mad network is thought to be mediated by changes in the

abundance of Max-interacting factors (Blackwood et al, 1992).

1.6.3 ¢c-Myc¢ Function

Work in this thesis will concentrate on c-Myc, the first member of the Myc family of
transcription factors identified in cells. ¢-Myc has been demonstrated to alter the
expression, both positively and negatively, of a wide variety of genes involved in
many cellular processes (Grandori et al, 2000). As previously mentioned, c-Mye is a
member of the bBHLHZ family of (ranscription factors. The blIL1IZ domain is present
al the carboxy-terminal of the ¢c-Myc protein and is essential for ¢-Myc function and
binding to Max (Grandori et al, 2000). The amino terminal 143 amino acids of c-Myc

can act as a transactivation domain (TAD) when {used to the DNA binding domain of
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the yeast Gal4 protein (Kato et al, 1990). The amino terminus contains three highly
conserved elements, referred to as Myc boxes (figure 1.6). Of these conserved
element Myc box I (MBI) contains phosphoryiation sites involved in targeting Myce’s
proteolytic destruction, and mutations in this region are observed in lymphomas
(Dang et al, 1999; Bahram ¢t al, 2000). The deletion of MBI results in reduced
transformation activity of Myc in vivo (Pelangaris and Khan, 2003) The Myc Box II
region (MBII) is dispensable to activate reporter genes in vitro, but it absolutely
required for Myc-mediated transformation of cell in vivo (Stone et al, 1987). This
activity of MBII in vivo could be attributed to the transactivation of target genes in a
chromatin context requiring co-activator proteins that require the integrity of this
region for binding (Eisenman, 2001). The final Myc Box, Myc Box III (MBIII), is
also involved in the regulation of protein stability and is absolutely required for
cellular transformation and full activation or repression of target genes {Herbst et al,

2004; Herbst et al, 2005).

c-Myec is broadly expressed during embryogenesis and in tissue that has a high rate of
proliferation (Luscher, 2001; Eisenman, 2001; Pelengaris and Khan, 2003). c-Mye
expression correlates well with a high rate of proliferation, and in cell culture c-Myc
expression is induced in response to a wide range of mitogenic stimuli. Other
functions of the ¢-Myc protein include inhibition of terminal differentiation and

induction of apoptosis (Liischer, 2001; Eisenman, 2001 ; Pelengaris and Khan, 2003).

Targeted homozygous deletion of the c-Myc gene leads to embryonic lethality before

10.5 days gestation in mouse models, suggesting a critical role in development (Davis

et al, 1993). Inactivation of the c-Myc gene in rat fibroblasts causes a prolonged cell
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doubling time, indication a role for ¢c-Myc in cell growth and proliferation (Mateyak

et al, 1997).

Bona fide targets of the c-Myec transcription factor have been difficult to identify, due
to relatively weak and variable transcriptional activation of synthetic targets or

putative target genes (Grandori and Eisenman, 1997).

1.6.4 Linking c-Myc Target Genes to c-Myc Function

Much of the research in the c-Myc field has focussed on the influence of Myc¢ proteins
on the cell cycle. The deregulated expression of Myc has been shown to allow cells
to enter S-phase and undergo mitosis in the absence of external growth factors, which
is also a feature of transformed and tumour cell types (Eilers et al, 1991; Hanmahan
and Weinberg, 2000). Several studics have provided insights into how ¢-Mye
promotes cell proliferation by identifying genes either activated or repressed by c-
Myc that are involved in cell cycle progression. The G1 to S progression of the cell
cycle is controlled by the activity of the cyclin-dependent kinase (CDK) complexes
(Kohn, 1999). Components of the cyclin/CDK complexes are direct targets of the
Myc/Max/Mad network including activation of the Cyclin D2 and CDK4 genes to
promote cell cycle progression, as well as repression of cyclin-dependent kinase
inhibitors p15™*"" and p21 (Bouchard et al, 1999; Hermeking et al, 2000; Herold et

al, 2002; Feng et al, 2002).

