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Abstract

Abstract

RNA polymerase Il (pol 1) is responsible for trscribing a set of genes that
are involved in protein synthesis, including tramgtRNA) and 5S ribosomal RNA (5S
rRNA). Pol Il transcription levels are increasedmany cancers, as increased protein
synthesis is required for tumour growth. Furthemmatr has been shown that a number
of oncoproteins and tumour suppressor proteinsraaotedirectly with the pol Il
machinery. The work presented in this thesis aitoeitivestigate whether the inhibitor
of differentiation (ID) and E47 proteins regulatel pll transcription, as well as the
mechanisms behind these processes.

Members of the ID family of helix-loop-helix (HLHproteins promote cell
proliferation and inhibit differentiation. ID prates were identified through their ability
to bind and antagonise other HLH proteins, suctha$£47 transcription factor, but can
also interact with non-HLH proteins, including ETES twenty-six) domain transcription
factors and the retinoblastoma (RB) protein. Elegdevels of ID proteins are seen in
many tumour types, including breast and colorectatinomas and neuroblastomas.
Work in this thesis showed that pol Il activitygpecifically decreased following RNAI
knockdown of ID1, ID2 or ID3 and that, conversadyerexpression of ID2 can induce
pol 11l transcription. Chromatin immunoprecipitatiqChlP) assays demonstrated that
ID proteins are present at pol llI-transcribed geinevivo, which may be explained by
interaction with transcription factor 1lIB (TFIIIB)To test this hypothesis, mapping
experiments were performed which showed that TFHIH8 1D proteins co-localise near
the start of a pol Ill template. By ChIP assaysvids demonstrated that, in an 1D2
knockout cell line, pol Ill and TFIIIB occupancy gtol lll-transcribed genes is
decreased compared to wild type. By co-immunopitipn (co-IP) experiments, it
was shown that IDs interact with TFIIIB at physigical ratios. Also,in vitro
transcription and translation experiments demotestrahat glutathione S-transferase
(GST) fusion proteins GST-ID1, GST-ID2 and GST-ID8teract with TFIIIB.
Therefore, ID regulation of pol Il activity appsato be through interaction of these
proteins with TFIIIB.
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Members of the E-protein family of basic helix-lebglix (bHLH) transcription
factors are involved in regulation of cell growthdadifferentiation. E-proteins have
been demonstrated to bind to E-boxes and can attesith other members of the HLH
proteins as homodimers or heterodimers in ordenddulate expression of their target
genes. The ubiquitously expressed E47 transcriféictor, which is a member of the E-
protein family, is negatively regulated by direatearaction with ID proteins, which
prevent its binding to DNA. Work in this thesis sheml that pol Ill activity is
specifically stimulated following RNAI knockdown &47 and that overexpression of
E47 decreased pol Il transcription. It was dem@tstl by ChlIP assays that endogenous
E47 is present at pol lll-transcribed geimesivo. Mapping experiments were performed
which showed that TFIIIB and E47 co-localise ndwr $tart of a pol 11l template. Co-IP
experiments demonstrated an interaction of E47 WiHIB. Also, in vitro transcription
and translation experiments indicated an interactb GST-E47 fusion protein with
TFIIIB. ChIP assays suggested that the ID2 protgirecruited to pol lll-transcribed
genes in an E47-dependent manner.

In conclusion, work in this thesis identified no¥ehctions concerning the role
of ID and E47 proteins in their involvement in tregulation of pol Il transcription.
These findings have important implications in usstemding the molecular basis of
cancer development. The ID and E47 proteins thexefoin the growing list of

oncogene and tumour suppressor gene productsithatage or repress pol Il output.
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Chapter 1 Introduction

1.1 Eukaryotic Transcription

The synthesis of ribonucleic acid (RNA) from depokgnucleic acid (DNA)
templates is called transcription and is catalyssd enzymes known as RNA
polymerases. One strand of DNA is copied by complaary base pairing to one strand
of RNA. RNA polymerases start transcription at thiéiation site of a gene. This site,
which is referred to as the +1 start site, allowsR&A polymerase to move downstream
along the gene and synthesise an RNA strand. Thteps will continue until the RNA
polymerase reaches a termination sequence. Apthig the RNA transcript is released
from the DNA. Interestingly, not all DNA sequenca® transcribed into RNA. Non-
transcribed regions contain regulatory signals tzet direct RNA polymerases to the
initiation site of a gene.

Transcription is the initial stage of gene expi@ssand therefore it is subjected
to a range of control mechanisms. Post-transcripticegulation of gene expression can
also occur, however the most significant and comreel of control is through
transcription (White, 2001). Transcriptional redida is involved in almost all
biological processes such as growth and developnriém allows the cell to adapt to
environmental changes and metabolic requirementsorE in transcription are
associated with a wide range of diseases, suck\sdapmental abnormalities, diabetes
and various forms of cancer.

Eukaryotes have four nuclear RNA polymerases. & rthcleus of eukaryotic
cells three RNA polymerases (pol I, pol Il and gl transcribe different sets of genes
(White, 1998a). Another RNA polymerase, (pol 1Vashbeen discovered and it is
expressed from an alternative transcript of theochibndrial RNA polymerase gene
(Kravchenkoet al, 2005). Also, a plant-specific polymerase was tbtmparticipate in
transcriptional silencing (Heret al, 2005; Wierzbickiet al, 2008). Each RNA
polymerase is essential for transcription of a HBpeset of genes and depends on
transcription factors to recognise promoter segegnc

Pol | has 14 subunits and pol Il and Il have 18 & subunits, respectively. Pol

| is devoted to transcribing one set of genes, rthesomal RNA genes, which are
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present in about 400 copies in humans and accaurdldout 35-65% of all nuclear
transcription (Moss & Stefanovksy, 2002). Pol larscribes the protein-encoding
messenger RNA genes (MRNA genes), as well as muat suclear RNA (ShnRNA)
genes (Thomas & Chiang, 2006), and the small niarldsno) and micro (mi) RNA
genes and provides 20% of nuclear transcriptiohlIPts the largest RNA polymerase
with an aggregate mass of 600-700 kDa. Pol Il Isgsises short untranslated RNA
molecules which are usually shorter than 400 bass.pgMany of these have important
functions in protein synthesis and cell growth,rsas 5S ribosomal RNA (rRNA) and
transfer RNA (tRNA). Pol Il also synthesises 7SNAR an important component of the
signal recognition particle, and 7SK RNA, which ukdges pol Il transcription.
Mitochondrial RNA processing (MRP), U6 and H1 RNAlecules are also synthesised
by pol Ill and are required for post-transcriptibpaocessing of rRNA, mRNA and
tRNA respectively. Pol Ill also transcribes sharterspersed nuclear elements (SINES),
including Alu genes, of which there are over aimillin humans. RNA polymerase 1V,
which is of mitochondrial origin, is responsibler fthe transcription of a number of
protein-encoding genes (Kravchendal, 2005). These polymerases are controlled, so
that the co-ordination of gene expression can eggudell fate (White, 2001).

Pol 1 and IIl products are important for proteipgnthesis and are therefore
essential for viability. When cell growth is no ger required, transcription is repressed
by the p53, retinoblastoma (RB) and alternativelireg frame (ARF) proteins (White,
1998b; Mortonet al, 2007). These proteins are targets in cancer wieregulation of
pol I and Ill can occur. A number of tumour andnsformed cell types express high
levels of pol Il products. Pol lll-specific tramgation factor [lIB (TFIIIB) can be
stimulated by transforming agents, such as c-Myani€z-Romaret al, 2003; Kenneth
et al, 2007). TFIIB is bound and activated by oncoprdesuch as c-Myc. Normally,
c-Myc is involved in cell cycle and cell growth aneMyc’s deregulation is associated
with one seventh of cancer deaths in the UniteteSt@.S.) (Dang, 1999).
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1.2 RNA polymerases I, Il and Il in eukaryotic cel Is

Pol | synthesises only one RNA product, the lafigesomal RNA. A single type
of promoter is utilised to synthesise the rRNA neale, which is processed into 5.8S,
18S and 28S rRNA (Grummt, 2003; Russell & ZomerdRBR06). Transcription of
rRNA genes occurs in the nucleoli and account3%65% of all nuclear transcription
(Moss & Stefanovksy, 2002). rRNA is exported to ttypoplasm in the form of
immature ribosomes where its assembly is finishézk{ & Voet, 1995). High levels of
ribosome production are required in order to manpaotein synthesis. Pol | activity is
therefore linked with cellular growth, which cancbene deregulated in cancer. rRNA
genes are separated by intergenic spacers whereroimeoter is present. The core
promoter is present about 50 base pairs upstreatheoinitiation site. Because the
efficiency of the promoter is weak it requires tbpstream Binding Factor (UBF),
which recruits the selectivity factor 1 (SL1) facemd extends the region of DNA which
is covered. Initiation starts when pol | is receditto the promoter (Paule & White,
2000).