The inability to find target genes that can substitute for c-Myc function, in the way

that has been achieved for other transcription factors, has made it difficuit to link c-
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Myc action to specific pathways involved in cell cycle progression and transformation
(Grandori et al, 2000; Patcl et al, 2004). The difficulty in doing this may result from
the broad range of target genes that c-Myc can affect. Indeed a large seale screen in
Drosophilia identified that members of the Myc/Max/Mad network are associated
with a large number of loci examined, this approximated to 15% of the class M genes

examined (Oriuan et al, 2003).

1.6.5 ¢c-Myc and Cell Growth

Much effort has gone into defining the role of ¢-Mye in cellular proliferation, but it is
becoming clear that c-Myc has a major role in cell growth. Activation of Myc drives
a rapid increase in translation and growth, which precedes cell proliferation (Iritani
and Eisenman, 1999; Kim et al, 2000; Schuhmacher et al, 2001). In certain conditions
c-Myc can lead to growth in the absence of proliferation (Beier et al, 2000). As well
as the described role in the activation of pol IIT transcription, c-Myc has been shown
to control many genes which can ultimately atfcet cell mass. These include the gene
products of eIF4E and eIF2a, which arc rale-limiting translation initialion [actors
(Rosenwald et al, 1993; Jones et al, 1996). When cxamining fibroblasts in which c-
Myc has been deleted lower rates of both protein synthesis and ribosome biogenesis
are observed (Mateyak et al, 1997). Myc can activate genes encoding protein
components of the ribosome, as well as directly activating the transcription of pol I
specific transeription factors (Kim et al, 2000; Boon et al, 2001; Poortiga et al, 2004).
There is also a direct cffcet on pol I transcription with Myc potently and directly
activating the transcription of the pre-rRNA, and it is present on the rDNA in vivo

(Grandori et al, 2005; Arabi et al, 2005) The finding that transcripts synthesised by
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pol LI, such as the tRNA and 58 rRNA, are induced by c-Myc further indicates a
major role for c-Myc in cell growth (Gomcez-Roman et al, 2003, Felton-Edkins et al,

2003b).
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1.7 Pol lll trancription and cancer

1.7.1 Derepression of pol lll transcription

Precise regulation of transcription by pol III is required for the nortnal growth and
proliferation of cells. ‘Transformed and tumour cells lose this tight regulation. Early
evidence for such deregulation came from the finding that pol 11l is hyperactive in
mice with myelomas, whereas the overall activity of pol II remains normal (Schwartz
et al, 1974). Subsequent studies have revealed that a wide variety of transformed and
tumour cell types have elevated levels of pol III transcription (White, 2004; White,
2005). The tumour suppressors p53 and RB, and their respective pathways, arc found
to be deregulated in most, if not all human cancers (Iollstein et al, 1991; Weinberg,
1995). The deregulation of these important proteins could contribute to aberrant
activation of pol IIT transcription in tumour and transformed cell lincs (White, 2004,

White, 2005).

1.7.2 Activation of pol Il transcription

For tumours 1o progress they need to have a raised cellular metabolism, and essential
to this is an increase in protein biosynthesis, The oncoprotein Myec can not only drive
proliferation by targeting pol [I-transcribed genes involved in the cell cycle, but can
also increase the biosynthetic capacity of cells by activation of transcription by pol I

and pol III to promote cell growth (Dang et al, 1999; White, 2005). c¢-Myc is
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deregulated in a wide range of cancers and this may contribute to the activation of pol
III transcription in transformed and tumour cell types (Felton-Edkins et al, 2003b;
White, 2004; White, 2005). Activators of pol Il transcription, such as CK2 and ERK,
have been found to be activated in several tumour models and the activation of these

kinases could coniribute to elevated levels of pol 111 transcription { White, 2004).

1.7.3 Overexpression of pol lll transcription factors

The most obvious way to increase pol III output is by raising the level of ane or more
of the limiting transcription factors on which it depends. Levels of all five TFIIIC2
subunits are overexpressed at both the mRNA and protein levels in fibroblasts
transformed by SV40 or polyomavirus (Felton-Edkins and White, 2002; Larminnie et
al, 1999). These observations proved to be of clinical significance when elevated
TFUHIC2 activity was found in each of nine human ovarian carcinomas relative to
healthy adjacent tissue (Winter et al, 2000). The Brfl and Bdpl subunits of TFIIIB
are also found to be overexpressed in a subset of cervical carcinomas (Daly et al,
2005). As these factors are dedicated exclusively to pol III transcription, thesc

observation indicate a speciflic drive to ¢levate pol 111 transcription in cancer cells.
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1.8 Aims of this Thesis

The work in this thesis aims to uncover the mechanisms by which ¢-Myc can activate
transcription by pol Iil.  ‘This will include determuning the precise interactions
between c-Myc and the pol IIT transcription apparatus and how this acls to prowmoie
the activation of pol Ill-transcribed genes. c-Mye co-activator proteins are also
necessary for the activation of certain target genes and for the ability of Myc proteins
to transform cells, This thesis will address if there is a role for any co-activator

proteins recruited by Myc iu the activation of pol JII transcription.

Only with a clear understanding of what genes c¢-Myc can act on, and what co-

activators are involved in the process, can we start to realize and comprehend c-Myc’s

role in cancer and perhaps work o utilise it as a therapeutic target.
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Chapter 2 - Materials and Methods

2.1 Plasmid Preparation

2.1.1 Transformation of competent cells

For plasmid propagation, E. coli XL-1 blue competent cells were transformed
(Stratagene).  Cells were stored at -80°C and were thawed on ice before
transformation. 10-20ng of plasmid DNA was added to 50ul of thawed cells and
mixed by gentle agitation. The cells were then incubated on ice for 20 minutes.
Following this, the cells were heat-shocked at 42°C for 30 seconds. The cells were
then recovered by adding 500 pl of SOC medium (LB Broth, 0.05% glucose, 10mM
MgS8Qs, 10mM MgCly), which had been pre-heated to 37°C, and then incubated at
37°C for 30 minutes. 100ul of the cells was then plated onto LB-agar plates (LB-

broth, 2% agar, 100 pg/ml ampicillin} and then incubated at 37°C overnight.

2.1.2 Isolation and storage of plasmid DNA

A single colony was selected from the LLB-agar plates and was used to inoculate 10 ml
of LB-broth containing 100 pg/ml ampicillin. The culture was incubated at 37°C in
an orbital shaker for 8 hours. The mini culture was then transferred into 500mli of

LB-broth containing 100 pg/ml ampicillin, and incubated at 37°C in an orbital shaker
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overnight. The following day the bacterial cells were harvested by centrifugation at
5100 rpm for 20 minutes at 4°C (in Sigma Laboratory Centrifuge 4K15). The plasmid
DNA was isolated from the bacterial cells using the Qiagen Maxi-Prep Kit, according

to the mamutacturer’s instructions.

The bacterial pellet was resuspended in 10 ml of buffer I’1 (50 mM Tris pH 8.0, 10
mM EDTA, 100 pg/ml RNase A) and then gently mixed with 10 m! of buffer P2 (200
mM NaOH, 1% SDS) to lyse the cells. This reaction was allowed to proceed for §
minutes at room temperature before neutralisation with 10 ml of buffer P3 3 M
potassium acetale, pHS.3), which results in the formation of a precipitate of potassium
dodecyl sulphate. The bacterial proteins and chromosomal DNA were co-precipitated
with the detergent whilst the plasmid DNA remained in solution due to a lack of close
protein interactions. Precipitation was enhanced by a 20 munute incubation on ice,
before being centrifuged at 20,000g for 30 minutes at 4°C (in Sigma Laboratory
Centrifuge 4K15). The supernatant was then added to a Qiagen-tip 500, which had
previously been equilibrated with 10 ml of buffer QBT (750 mM NaCl, 50 mM
MOPS pH 7.0, 15% isopropanol, 0.15% Triton X-100). The Qiagen-tip 500 contains
an anion-exchange resin to which the plasmid binds tightly, allowing the supcrnatant
to pass through. The resin was then washed twice with 30 ml of buffer QC (IM
NaCl, 50 mM MOPS pH 7.0, 15% isopropanol) and the plasmid DNA was
subsequently eluted with 15 ml of buffer QF (1.25 M NaCl, 50 mM Tris pH 8.5, 15%
isopropanol) and precipitated with 10.5 ml of room temperature isopropanol. This
was immediately centrifuged at 15,000g at 4°C for 30 minutes. The plasmid DNA
pellct was then washed with 70% cthanol, dricd at room temperature for 10 minutes

and resuspended in an appropriate volume of sterile dH,O.
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Plasmids were stored at -20°C. The conceniration of the plasmid DNA was
determined spectrophotometrically using a quartz cuvette, using the equation 1 Azsp =