Pol 1l transcribes the protein encoding-genes (ARJ¢nes), as well as small
nuclear genes (White, 2000). Pol Il transcripti@cuws in the nucleoplasm and accounts
for 20% of all nuclear transcription. Pol Il trandes the majority of genes and this is
evident in a variety of promoter structures. Pram®have binding sites for transcription
factors. The class Il gene promoters are locatedregom of the initiation site. Factor
recognition sites are also located in the transdrilbegion or downstream of the
termination site. Pol Il requires six basal tramsosn factors to start transcription.
Initially, TATA binding protein distorts the DNA toreate a structure to which the basal
transcription factors can bind. Basal transcript®then initiated by pol II.

Pol Ill transcribes class Il genes which enced®ll RNA molecules, including
the 5S rRNA and tRNAs that have important functiamgrotein synthesis and cell
growth (Whiteet al, 2001). Pol lll transcription accounts for 10-20%boall nuclear
transcription (Moss & Stefanovksy, 2002) and paoldbuld be an important control

point in the regulation of growth and proliferatiorhe location of pol Il transcription
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has been discovered with the help of electron amdocal microscopy. It was shown
that in HelLa cells pol Il transcription occurs @bout 2000 sites in the nucleoplasm
(Pomboet al, 1999). Pol Il transcription is regulated by taetivities of transcription

factors such as TFIIIB and TFIIC. Also, phosphatign and dephosphorylation can

regulate the activity of transcription factors.

1.3 RNA Polymerase Il transcribed genes

RNA polymerase Il transcribes genes that encodeumber of small RNA
molecules that are not translated, and are involaea number of cellular functions.

Table 1.1 lists the functions of these molecules.

Table 1.1: RNA polymerase Il gene products and thie functions

Pol Ill products Known Functions

5S rRNA Involved in protein synthesis as a component ajsdmes

Involved in tRNA processing (Rnase P component)
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7SL RNA Involved in intracellular protein transport (comeon of
SRP)

SINE transcripts Possible role in cellular stress responses

EBER RNA Involved in Epstein-Barr virus translational cottro

1.3.1 5S ribosomal RNA

For the synthesis of the ribosome, components fitoee RNA polymerases are
needed. Pol | sythesises the 28S, 18S and 5.8S sRNéudna & Rath, 2002), pol II
transcribes the genes encoding ribosomal proteidspal Il synthesises the 5S rRNA.
The fourrRNAs are required in equal stoichiometry, one copyach per ribosome
(White, 2001). Similarly to other pol Il genes, SG8®NA is transcribed in the
nucleoplasm, however, it is then transferred tontheeolus where it is incorporated into
the large ribosomal subunit (Lafontaine & Tollery@p01). 5S rRNA is the smallest
rRNA, 121 nucleotides long in humans. The humarogencontains 300-400 5S rRNA
genes, most of them in clusters of tandem repdatsrigational Human Genome
Consortium, 2004).
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1.3.2 Transfer RNAs

tRNAs translate genetic information between thepléti nucleic acid code of
MRNA and into a particular amino acid sequence pfaiein. Transcribed tRNAs are
processed into mature tRNAs between 70-90 nuclesiid length and have a secondary
structure as a cloverleaf (Shagpal, 1984). There is also at least one tRNA per amino
acid. In humans there are about 450 tRNA geneshwbiccode 274 different tRNA
species (Goodenbour & Pan, 2006). tRNAs are cotlgléinked to particular amino
acids. They contain a three base region, the aftditothat can base pair to the
corresponding base region, codon, on the mRNA otidie sequence. This ensures the
correct synthesis of the polypeptide chain encdnjetthe mRNA.

1.3.37SL

7SL is a pol lll-transcribed gene, which encod&9@ nucleotide long transcript.
It is an essential component of the signal recagmiparticle (SRP), involved in protein
translocation across the endoplasmic reticulum (@& Blobel, 1982). The eukaryotic
SRP consists of six polypeptides bound to 7SL. ftBins the backbone of the SRP and
without it the other constituents of the SRP carasstemble (Walter & Blobel, 1983).
7SL is highly conserved throughout evolution, wiitle human genome containing four

copies (International Human Genome Consortium, 2004

1.3.4 7SK

7SK is a 330 nucleotide long pol Il transcript wiiis abundant in eukaryotic
cells (Mattajet al, 1993; Murphyet al, 1986). 7SK can function as a negative regulator
of the positive transcription elongation factorftb TEFb) (Nguyeret al, 2001; Yanget
al., 2001). This interaction between 7SK and P-TEFbrigial for the regulation of
transcription of pol Il genes (Nguye al, 2001; Yanget al, 2001). P-TEFb contains a
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carboxyl-terminal domain (CTD) kinase, cyclin-degdent kinase 9 (CDK9), and can

promote transcription elongation.

1.3.5 U6 small nuclear RNA

Spliceosomes are large complexes whose role isnmove introns from the pre-
MRNAs for the formation of the mature mRNA (Valadkh 2005). Spliceosomes
consist of five SnRNA species, four of which aratbgsised by pol Il. The smallest, U6,
is synthesised by pol Ill. U6 is the most highlyserved of the spliceosomal RNAs and
about 106 nucleotides long (Redelyal., 1987).

1.3.6 H1 and MRP

H1 is a 369 nucleotide component of ribonucleaseNa@e) P, an
endoribonuclease that is involved in the processiighe 5-termini of pre-tRNAs
(Bartkiewiczet al, 1989; Lee & Engelke, 1989). The primary sequesfdiie H1 RNA
is not homologous between organisms, however thgarye structure is highly
conserved in order to maintain its function (Masdag & Tollervey, 1995). MRP is a 265
nucleotide component of an endoribonuclease that tha ability to cleave the
mitochondrial transcript to generate an RNA prinfi@r replication of mitochondrial
DNA (Chang & Clayton, 1987; Chang & Clayton, 1988IRP is predominantly found
in the nucleolus, where it is involved in the presiag of pre-RNA (Clayton, 2001).

1.3.7 Viral genes transcribed by pol 1l

Several viruses that infect cells can employ plotdlexpress short transcription
units within their genomes. One of the best charasgd examples is the adenovirus
viral associated | (VAI) and Il (VAII) genes whidre transcribed by pol Il at the late
stages of viral infection (Akusjarvet al, 1980; Soéderluncet al, 1976). The VA

transcripts stimulate the translation of adenovirlRNA during the late stages after
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infection (Thimmappayat al, 1982). The Epstein-Barr virus (EBV) contains tgemes
transcribed by pol Ill that are expressed in virdections, the Epstein-Barr virus-
encoded RNA 1 (EBER1) and 2 (EBER2) (Resal, 1981). The EBER1 and EBER2
can functionally substitute for the VA genes inm@arus infection, and therefore they
have a similar role in simulating translation (B&af himmappaya, 1985). EBERs can
induce growth in soft agar and can have an oncogeie (Komancet al, 1999; Rufet
al., 2000).

1.3.8 Short interspersed nuclear elements

Short interspersed nuclear elements are transcrdyegbol Il and are the
majority of pol Il templates in mammals. SINEs luae the Alu genes found in
primates (Jelinelet al, 1980), and the B1 and B2 elements which are fonrddents
(Bennettet al, 1984). The B1 genes show a high homology of aB6@ét to Alu genes
and both appear to have evolved from the 7SL gBnigtg€n, 1994), whereas, the B2
genes are thought to have evolved from tRNA geBaszér & Deininger, 2002). Alu
genes constitute a significant part of the humaroge. There are over a million copies
of Alu genes in human cells, providing approximgat&él0D% of the human genome
(International Human Genome Consortium, 2001). Bieand B2 genes in the rat
genome are present in approximately 384,000 and08@8copies respectively.
Although SINEs are abundant, little is known abitngtir function. Many years ago they
were regarded as ‘selfish’ DNA (Orgel & Crick, 198Dater reports have indicated that
SINE families are involved in the expression ofs@ént genes (Hasler & Strub, 2006).
B2 elements are involved in the repression of p@ene expression after heat shock
(Allen et al, 2004; Espinozat al, 2004), translational regulation (Hasler & Strub,
2006) and control of tumour cell proliferation (Raget al, 2007). Therefore, although
SINEs initially were regarded as genomic parasiitegppears now that they have

important roles.
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1.4 Promoters used by RNA polymerase llI

Most promoters used by pol Il contain crucial eéens found within the
transcribed region of a gene (White, 1998a). Prensotontain specific elements that
direct the recruitment of transcription factors &MA polymerase (Paulet al, 2000).
Three types of pol Ill promoters exist (White, 189&Figure 1.1). Type | and Il are
present downstream of the initiation site, wherngag IIl are present upstream of the
site.