50 pug/ul dsDNA.
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Table 2.1 Description of plasmids

Plasmid Description Origin
chsz_N262 Encoding GST fusion protein confaining the | Qift fram Rob Fisenman
amino acids 1-262 of the c-Myc protein (Gomez-Roman el al, 2003)
PGex2T RR (3 79_928) Lincoding GST fusion containing (he amine ) Gill from Dennis McCanee
acids 379-928 of the RB prowin (Kaelin el al, 1990)
pGGX:Zl Encoding GST uscd as a conirol Gift from Bob Lisenman

(Gomez-Roman el al, 2003)

pcDNA3 HA Brfl

Lacoding LA tfugged wild-lype Bell protein

Generated in house

pcDNA3 HA Brfl (S250A)

Encoding HA iagged Brf! protcin with a

serine>alanine muiation at residue 250

Generated in housc

pecDNA3 HA Brfl (L>A)

Eacoding TA iagged Brfl protein with
leucinc>alanine mwutations introduced at

positions 100 and 102

Generated in honse

pcDNA3 FLAG Myc

Encoding FLAG tagged wild-type c-Myc

protein

Gift from Lars-Gunner Larsson

{von der Lehr et al, 2003)

peDNA3 FLAG Mye AMBI

Encodiag FLAG tapged c-Myc protein with

aminho acids 13-65 deleted

Gift from Lars-Gunner Larsson

{von der Lehr et al, 2003)

pcDNA3 FLAG Myc AMBH

Encoding FLAG tappged c-Myc protein with

aming acids 128-143 deleted

Gift from Ears-Gunner Larsson

{von der T.ehe et al, 2003)

pSuper TRRAP si

Encoding shRNAs against the TRRAP

transcript

CRUK shRNA libsary

pSuper MyoD) si

Bncoding shRNAs  against the Myol?

transeript

CRLK shRNA libraty
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2.2 GST pull-down assays

2.2.1 Preparation of recombinant GST fusion proteins

l'or plasmid propagation, . coli BL21 Rosetta competent cells were transformed
(Invitrogen).  Cells were stored at -80°C and were thawed on ice Dbefore
transformation, 10-20ng of plasmid DNA was added to 50l of thawed cells and
mixed by gentle agitation. The cells were then incubated on ice for 20 minutes.
I'ollowing this the cells were heat-shocked at 42°C for 30 seconds. The cells were
then recovered by adding 500 ul of SOC medium (LB Broth, 0.05% glucose, 10mM
MgSQOy4, 10mM MgCly), which had been pre-heated to 37°C, and then incubated at
37°C for 30 minutes. 100ul of the cells was then plated onto LB-agar plates (L.B-
broth, 2% agar, 100 pg/ml ampicillin} and then incubated at 37°C overnight. A single
colony of transformcd bacteria was grown overnight in 10ml of LB broth with
100pg/ml at 37°C in an orbital shaker. The 10ml of saturated culture was used to
inoculate 500ml of LB Amp, and this culture was grown at 37°C in an orbital shaker
until the culture reached an ODs¢s of 0.6-1.0. 1ml of sample was then removed,
pelleted by centrifugation, for 30s at 13,000g, and resuspended in 50pl 2x SDS
sample buffer (150 mM Tris-HCI pH 6.8, 1% SDS, 10% B-mercaptocthanol, 20%
glycerol, (.5% bromophenoi blue), as an uninduced control, The large culture was
then induccd with 0.1mM final concentration of IPTG and grown for 4 hours at 37°C
in an orbital shaker. A 0.5ml sample of the induced culture was removed, pelieted by
centrifugation for 30s at 13,000g, and resuspended in 50ul 2x SDS sample buffer.