1.4.1 Type | promoters

Type | promoters are internal promoters that cardithree elements, which are
required for efficient transcription of the genéetA-block (+50 to +64 bp), the
intermediate element (IE) (+67 to +72 bp), and @elock (+80 to +97), which is
known as the internal control region (ICR) (Piettral, 1985a; Bogenhagen, 1985).
Space between these elements is restricted foctetetranscription. Mutations in the
A- and C-blocks can reduce transcription (Pietieal, 1985a). This is in contrast to the
flanking regions which display little conservatioshowing greater resilience to
mutations (Pieleret al, 1985b, Pielert al, 1987). Type | promoters were initially
characterised ixXenopus laevigBogenhageret al, 1980) and are unique to 5S rRNA

genes (Figure 1.1A).

1.4.2 Type Il promoters

Type Il promoters contain two important sequen@melnts: an A-block and a
B-block with TFIIIC required for promoter recogmiti (Figure 1.1B). Most pol IlI-
transcribed genes such as tRNA genes, the adesdviugenes and the SINEs contain
type 1l promoters (Bartholomew, 1990). The A-bloiund in type Il promoters is
homologous to the type | promoter A-block, andame species these elements can be

interchangeable (Cilibertet al, 1983). Mutations in the type Il elements can léad
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reduced gene expression (Trabaial, 1984). Typically the A- and B-blocks are
separated by 30-40 bp (Balatral, 1987), however the distance can vary between them
and can reach 365 bp, with the blocks still bemgctional (Fabrizicet al, 1987). The
space between the two blocks can increase dueotbistrons in the coding regions of
certain genes (White, 2001).

1.4.3 Type lll promoters

Type 1l promoters differ in that they are extermampared to type | and II.
They consist of three external elements: a TATA boxnd by TFIIIB, which is specific
for pol Ill, a proximal sequence element (PSE) lbdoy snRNA activator protein
complex/PSE-binding transcription factor (SNAPc/PBRd a distal sequence element
(DSE) which is bound by octamer-binding proteinicttl) (Schramm & Hernandez,
2002) (Figure 1.1C). Vertebrate U6 (Kret al, 1987) and 7SK (Murphet al, 1986),
as well as MRP (Topper & Clayton, 1990) and H1 RKBwer et al, 1990) genes
contain type Ill promoters. In some cases, gendh type | and Il promoters also
contain elements upstream of the initiation sitat tare required for transcription.
Surprisingly, yeast U6 snRNA genes have functidaahnd B-blocks with homology to
type 1l promoters (Brow & Guthrie, 1990), wherea® $hRNA genes in humans do not
have them, suggesting that the evolution of anagetnic promoter organisation within
the pol Il system is recent (Paule & White, 2000).
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A) Type | promoter
e.g. 5S rRNA genes g
+1 A-block IE  C-block T,
B) Type Il promoter
e.g. tRNA genes
—>
|
+1 A-block B-block T,
C) Type lll promoter
e.g. Vertebrate U6 genes
—
|
DSE PSE TATA +1 T,

Figure 1.1 Structure of the different types of polll promoters.

The transcription start site is indicated by +1 ati# termination site by T
(termination). The promoters of the 5S rRNA genesexamples of type | promoters.
The promoters of the tRNA genes are examples @& typromoters. The promoters of
the U6 snRNA genes are examples of type Il promsot&he positions of various
promoter elements are displayed: intermediate eierl€), distal sequence element
(DSE) and proximal sequence element (PSE). Addpbed White, 2001.
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1.5 Transcription Factors used by RNA polymerase Il |

Transcription by pol Il is not specific for a DN8equence. Pol Il requires
proteins to position it to the initiation site of gene. Different promoters require
different transcription factors. Type | and Il protars require the assistance of TFIIIB
and TFIIIC. Type | promoters also utilise transtiop factor Il1A (TFIIIA) (Figures 1.2
and 1.3). Type lll promoters can use the SNAPc/PDEt-1, TFIIIC and TFIIB
transcription factors. A way to increase pol llltput is by raising the level of

transcription factors that it requires.

1.5.1 TFIIA

Xenopus laeviFFIIIA was the first eukaryotic transcription factto be purified
and cloned (Engelket al, 1980; Ginsberget al, 1984). TFIIIA can bind specifically
both RNA and DNA and consists of nine zinc fing#rat can bind to 5S ribosomal
DNA (rDNA) (Miller et al, 1985). TFIIIA can bind to 5S rDNA and then re¢rtFllIC
to the promoter. Following the TFIIC recruitmentFIIIB binds upstream of the
transcription start site which allows recruitmerit pml Ill (Kassavetiset al, 1995;
Robertset al, 1996). TFIIIA is not only a transcription factdryt is also involved in the
storage, nuclear export and regulation of the prbdo of 5S rRNA (Guddaet al,
1990; Pieler & Theunissen, 1993).

1.5.2 TFIIIB

The TFIIIB transcription factor can control theoguction of 5S rRNA and
tRNA. TFIIIB is a pol lll-specific transcription taor and a determinant of biosynthetic
capacity. As a result TFIIIB, is a potential tarfmttumour suppressors such as p53 and
RB, which can inhibit its function (Cairns & Whit@998; Whiteet al, 1996). On the

other hand, oncoproteins such as Tax of Human [MLeekaemia Virus type | (HTLV-
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1) can activate TFIIIB (Gottesfelet al, 1996). Phosphorylation and dephosphorylation
can also regulate TFIIIB (Hockman & Schultz, 1998¢regulation of this factor can be
important in tumour progression.

TFIIIB is recruited by TFIIIC, when the latter assembled on the promoter.
TFIIIB consists of TATA box-binding protein (TBPJFIIB-related factor 1 (Brfl) and
B double prime 1 (Bdpl). TBP is a 38 kDa factor ethis used by pol I, Il and lli
(Cormack & Struhl, 1992; Whitet al, 1992a,b). The carboxyl-terminal (C-terminal)
domain is widely conserved between species, butatméo-terminal (N-terminal)
domain is more species-specific. TBP-Brfl complekese been found that are not
bound to DNA. One of the characteristics of TBRhat it can bend DNA alone or in a
complex with Brfl (Brauret al, 1992a). TBP can bind to a TATA-box in type Il
promoters without Brfl or Bdpl (Hernandez, 2001pwdver, Brfl increases the
affinity of TBP for DNA complexes (Librizzet al, 1998).

39



Chapter 1 Introduction

L
|

I% TFIIA
IE
+1

a

!

TFINC

TFINA
IE

+1

TFINC

TFIIIB

TFIIA
IE

+1

TFINC

TFIIIB

TFINA
IE

+1

Figure 1.2 Transcription complex assembly on a typepromoter.
The transcription factor TFIIIA binds to the intairpromoter. TFIIIC is then recruited,
followed sequentially by TFIIIB and pol Ill. Onceobplll is recruited, transcription is

initiated at the transcriptional start site +1.
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Type Il promoters in mammalian cells use an alitue TFIIIB complex. In
this case the TFIIIB complex consists of TBP, Bént a Brf family factor known as
TFIIB-related factor 2 (Brf2) (Schrammt al, 2000). In order to distinguish the two
different complexes, the complexes consisting oPTBdpl and Brf2 are referred to as
TFIlIBa, and the complexes consisting of TBP, Bdpl and Beferred to as TFIIB
(Schrammet al, 2000). The C-terminal domain of TBP recruits Bid2the TATA box
of the U6 gene (Cabart & Murphy, 2001). If Brf2 depleted, this impairs the
transcription of U6 genes, and even if recombirnf2 is added transcription cannot be
reconstituted (Teichmanet al, 2000). This is an indication that possible Brf2-
associated polypeptides are required for transoript