The remaining cufture was harvested by centrifugation, 5100rpm for 10minutes at
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4°C, and snap frozen on dry ice, the pellet was then stored at -80°C. The uninduced
and the induced samiple were resolved by SDS-PAGE, and the gel stained with
coomassie brilliant blue stain, to check for induction of the protein. Once induction
was confirmed, the cells were resuspended in 20ml of lysis buffer, and sonicated 2x
for 30 seconds on ice, The crude lysate was then centrifuged at 10,000g for 10min at
4°C. The clarified extract was then aliquoted and snap [rozen in a dry ice methanol

bath.

2.2.2 In vitro transcription and transfation of proteins in

reticulocyte lysate

In vitro transcription and translation of proteins was performed using the Novagen
single tube protein in vitro transcription and translation kit. Reactions were carried
out using 1 pg of plasmid DNA. or 2 pl of PCR product. PCR reactions were carried
out using reagents described in section 2.7.3, without radio-labelled dCTP, using 0.25
pg of plasmid template (pcDNA3-HA-Brfl) in a total reaction volume of 50 pl (PCR
conditions: denaturing - 95°C 5 min; ¢ycling [x35] - 95°C 1min, 55°C 1min, 72°C 2
min; final extension 72°C 5 min). The template DNA was made up to 2 pl and added
to 8 nl of transcription mixture and incubated at 30°C for 30 minutes. To the
transcription mixture, 30 pl of translation mixture, 40 pCi **S Methionine and 6 pl

dH»0, was added. The mixture was then incubated at 30°C for 1 hour.
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Table 2.2 Primers used to produce templates for in vitro

transcription and translation of fragments of Brf1

Region of | Forward Primer Reverse Primer

Bril

1-280 5" TAATACGACTCACTATA | 5~ GCTCGTCTCGAGCTAGAA
GGGAGAGCCACCATG 3° CTCATCAATGGTCAAC-3’

281-677 | 5° TAATACGACTCACTATA | 5-TTGCAACTCGAGTCAGTAG
GGGAGAGCCACCATGAAG | CCGTCGTCCTCATC-3?
ATCGACGTGGAG ¥’

1-94 5 TAATACGACTCACTATA | 3-CGTCGTCTCGAGCTAGAACT
GGGAGAGCCACCATG 3’ CATCAATGGTCAAC-5’

94-280 5> TAATACGACTCACTATA | 5°- GCTCGTCTCGAGCTAGAACT
GGGAGAGCCACCATGCAC | CATCAATGGTCAAC-3’
CACCTGGGGAACCAG 3°

94-200 | 5 TAATACGACTCACTATA | 5°-TCTCCCTCGAGTCACAGGCAC
GGGAGAGCCACCATGCAC | GGGTCTATGGC-3
CACCTGGGGAACCAG 3°

200281 | 5 TAATACGACTCACTATA | 5~ GCTCGTCTCGAGCTAGAACT

GGGAGAGCCACCATGGCC

ATAGACCCGTGY

CATCAATGGTCAAC-3”

(T7 promater underlined)
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2.2.3 GST pull down assay

GST or GST fusion proteins were coupled to glutathione agarose beads (Sigma). 20
ul of packed volume of glutathione agarose beads were incubated with the GST or
GST {fusion protein containing clarified extracts for 1 hour at 4°C on a rotating wheel,
During this incubation period, 10ul of reticulocyle lysate containing the in vitro
translated protein was incubated with 20 pl packed volume of pre-washed ghutathione
agarose beads in a tolal volume of 600 pl made up with 1 x TBS, to pre-clear the in
vitro translated protein. The beads bound to the recombinant GST proteins were
washed three times to remove non-specific binding of bacterial proteins and to these
beads 250 pl of pre-cleared reticulocyte lysate was added to each condition. The
hinding reaction was allowed to proceed for 30 minutes at 4°C on a rotating wheel.
The beads were then washed three times with 500 ul of 1 x TBS to remove non-
specific binding to the immobilised recombinant proteins before the bound material
was released by the addition of an equal volume of 2 x protein sample buffer.
Samples were then resolved by SDS-PAGE and the recombinant proteins were then
visualised by coomassie staining {0.5% coomassie brilliant blue, 30% methanol, 10%
acetic acid) and subsequent destaining (30% methanol, 10% acetic acid) to ensure
equal loading of samples. ‘The gels were then incubated with autofluor (National
Diagnostics), to enhance the radio-labelled signal. The gels were then dried under a
vacuum and exposed to autoradiographic film overnight at -80°C. Binding was