TFIIIB has also been shown to be a target of warimmour suppressors, such as
RB and p53. Overexpression of RB can inhibit pbtranscription (Whiteet al, 1996;
Chuet al, 1997; Larminieet al, 1997; Hirschet al, 2000). This occurs because RB
binds to TFIIIB, which can block the interactiontwiTFIIIC and pol Il (Larminieet
al., 1997; Sutcliffeet al, 2000). RB knockout mice show increased levelpaflll
transcription and high levels of tRNA and 5S rRN/thesis when compared with wild
type cells (Whiteet al, 1996; Scottet al, 2001). Therefore, inactivation of RB will
derepress TFIIIB and will increase pol Il trangtion. It is thought that RB must be
compromised for cancer development. This can obgunutations in the RB gene. In
most cases these mutations are present in the paxest of RB (Harbour, 1998). This
domain is important for RB to bind to TFIIIB andoress pol Il activity (Whiteet al,
1996; Chuet al, 1997; Larminieet al, 1997). Also many DNA tumour viruses encode
oncoproteins that neutralise RB by binding to tsket (Vousden, 1995). These are the
E7 product of human papilloma virus (HPV), the &arfy antigen of simian virus 40
(SVv40) and the E1A product of adenovirus, all ofickhcan release TFIIIB from
repression and activate pol Il transcription (Vehet al, 1996; Larminieet al, 1999;
Sutcliffe et al, 1999). One of the most common mechanisms by wRiBhloses its
function in tumours is by deregulated hyperphosglation by cyclin-D and E-
dependent kinases (Hunter & Pines, 1994; Sherr])20hese kinases have the ability
to stimulate pol Il transcription because phosptaded RB is not able to bind to
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TFIIIB (Scottet al, 2001). Therefore it has been shown that derejoress TFIIIB can
result from mechanisms that control RB function.

TFIIIB is also repressed by p53 (Cairns & Whit898&; Crightonet al, 2003).
When bound by p53, TFIIIB cannot associate withlllB=br become recruited to pol Il
templates (Crightoret al, 2003). As a result, p53 activation will causeexrdase in
TFIIIB activity and pol Il transcription. It haseen shown that in p53 knockout mice,
synthesis of 5S rRNA and tRNA increases (Cairns &ité/ 1998; Crightoret al,
2003). Oncoproteins such as human double minutéDM2) and HPV E6 can target
p53 for degradation and derepress a pol Il repd8teinet al, 2002). Mutations in p53
are found in half of human cancers and 75% of tlees¢ain substitutions in the central
core domain (Hollsteinet al, 1994). Therefore, these (Cairns & White, 1998)
experimental data indicate that loss of p53 wiltcbute to derepression of TFIIIB in a
large number of cancers.

TFIIIB is also a target for a number of oncoproteithat can stimulate its
activity. c-Myc can interact with TFIIIB in humarad in mice and have a stimulatory
effect on pol 1l transcription (Gomez-Romaret al, 2003). Chromatin
immunoprecipitation (ChIP) experiments have sholat endogenous c-Myc is present
at pol lll-tranascribed genes in transformed anttamsformed cells (Felton-Edkiret
al., 2003a; Gomez-Romaet al, 2003). The oncogenic kinase casein kinase 1l (CK2
can bind and phosphorylate TFIIIB in yeast and mailertHockman & Schultz, 1996).
It can cause lymphomas in mice and is hyperactivevarious human cancers
(Nottermanet al, 2001). Another oncogenic kinase which has beemsho stimulate
the assembly of pol Il transcription complexesthe extracellular signal-regulated
kinase (ERK) (Felton-Edkinet al, 2003b). This occurs due to the binding of ERK to
the Brfl subunit of TFIIIB, which becomes phospHatgd (Felton-Edkinset al,
2003b). One of the components of TFIIIB is TBP dlP expression was shown to be
raised by hepatitis B virus (HBV) and Ras activatid\lso, high levels of TBP are
sometimes found in colon cancer (Johnsoral, 2003). Nuclear pol I, 1l and Ill use
TBP, so increased levels will likely have an effeata number of genes (Hernandez,
1993). One of the subunits of TFIIIB, Bdpl has beBown to be expressed in high

levels in cell lines transformed by polyomavirugl(én-Edkins & White, 2002). The

42



Chapter 1 Introduction

third subunit of TFIIB, Brfl was found to have eded expression in cervical
carcinomas (Dalet al, 2005).

M E v -
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Figure 1.3 Transcription complex assembly on a typd promoter.

Transcription factor TFIIC binds to the A- and Bxbk on the promoter. Once TFIIIC

is bound to DNA it recruits TFIIIB by protein-prateinteractions. TFIIIB subsequently

recruits pol 1l and transcription is initiated. &hranscription start site is indicated by
+1.
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1.5.3 TFIIIC

TFIIC in Saccharomyces cerevisiae (S. cerevisie@)sists of six subunits,
TFC1, TFC3, TFC4, TFC6, TFC7 and TFCS8, with a cuwativé mass of 520 kDa
(Manaudet al, 1998; Deprezt al, 1999; Geiduschek & Kassavetis, 2001). These six
subunits form two domains: the which consists of TFC1, TFC4 and TFC7 that
recognises the A-block, and thg which consists of TFC3, TFC6 and TFC8, that
recognises the B-block (Huang & Maraia, 2001). TRUBws TFIIIC to contact both
blocks. When the space between the blocks of DNleng, TFIIIC can loop out the
DNA in order to bind the two blocks simultaneou¢8chultz et al., 1989). Human
TFIIC consists of six polypeptides: TFIIIC220, TKRI110, TFIIIC102, TFIIC90,
TFIIC63 and TFIIC35 (Kovelman & Roeder, 1982; DayrOdelotet al, 2007).All
the subunits are required for pol Il transcriptioinclass Il genes consisting of type |
and Il promoters.

The TFIIC220 subunit binds to the B-block (L'Ewiet al, 1994). The C-
terminal domain interacts with TFIIIC102 and TFIBE whereas the N-terminal
domain interacts with TFIIIC110 (Sheat al, 1996). TFIIIC110 is the second largest
subunit of TFIIIC and was isolated using a completasy DNA (cDNA) library from a
human myeloid cell line (Sinet al, 1995). A blast search has revealed sequence
homology between human TFIIC110 and TFC6 fiénterevisiagHuanget al, 2000).
The TFIIIC110 gene is located on chromosome 2. TRBIC102 gene is located on
chromosome 9 and has the highest homology of allhtiman subunits with the yeast
counterpart TFC4 subunit (Hsiedt al, 1999a). The N-terminal domain consists of
acidic regions, a helix-loop-helix (HLH) motif amdntains 11 tetratricopeptide repeats
(TPRs) (Hsiehet al, 1999a). Through its TPRs, TFIIIC102 associateth WiFIlIC63
and TFIIC90 and can recruit TFIIIB to the promobsr its interaction with both Brfl
and Bdpl. The yeast counterpart TFC4 interacts Bitfl, and this interaction is
mediated by the first 168 residues of TF@#Aother subunit, TFIIIC90, was cloned with
the use of a cDNA library (Hsie#t al, 1999b). The TFIIIC90 subunit can specifically
acetylate the K14 on histone H3. Pol Il interactigith TFIIIC90 has also been shown
(Hsieh et al, 1999b). It acts as a linker between the 220 ab@ dubunits that are
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located on the B-block and the 63 and 102 subtimtisare present on the A-block. The
TFIIIC90 gene is located on chromosome 9. The gértlee TFIIIC subunit TFIIIC63 is
also located on chromosome 9. TFIIC63 interacth WiFIIIC102, TFIIIC90 and the
pol 11l subunit C62 (Hsielet al, 1999a). The TFIIIC63 protein contains a centedixa
turn-helix domain and a C-terminal acidic region.

In order to increase pol Il output, the levelssoime of its transcription factors
can be raised. It has been shown that adenoviedtion can raise the levels of TFIIIC
(Hoeffler & Roeder, 1985). Five of the subunitsTéflliIC are overexpressed at both the
MRNA and protein levels in 3T3 fibroblast cellsnséormed by polyomavirus (Felton-
Edkins & White, 2002). Elevated levels of TFIIIC sgefound in each of nine human

ovarian cancers compared to control tissue (Wiettat, 2000).

1.5.4 SNAPc/PTF and Oct-1

U6 and 7SK genes, which contain type Il promotesse expressed by
transcriptional complexes containing TFldBut not TFIIC (Figure 1.4). The PTF,
also called SNAPc, is a factor of five subunits ethinteracts with the PSE (Schranetn
al., 2000; Teichmanet al, 2000). The initiation complex is assembled wité binding
of the PSE by SNAPc (Henrgt al, 1996; Wonget al, 1998). The SNAP43 and
SNAP19 interact with the N-terminal domain wherézs SNAP45 associates with the
C-proximal region of SNAP190 (Mittadt al, 1999). Oct-1 binds the upstream DSE to
make contact with SNAPc and stimulates promoterupancy by protein-protein
interactions (Mittaket al, 1996; Murphyet al, 1992). Oct-1 contains activation domains
and a POU domain. The POU domain contains a bipddNA binding domain which
consists of two joined helix-turn-helix structuréise N-proximal POU specific and the
C-proximal POU homeodomain (Herr & Cleary, 1995NA®c can also regulate the
binding of TBP to DNA. Oct-1 is not essential fadal transcription (Het al, 2003).
Assembly of the TFIIIB/SNARcomplex at the type 11l promoters recruits pol IIl.
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1.6 RNA Polymerase Il

Pol IIl is the largest and most complex of the eu&ic nuclear RNA
polymerases. Pol Il consists of 17 subunits insyeand human, all of which are
essential in yeast, and has an aggregate mas9-af0&80kDa (Geiduschek & Kassavetis,
2001; Schramm & Hernandez, 2002; White, 2001).IPshares common subunits with
pol I and pol 1l. Of the 17 subunits, ten are umida pol lll, five are common to pol I, Il
and Il and two are common to pol | and pol Il KBgmm & Hernandez, 2002; White,
2001). The 17 subunits are essential for cell litgkand function (Chédiret al, 1998;
Ferri et al, 2000). The 17 subunits range from 10 to 160 KD ten subunits which
are unique to pol Il are the following: C11, C1725, C31, C34, C37, C53, C82, C128
and C160. The five which are shared by the thrégnperases are the following: ABC
10a, ABC 1(3, ABC 14.5, ABC23, ABC27. The two common subunitgol | and pol
Il are AC19 and AC40 (Bréant et al., 1983; Butderal., 1980; Chédin et al., 1998).
The two largest polypeptides of pol Il are homauag to the two largest subunits of pol
I and pol Il. The conserved subunits together with shared subunits are thought to
form the RNA polymerase catalytic core (White, 2000he unique subunits are likely
to perform other roles such as interaction witmsaiption factors (Geiduschek &
Kassavetis, 2001). Therefore, it is no surprisé tina three RNA polymerases carry out

a similar role, transcribing a DNA template to pwod a complementary RNA strand.
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Figure 1.4 Transcription complex assembly on a typ#l promoter.

TFIIIB and SNAPc cooperatively bind to the TATA baxd PSE respectively on type
Il promoters. Binding of Oct-1 to the upstream DXBhances SNAPCc/TFIIIB
recruitment. Pol Ill binds and transcription istiaied following the SNAPCc/TFIIIB

recruitment. The transcription start site is intiéchby +1.
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1.7 Transcription by RNA polymerase Il

1.7.1 Transcript initiation

Pol Il recruitment to TATA-less promoters is weharacterised in yeast, where
several steps are involved. Initially, TFIIIC bintls the promoter. The locations of
TFIIC subunits have been found by photocrossligkim chemical probes (Bartolomew,
1990). Binding to tDNA (DNA encoding tRNA) is engar by TFC3 and TFC6
interacting with the B-block (Arrebolet al, 1998). TFC1 and TFC7 bind to the A-block
at opposite sites of the DNA helix (Bartolomew, @QRITFC4 binds DNA upstream of
the initiation site, which is occupied by TFIlIBpé downstream between the A- and B-
blocks. Finally, TFCS8 is not thought to bind DNA.

When TFIIC binds to tDNA it recruits TFIIB. Indlly, Brf is recruited to
DNA, by interacting with TFC4 (Moiet al, 2000). Brf recruits TBP which is bound to
it. This stabilises the TFIIIC-DNA complex by enltarg the cross-linking of TFC4 to
DNA. When the Brf/TBP-TFIIIC-DNA complex has beeorined, Bdpl enters the
complex. TFC4 and Brfl recruit Bdpl (Dumay-Odedttal, 2002; Ishingurcet al,
2002). TFIHIC is essential in determining the piositthat TFIIIB occupies at the tDNA.
TBP can scan a region to choose an optimal siteravit occupies a region about 40 bp
upstream of the transcription start site (Bratiral, 1992b). Bdpl and Brfl are present
at opposite sides of the TBP-DNA core. Brf binde thBP-DNA complex 15 bp
downstream of the TATA-like sequence and 1 bp epstr of it through its C-terminal
region (Colbertet al, 1998). The N-proximal segment of Bdpl cross-linksthe
upstream end of the TFIIIB-DNA complex 8 bp upstneaf the TATA-like sequence
(Shahet al, 1999).

Pol Il is recruited to the initiation site whenet@ FIIIC-TFIIIB-tDNA complex
is formed. However, TFIIIB alone is capable of teting pol Ill. This was evident from
the stability of the TFIIIB-DNA complex in yeasthare high concentrations of salt or
heparin cannot dissociate the complex. On the aontTFIIIA and TFIIIC are easily
removed (Kassavetist al, 1990). Following these treatments, pol Ill carl dte
recruited to class Il genes by TFIIIB (Kassavetisal, 1990). Pol Il is recruited
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through Brf-C34 interactions, however Brf-C17 anBPFC34 interactions can also
occur (Wang & Roeder, 1997; Feeti al, 2000). At the tDNA, C34 binds upstream at -
17 bp and -3/-2 bp of the initiation site of thenrtoanscribed strand, whereas C53
makes contact near the downstream end (Persinggar&olomew, 1996; Tatet al,
1998). When pol Il binds to DNA, the double straddDNA melts and a bubble forms
that extends from -11 bp and propagates downstidatime initiation site. The double
stranded DNA is separated spontaneously and, uplikdl, without ATP hydrolysis
(Kassavetiset al, 1992). Brf unpairs DNA around the initiation siteghereas Bdpl is

involved in unpairing the upstream sequences (Kassat al, 2001).

1.7.2 Transcript elongation, termination and reinit  iation

As pol 1l moves into the gene, the bubble of m@l@NA moves with it
(Kassavetiset al, 1992). TFIIIC and TFIIIA are present in regionsat will be
transcribed by pol 111, but this does not affeenscription by the enzyme. This leads to
an important question on how pol Ill can transctitiugh the DNA when factors such
as TFIIC and TFIIA are stably bound to it, covegithe entire gene without being
removed after several rounds of transcription (Bbggenet al, 1982; Jahret al,
1987). A possibility is that pol Il transiently spilaces a particular factor during
transcription, but the factor remains associateth wnother factor, and because of
protein-protein interactions remains bound to DN#ess (White, 2001). The TFIIC
obstacle delays pol Il by 0.2 seconds at a sitgrapm of the B-block without affecting
total transcription rates. If, however, pol llltiscribes in the antisense direction, TFIIIC
will pause for 9 seconds before continuing throuiga B-block (Bardelebert al,
1994). tRNA elongation in yeast at 20°C occurs atate of about 20 nt/second
(Matsuzakiet al, 1994).

Whereas pol | and Il require accessory factoretminate transcription, pol Il
can recognise termination sites accurately withalpp from other factors. While pol 11l
is sufficient for termination, additional factorsaypnbe involved in human cells. Pol I
transcription usually terminates at simple clustér®ur or more thymidine (T) residues

(Bogenhagen & Brown, 1981). The region surrounding T cluster can affect the

49



Chapter 1 Introduction

termination signal recognition by pol 11l (Bragk al, 2005). Pol Il does not dissociate
from the template after the synthesis of the firahscript, allowing multiple rounds of
transcription (Jahret al, 1987). TFIIB and TFIIC are involved in polymeea
recapture and re-initiation of transcription (Fer& Dieci, 2008; Ferrariet al, 2004).
Because of the bending of DNA by pol Il transdoptfactors, re-attachment of pol Ill
to the transcription unit is more rapid. During tiple rounds of tRNA gene
transcription, synthesis occurs every 35 secontsyeas initiation of the first transcript
takes about 5 minutes (Dieci & Sentenac, 1996).

1.8 The cell cycle

In order for a cell to proliferate it has to incseaits mass as well as its DNA
content. The cell cycle is a period between twootiutdivisions. Cell growth is a
continuous process, whereas DNA replication ocatiesspecific point. The cell cycle is
comprised of four phases. During the M phase oosist a cell divides into two cells. In
the G1 phase, which follows the mitotic phase, RBAd proteins continue to be
synthesised. During the S phase, the DNA is refgdcaln the G2 phase, the cell
continues to grow until the next mitosis beginscttaell cycle phase is controlled by
proteins expressed periodically and this regulatoours at the transcriptional level
(Lewin, 2000).