quantified using the Imagel programme (National Institute for 1lealth, USA).
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2.3 Cell Culture

Cell culture was performed in a class 1l hood using standard aseptic technique and

sterile reagents and conditions.

2.3.1 HelLa cells and HEK 293 cells

Hela and HEK 293 cells were maintained in DMEM (Cambrex) supplemented with
10% foetal bovine serum (Sigma), 2mM L-Glutamine (Sigma), 50 units/mil peniciilin
(Sigma) and 50pg/ml streptomycin (Sigma). Cells were passaged when 80-90%

confluent (3-4 days between passages) using buffered trypsin (Sigma).

2.3.2 MycER and pBabe cells

MycER and pBabe cells were maintained in DMEM supplemcnted with 10% foctal
bovine serum, 2mM T.- Gluatmine, 50 units/mi penicillin, 50pg/ml streptomycin and
Sug/ml puromycin (Sigma). Cclls were passaged when 8§0-90% confluent using
buffered trypsin. To activate the MycER protein, MycER cells were grown to
confluency, then serum starved ((.25% Serum) for 48 hours to lower levels of
endogenous c-Myc, before addition of the ocstrogen homologue, 4-hydroxyvtamoxifen
(4-OHT). As a control for the addition of 4-OHT, pBabe cells were treated in exactly

the same way.,

2.3.3 Rat 1A wildtype and Rat 1A c-myc null cells

Rat 1A cells were maintained in DMEM supplemented with 10% foctal bovine scrum,
2mM L-Glatamine, 50 units/ml penicillin and 50pg/ml streptomycin. Rat 1A c-Mye™

cells were maintained in DMEM supplemented with 10% foetal bovine serum, 2mM
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L-Glutamine, 50 units/ml penicillin, SOpg/ml streptomyein and 300 pg/ml G418

(Promega) (Matek et al, 1997).

2.3.4 Mouse erythroleukaemia (MEL) 585 cells

MEL 585 cells were maintained in RPMI 1640 (Cambrex) supplemented with 15 %
foetal bovine serum, 2mM L-Glutamine, 50 units/ml penicillin and 50pg/ml
streptomycin.  To differentiate MEL cells N N’-Hexamethylene-bisacetamide

(HMBA) (Sigma) was added to the media to a final concentration of SmM.

2.3.5 Cryo-storage of cells

Live cells were subjected to long-term storage by resuspending near subconfluent
75cm’” flasks in 2ml of maintenance media containing 10% DMSO. This suspension
was aliquoted into cryotubes and placed at -80°C overnight to ensure slow freezing,

before being transferred to liquid nitrogen for long-term storage.

Cells were recovered by rapid thawing at 37°C and were then added to 9 mi of pre-
warmed media, The resultant mixture was then cenirifuged at 298g for 5 minutes at
room temperature. After centrifugation, the supernatant was removed and the cells

resuspended in 12 ml of fresh media before being transferred to a 75 cm?® flask,
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2.4 Preparation of Extracts