1.9 Cell growth and RNA polymerase Il

Normal cell proliferation requires an equilibriunetiveen cell growth and the
cell cycle. Cells grow by increasing their levefspootein and macromolecules (Baxter
& Stanners, 1978). Since 80-90% of the dry mass ofll is protein, the growth rate is
proportional to the rate of accumulation of protéetterberg & Killander, 1965). Even
a 50% decrease in protein synthesis will causes ¢ellexit the cell cycle and quiesce
(Brooks, 1977). Therefore, an increase in protgimtesis is essential for cell growth.
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Ribosomes and tRNAs are part of the translationathimery and their availability is
important for the rate of translation. Because BSA and tRNA are pol Ill products,
increased pol Il transcription is essential forl cgrowth. In yeast it has been
demonstrated that reduced levels of the initigRMA affects cell growth and prolongs
cell doubling time (Francis & Rajbhandary, 1990&cBEntly, it was shown that increased
levels of tRNAY®' synthesis can stimulate cell proliferation and agemic
transformation (Marshall et al., 2008). Pol | ar@ pl are required to maintain high
rates of transcription to sustain ribosome synthesid therefore protein production
(Clarkeet al, 1996). The discovery of the requirement for Hegkels of pol | and pol Il
transcription came from studies that restricted ARMd tRNA synthesis. Halving the
concentration of tRNA® can cause a threefold increase in cell mass dwylkiline, as

was demonstrated . cerevisiaéFrancis & Rajbhandary, 1990).

1.10 Regulation of pol Il transcription

Pol 11l transcription is linked to cell growth (irease in cell mass), which is
important for cell proliferation and leads to arcrease in cell number. Pol 1l is
responsible for the transcription of tRNA and S®MR which are required for protein
synthesis and growth. The level of pol Ill tranption varies according to the
requirements of the cell. When the cells are stataad by serum it has been shown that
pol 11l can be activated (Johnsteh al, 1974; Mauck & Green, 1974). To increase pol
Il output, the levels of the transcription factdingit are limiting pol Il transcription can
be raised (White, 2001). In the following sectioasjumber of factors that regulate pol

[l transcription will be discussed.

1.10.1 Overexpression of pol Il transcription fact  ors

Overexpression of the basal transcription factdfdIB or TFIIIC can occur in
transformed cells. The three subunits of TFIIIB dadeen found at elevated levels in
transformed cell types (Felton-Edkins & White, 20Qarminie et al, 1999). TBP can
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be induced following infection with hepatitis B wg (Wanget al, 1997). TBP is also
expressed at high levels in colon carcinomas (dwohast al, 2003). The Brfl subunit
has been found at elevated levels in cervical samas (Dalyet al, 2005). TFIIIC
overexpression can result following transformatimnsimian virus 40, polyomavirus,
adenovirus infection and Epstein-Barr virus (Wiatel, 1990; Felton-Edkins & White,
2002; Hoeffleret al, 1988; Felton-Edkinst al, 2006). Also, a study comparing human
ovarian carcinomas relative to healthy adjacestigsrevealed elevated levels of TFIIIC

and pol Il transcripts in the ovarian tumours (Yiret al, 2000).

1.10.2 Repressors of pol Il transcription

1.10.2.1 The retinoblastoma protein

The retinoblastoma protein is a 105 kDa nuclear sphoprotein that is
ubiquitously expressed in normal mammalian cellswu#sen & Knudsen, 2006).
Overexpression of RB can inhibit pol Il transcrgot (White et al, 1996; Chuet al,
1997; Larminieet al, 1997; Hirschet al, 2000). RB knockout mice show increased
levels of pol Il transcription and high levels NA and 5S rRNA synthesis when
compared with wild type cells (Whitt al, 1996; Scotet al, 2001). RB is involved in
controlling the cell cycle if growth factors areniting. The RB protein regulates the cell
cycle by preventing the passage of cells from Ga $ phase. This occurs due to RB’s
ability to bind and repress several transcriptiactdrs, such as TFIIIB and E2F. When
TFIIIB is bound to RB it is unable to interact wifPol 1l and TFIIIC and remains
inactive (Sutcliffe et al, 2000). RB binds and represses TFIIIB only in the
underphosphorylated form which occurs during thea@@ early G1 phase (Scettal,
2001). Increased tRNA synthesis occurs at the @af&ition, which corresponds with
hyperphosphorylation of RB by cyclin-dependent kesgm
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1.10.2.2 p53

p53 is a tumour suppressor protein that inhibitk Iparanscription. The p53
protein is lost or mutated in more than 50% of honneancers and 75% of these
mutations comprise substitutions in the centralecdomain (Hollsteinet al, 1991;
Hollsteinet al, 1994; Vousden, 2000). p53 is induced by hyporih @ncogenic stimuli
which can lead to cell death or cell cycle arré&usden & Lu, 2002). p53 interacts
with TFIIIB and sequesters it away from the promotehibiting pol Il transcription
(Crighton et al, 2003). This interaction occurs through TBP. Thedimg of p53 to
TFIIIB blocks the interaction of TFIIIB with TFIIIGCrightonet al, 2003). Also, high
levels of tRNA and 5S rRNA are present in fibrokldasom p53-knockout mice (Cairns
& White, 1998). Fibroblasts from patients with Ligmeni syndrome, that inherit a
mutated p53 allele, also exhibit high levels of pgbkranscription (Steiret al, 2002).
p53 can be neutralised by the HPV E6 or HDM2, whezds to elevated levels of pol
Il transcription (Steiret al, 2002). Therefore, experimental data indicate tbs$ or

mutation of p53 will contribute to derepressionT&ilIB in a large number of cancers.

1.10.2.3 Mafl

Mafl has been shown to negatively regulate pdréihscription (Goodfellovet
al., 2008; Johnsoet al, 2007; Upadhyat al, 2002). Pol IIl transcription is repressed
by a variety of signalling pathways that are ad¢tdan response to nutrient deprivation,
DNA damage and secretory defects (Upadlegaal, 2002; Desaiet al, 2005).
Repression of pol Il transcription requires Maflincorporate the different signals and
regulate the polymerase recruitment (Desaal, 2005; Willis & Moir, 2007). Mafl
homologues are found in mammals and plants (Riu&, 2001). Also, human Mafl
directly binds tRNA promoters and interacts withIlT& and pol 11l (Johnsoret al,
2007). Mafl can be phosphorylated or dephosph@&glainder various conditions
(Oficjalska-Phamet al, 2006). Mafl is dephosphorylated under repressorglitions

and accumulates in the nucleus, where it reprgssdf transcription.
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1.10.3 Activators of pol Il transcription

1.10.3.1 Myc

Myc plays an important role as a regulator of turigenesis in human cancers
(Schmidt, 1999). Inhibiting Myc significantly affectumour growth and proliferation
(Ponzielliet al, 2005; Stewaret al, 2001; Stewaret al, 2002). c-myc N-Myc and L-
Myc show oncogenic activity in cancers (Mareual, 1992; Nauet al, 1985). Under
physiological conditions, these three oncoprotairesexpressed in foetal development.
c-myc is an immediate-early response gene whoseessipn is important for G1/S
progression (Heikkilat al, 1987).

The c-myc oncogene encodes the c-Myc transcriptamtor and was first
identified as the cellular homologue of the virahcogene v-myc of the avian
myelocytomatosis retrovirus (Vennstranal, 1982). Elevated levels or deregulation of
c-Myc have been detected in a wide range of canaedsis often associated with
aggressive and poorly differentiated tumours. Thegecers include, breast, colon,
cervical, small cell lung carcinomas, osteosarcong®blastoma, melanoma and
myeloid leukaemias (Dang, 1999; Neskital, 1999). c-Myc not only functions as a
regulator of gene transcription of RNA pol ll-tranbed genes, but is involved in the
regulation of RNA pol | and lll-transcribed gendShromatin immunoprecipitation
assays have shown that c-Myc is present at chramalseS rRNA, tRNA and B2 genes
in untransformed fibroblast cells, ovarian epithketells and in the HelLa transformed
cervical cell line (Felton-Edkin®t al, 2003a; Gomez-Romaet al, 2003). This
recruitment occurs due to protein-protein inteatdi of TFIIIB with the N-terminal
transactivation domain of c-Myc, which leads toedir activation of transcription.
Experiments using RNA interference to knockdown yenn Hela cells and c-myc
knockout rat fibroblasts showed that the expressidhe 5S rRNA, tRNA and B2 genes
was compromised (Felton-Edkies al, 2003a; Gomez-Romaet al, 2003). These data
suggest that c-myc contributes significantly to teegel of pol Ill transcription in
mammalian cells. Experimental data show that Myat llyc associated factor X (Max)

bind at non canonical E-box sequences located nwithé ribosomal DNA. This is
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followed by the recruitment of transactivation/séarmation domain associated protein
(TRRAP), enhanced histone acetylation, recruitmegnpol | and activation of rDNA

transcription (Grandoet al, 2005).

1.10.3.2 CK2

CK2 is a ubiquitous active Ser/Thr protein kinasghwa high number of
substrates that is implicated in cellular growthd goroliferation (Meggio & Pinna,
2003). CK2 has been found to activate pol Il tapgion by binding to TFIIIB
(Johnston et al., 2002). CK2 binds directly to gmbsphorylates Brfl, which causes
recruitment of TFIIB to TFIIC. Overexpression @K2 is associated with human
cancers, including breast (Landesman-Bo#a@l, 2001), head and neck (Faestal,
1996) and prostate (Yenicd al, 1994). CK2 appears to have oncogenic activity in
transgenic mice (Seldin & Leder, 1995).

1.10.3.3 ERK

Several kinases have been demonstrated to haveci dile in regulating pol 11l
transcription. They respond to mitogenic stimulotigh a signalling pathway and one
example is the mitogen activated protein (MAP) kmacascade. Induction of this
pathway causes activation of ERK. ERK respondsutiitoa signalling cascade that
involves the Ras-Raf-Mek pathway (Downward, 200B&s mutations are found in
about 20% of human cancers (Downward, 2003). Becatishe mutations in Ras and
Raf and other abnormalities, the ERK kinases arpetactive in 30% of cancers
(Downward, 2003). ERK can also interact with andgghorylate the Brfl subunit of
TFIIB. This results in stimulating transcriptiori tRNA and 5S rRNA genes (Felton-
Edkinset al, 2003b; Goodfellow & White, 2007).
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1.11 The inhibitor of differentiation (ID) family o f helix-

loop-helix transcription factors

1.11.1 The ID family

The ID family of helix-loop-helix proteins functioss positive regulators of cell
growth and as negative regulators of differentratidhe human prototype of a
subfamily of these proteins was discovered nedlye&ars ago (Benezge al, 1990). It
was named ID1, which relates to its functional grtips as both an inhibitor of DNA
binding and an inhibitor of differentiation. Mamnza genes that encode for other 1D
proteins were discovered by homology cloning (II3¥4) (Sunet al, 1991, Bigg<t al,
1992; Riechmanret al, 1994) or as mitogen-responsive early responsesgéib3)
(Christy et al, 1991; Deecet al, 1993). Homologues of ID genes have been idedtifie
in Drosophila (Ellis et al, 1990; Garrell & Modohell, 1990)Xenopus(Wilson &
Mohun, 1995) and zebrafish (Sawai & Campos-Orté88y7). The four members of the
ID family (ID1, ID2, ID3 and ID4) in humans are g@liesent on different chromosomes
(2091, 2p25, 1p36 and 6p22-21 respectively) (Matbewl, 1995; Deecet al, 1994;
Pagliucaet al, 1995). The HLH family of transcription factors nsists of >200
members (Norton, 2000). Basic HLH transcriptiortdas can bind DNA as homodimers
or heterodimers. The ID proteins lack a basic DNAdimg domain and function as
dominant-negative regulators of basic HLH protebys forming inactive ID-bHLH
(basic HLH) heterodimers. ID family proteins intetravith the ubiquitously expressed
bHLH E-protein transcription factors that includeEBL E2-2, and the E2A gene
products, E47 and E12, which regulate differerdratinked genes (Massari & Murre,
2000) (Figure 1.5). ID proteins interact with othmoteins such as the RB protein
(lavaroneet al, 1994), the ETS (E twenty-six) proteins and thg gmired box) DNA
binding proteins (lavarone & Lasorella, 2004; Rabet al, 2001; Yatest al, 1999).

In this way, the cell can regulate proliferatiordatifferentiation by altering the activity

of one gene.
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Figure 1.5 Cell fate determination by ID and E-progins.

(a) Cells are sustained in state 1 by the ID pnsteivhich lack the basic DNA binding
region. In state 1, E-proteins are sequesteredhyrdteins resulting in inhibition of E-
box-dependent gene expression. This results irkldédifferentiation and stimulation
of proliferation. (b) In state 2, the E-proteinrsaription factors activate transcription by
binding to promoter E-boxes as E-protein—E-prot@imodimers or as E-proteitissue-
specific bHLH factor heterodimers. Formation of pibtein—E-protein dimers prevents
E-proteins from forming DNA-binding transcriptiohalctive complexes. This results
in induction of differentiation and inhibition ofqliferation (state 2) (taken from Pegk
al., 2005).

1.11.2 The structure of ID genes and proteins

All' ID proteins range from 13 kDa to 20 kDa in siortonet al, 1998). The
HLH domain for the ID proteins is highly conservadwever the rest of the sequence is
very divergent, except for four small domains. THeEH region consists of two
amphipathica helices, which are 15-20 residues long, and amaraged by an

intervening loop. The HLH domain confers homo- @tdno-dimerisation, which is
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required for DNA binding and transcriptional redgida. The HLH monomers form a
four-a-helix structure which is stabilised by a combioatiof polar and electrostatic
interactions at the interface of the monomer (Wikdé al, 1996). Heterodimerisation
appears to depend on the variable loop region @AaHLH dimers may be stabilised by
forming a multiple oligomeric state (Pesce & BeaeA993; Fairmaet al, 1993). ID
family genes have a similar genomic organisatiorexan-intron boundaries in their
coding regions, which might suggest that they haxadved from a familial ancestral 1D
gene (Deect al, 1994).

1.11.3 Functions of ID transcription factors

One of the best characterised interactions of IBtgins are with the E-protein
transcription factors. ID proteins inhibit cell fifentiation by binding and sequestering
bHLH transcription factors that are responsible fegulating differentiation linked
genes (Ruzinova & Benezra, 2003). Slight changeakenequilibrium of heterodimeric
interactions between ID and bHLH proteins causearkable changes in cell fate
determination (Barndt & Zhuang, 1999; Jan & Jar§3)9Even though all ID proteins
bind to E-proteins, they have different preferentmsE-proteins (Langlandst al,
1997; Deeckt al, 1998). In some cases, ID proteins can act asdrgational activators.
Fused ID proteins to a heterologous Gal4-DNA bigdilomain can cause activation of
Gal4-dependent transcription (Bounphesigal, 1999a). Although this occurs through
sequestering bHLH proteins, which are involved ransactivation, the ID-bHLH
heterodimers cannot bind DNA making this systemikeht to be physiological.
Nevertheless, ID proteins could have a role as parDNA-bound transcriptional

complexes.
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1.11.4 Role of ID proteins in cancer

In human tumours, elevated levels of IDs have begorted in breast cancer
(Lin et al, 2000), prostate cancer (Ouyagigal, 2002a), ovarian cancer (Schiredlal,
2003), thyroid cancer (Kebebeet al, 2000) and colon cancer (Wilsat al, 2001).
Overexpression of ID proteins is associated witss lof differentiation and enhanced
malignancy (Lasorellaet al, 2001; Perket al, 2005). Also, ID proteins have been
shown to be involved in tumour progression (Fetgl, 2004). In breast cancer, the
overexpression of ID1 is associated with infiltingti more aggressive tumours, which
suggests a relationship between the expressioDbfahd disease progression (lgh
al., 2000). ID overexpression has been shown to exbiimogenic properties (Benezra
et al, 2005). When overexpressed with B cell lymphon{B@-2) they can immortalise
primary fibroblasts (Norton & Atherton, 1998) an®1 can immortalise primary
keratinocytes (Alanet al, 1999). In mice, overexpression of ID1 or ID2 lrymocytes
results in T cell lymphoma (Kiret al,, 1999; Morrowet al, 1999). ID proteins can be
regulated by a number of oncoproteins such as Ras.and the EWS (Ewing sarcoma)
- ETS fusion protein, found in Ewing’s sarcoma. TRas signalling pathway leads to
the activation of early growth response 1 (Egrlhicl causes induction in the levels of
ID1 (Tournay & Benezra, 1996) and ID3 (Bahal, 2001). ETS1 can become inhibited
by ID proteins, which in turn inhibit p¥“? expression and allow phosphorylation of
RB (Ohtani et al, 2001). Myc oncoproteins can directly bind to thB2
promoter/enhancer and activate expression of ID&sdtellaet al, 2000). Increased
levels of ID2 are required by Myc to overcome RBdméed cell cycle arrest. ID1 and
ID3 are also downstream targets of Myc. ElevatibiDd is essential for Myc to drive
breast cancer cells to enter S phase (Swarbtiek, 2005). Myc also binds to the E-box
in the ID3 promoter/enhancer similar to ID2. In Bgs sarcoma, the EWS-ETS fusion
protein activates ID2 by binding to the promoteredily (Nishimori et al, 2002;
Fukumaet al, 2003). This was examined by retroviral transauciof EWS-ETS that

lead to transcriptional activation of ID2.
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1.11.5 ID proteins as a therapeutic target