241 Preparation of extracts for western blots and co-

immunoprecipitations

Cultured cells were placed on ice and the maintenance media aspirated. The cells
weie then washed twice in PBS. Cells were then scraped into PBS (2ml per 10cm
dish: 0.5ml per 2Zcm well) and transferred to 50ml Falcon tubes. Cells were
centrifuged at 500¢g for Smin at 4°C, and the PBS discarded. Cells were resuspended
in approx 1m] of PBS and transferred to a microfuge tube. The (ube was then
centrifuged at 13,000¢g for 30 sec, and the PBS discarded. The cell pellet was then
resuspended in {reshly made microextraction buffer (450 mM NaCl, 50mM NaF, 20
mM HEPES pH 7.8, 25% glycerol, I mM DTT, 0.5mM phenylmethylsulphonyl
fluoride (PMSF), 0.2 mM EDTA, 40pg/ml bestatin), the volume used being
equivalent to the volume of the pellet. The resuspended sample was then snap frozen
on dry ice, and immediately thawed in a 30°C water bath. This frecze thaw cycle was
repeated three times to lyse the cells. Following the final thaw the tubes were then
centrifuged at 13,000g at 4°C for 10 min to separate the eell debris. The supcrnatant
was quickly removed and snap frozen on dry ice. Microextracts were stored at —

80°C.

2.4.2 Preparation of nuclear-enriched extracts

Two 10cm dishes of cultured cells were placed on ice and the maintenance media

aspivated. The cells were then washed twice in PBS. Cells were then scraped into
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PBS (2ml per 10cm dish) and transferred to 15ml Falcon tubes. Cells were
centrifuged al 500g for Smin at 4°C, and thc PBS discarded. The pellet was
resuspended in 2ml of PBS and split into 2 1.5m] microfuge tubes. The tubes were
centrifuged for 5 sce, 13,000g at 4°C. The supcrnatant was removed and the cells in
each tube were resuspended in 1ml of Buffer A (10mM HEPES pH 7.9, 1.5mM
MgCl, 10mM KCi, 0.5mM DTT, 0.2mM PMST). The tubes were centrifuged for 5
sec, 13,000rg at 4°C. The supernatant was removed and the cells in each tube were
resuspended in Timl of Buffer A. The cells were placed on ice for 15 minutes to swell
and lyse the cells. The tubes were vortexed for 30 seconds and then centrifuged for §
see, 13,000g at 4°C. The supernatant was then discarded and each cell pellet was
resuspended in an equal volume of buffer C (10mM HEPES pll 7.9, 25% (v/v)
glycerol, 0.45M NaCl, 1.5mM MgCly, 0.125mM EDTA, 0.5mM DTT, 0.2mM
PMSF). The cells were incubated on ice for 15 minutes. The tubes were centrifuged
for 5 minutes, 13,000g at 4°C. The supernatant was removed, aliquoted and snap

frozen on dry ice. The nuclear-enriched extracts were stored at -80°C.

2.4.3 Determination of protein concentrations

Protein concentrations were determined using Bradford’s reagent (BioRad) diluted 1
in 5 with distilled H,O. The colour change produced in this reagent in response to
being mixed with protein can be quantified by absorbance at 595 nm, and these values
are directly proportional to the concentration of protein in the sample. For each
experiment, a standard curve was constructed by measuring absorbance of
0,2,4,6,8,10 and 12 pg of BSA in 1mi of Bradford’s reagent. 1pl of each microextract

was added to 1ml of reagent. Absorbance readings at 595nm werc performed in
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duplicate, and the protein concentration of each sample was determined from the

standard curve,
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2.5 Separation of proteins by SDS-polyacrylamide gel

elecirophoresis (SDS-PAGE) and western blotting

2.5.1 SDS-PAGE

Protein extracts, as prepared i section 2.4, were resolved by denaturing SDS-PAGE
on [0% (unless otherwise indicated) polyacrylamide gels (375mM I'ris pH 8.8, 0.1%
SDS), with 4% polyacrylamide stacking gels (125mM Tris pH 6.8, 0.1% SDS). Prior
to loading, samples were boiled for 2 minutes in 1x protein sample buffer (62.5 mM
Tris pH 6.8, 0.5% SDS, 5% B-mercaptoethanol, 10% glycerol, 0.125% bromophenocl
blue). Electrophoresis was performed in SDS running buffer (0.1% SDS, 76.8 mM
glycine, 10mM Iris pH 83) at 200V. Electrophoresis was continued for
approximately 60 minuies, until the bromophenol dye had moved to the bottom of the

gel.

2.5.2 Western Blot Analysis

Followed SDS-PAGE, proteins were transferred to a nitrocellulose membrane
(BioRad) using the Bi