ID proteins are overexpressed in tumour cells amedinvolved in proliferation,
invasiveness, metastasis and angiogenesis (Las@tehl, 2000; Perket al, 2005;
Ruzinova & Benezra, 2003). Therefore, ID proteins aow regarded as interesting
targets for anti-cancer drugs against tumour pssjoa. ID proteins are expressed at
low levels in adult tissue but are reactivated amger. Target therapy that has low
toxicity and that is able to aim at the tumour asdsupport network would be very
attractive. However, transcription factors ardidifit to inhibit as they are present in
the cell’'s nucleus and act through protein-prot@inprotein-DNA interactions. Small
molecules have been used to target protein-praté@nactions (Berg, 2003). The Myc-
Max interaction has been inhibited as well as theraction betweef-catenin and
CAMP response element-binding protein (CREB) (B&@)3; Emamet al, 2004). In
the case of ID proteins, a developed antitumountas been shown to downregulate
ID1 in tumour cellgn vivo (Henkeet al, 2008). An antisense oligonucleotide fused to a
peptide was used, which homed to tumour neovesaets,when delivered caused a
decrease in the ID1 protein levels. Delivery of tirag lead to inhibition of primary
tumour growth and metastasis, effects which arelaily seen in ID1 knockout mice.
When combined with the heat shock protein 90 (Hyp®Bibitor 17-(allylamino)-17-
demethoxygeldanamycin, this resulted in completewtt suppression of breast
tumours (Henket al, 2008).
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1.12 E2A basic helix-loop-helix transcription facto rs

The basic HLH proteins are categorised in differefgsses depending on
functional and biochemical properties. E-proteiekhg to class | HLH proteins and are
transcription factors that have been demonstraidalrtd to E-boxes (Lazorchak al,
2005; Sun, 2004). E-proteins are widely expresselcan interact with other members
of the HLH proteins as homodimers or heterodimersrder to modulate expression of
their target genes. The E-protein family consist®oor members in mammals, the E47,
E12, E2-2 and HEB. The E2A genes encode two trgotgor factors, E47 and E12,
which were discovered by expression screening bfngphoid library using a DNA
probe that corresponded to an E-box (Mweteal, 1989; Sun & Baltimore, 1991). E-
proteins are regarded to play a crucial role irutaing cell growth and differentiation
(Slatteryet al, 2007).

The E2A gene consists of four coding exons andrmrecoding exon (Hata &
Mizuguchi, 2004). The DNA-binding and dimer asseynbbmains of E47 and E12 are
present on the C-terminal regions. The transcmgatioactivity is located on two
domains, AD1 and AD2, which have been mapped tiNtierminal domain (Aronheim
et al, 1993; Henthornet al, 1990). More information has emerged on the
transactivation properties of E-proteins. The pa@fivator has been shown to interact
with E47 when E47 is bound to DNA (Ecknet al, 1996). Since p300 has
acetyltransferase activity, it is possible thatrBt@ins recruit enzymes that play a role in
chromatin modification (Bannister & Kouzarides, 69®gryzkoet al, 1996; Eckneet
al., 1996). MyoD and p300 interact at the bHLH regxdrMyoD and do not require the
transactivation domains. This was unexpected, siheebHLH domain does not have
intrinsic transactivation potential. Also, it hasdm shown that a conserved motif, LDFS,
found in the AD1 domain binds to a histone acedyléferase (HAT) complex named
SAGA. Some of the subunits of SAGA are the HAT gaheontrol nonderepressible 5
(Gcenb), the transcriptional adaptor (Ada) and sepgor of Ty (Spt) proteins (Graet
al., 1998a; Ogryzkeet al, 1996). Therefore, it is possible that E2A couddruit a
nuclear HAT such as p300 or a SAGA complex sucG@ss to target genes and affect
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the acetylation of nucleosomal histones (Ogryekal, 1996). E2A proteins can be
negatively regulated by the ubiquitin-proteasonathpay (Hugginset al, 1999). CK2
has been shown to phosphorylate two sites withenrésidues N-terminal to the bHLH
domain (Sloaret al, 1996). The phosphorylation of these residuedtex$in inhibiting
the DNA binding ability of E47 homodimers (Sloanhal, 1996).

Several studies have indicated that E-proteins playle in regulating cell
growth. E47 is capable of growth suppression in 3Bl cells. When E47 was
overexpressed in colony forming assays this suppteshe growth of NIH3T3 cells
(Peveraliet al, 1994). E-proteins have been implicated in variouss of cancer. Mice
that are E47 deficient develop T cell lymphoma (¥ral, 1997; Bainet al, 1997).
Cells from patients with T lymphoblastic leukaerhiave chromosomal translocations
involving the bHLH T cell acute lymphoblastic le@mmia 1 (TAL1) gene (Parét al,
1999). The E-protein transcriptional activity iibited by TAL1 that causes leukaemia
in mice (O’'Neil et al, 2004). Therefore, it is proposed that E-proteos as tumour
suppressors in human T lineage cells (Batimal, 1997). In childhood pro-B and pre-B
leukaemias, E-proteins are thought to be involN&ttomosomal translocation events in
both types of leukaemias replace the E2A bHLH neguith a leucine zipper within the
hepatic leukaemia factor (HLF) gene or homeodorpegrB cell leukaemia homeobox 1
(Pbx1) domain (Inabat al, 1992; Asplancet al, 2001). The regulation of E47 by Ras
signalling through activation of ID genes raises tfuestion whether E47 has a role in
various developmental systems as a tumour suppréBsdket al, 2005). ID proteins
are overexpressed in several cancers and it ishb@sisat the E47 protein is a target of
Ras-mediated transformation. Since E47 proteinslagg cell growth, suppressing their

activity may be crucial for the development andgoession of several malignancies.
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1.13 Aims of PhD

Pol 1l transcription can be regulated by varioustpins and conditions.
Conditions such as cell cycle progression, growdiffierentiation and transformation can
be regulated by several proteins such as transmrifactors. The transcription factors
ID1, ID2 and ID3 are important due to their oncagepotential. The E47 transcription
factors are regarded as suppressors of cell groiltitidating the function of these
proteins in pol I/1ll transcription would be noveince no studies have been reported on
whether these proteins regulate pol | and/or gplahd of great importance in the field.
The work in this thesis attempts to uncover thes rof these novel proteins in the
regulation of pol Ill transcription.

One of the first goals was to determine if ID1, |DR3 and E47 transcription
factors can activate or repress pol Il transaiptiAnother goal was to determine the
precise interaction of these transcription facteith the pol Il transcription machinery.
This will give us an insight into the mechanism erging the regulation of pol Ili
transcription. Finally, this thesis will investigathe synergistic role of ID1, ID2, ID3
and EA47 transcription factors on the regulatiopalflll transcription. By understanding
of the role of these proteins in cancer, tools tpl@e these proteins as therapeutic

targets can be provided.
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2.1 Cell culture

A class Il hood was used for all cell culture woukjng aseptic techniques and
sterile equipment and reagents.

2.1.1 Cell lines and maintenance

HelLa, HEK 293, MEF IDZ* and MEF IDZ" cells were maintained in DMEM
(Dulbecco’s Modified Eagle Medium, Cambrex) suppéeted with 10% foetal bovine
serum (FBS, Sigma), 2 mM L-Glutamine (Sigma), 10tlpenicillin (Sigma) and 100
U/ml streptomycin (Sigma). ID1 U20S and ID3 U208hbdt cell lines were maintained
in the same way as the above cell lines, with thdten of 300 pg/ml G418Promega)
in the culture medium. Stably transfected HelLa T&Y-cells were maintained in 10%
FBS (tetracycline free), 100 U/ml penicillin, 100m streptomycin, 10Qug/ml G418
and 100ug/ml hygromycin. Expression of HA-Brfl (haemagghini tagged Brfl) was
induced for 48 hours before harvesting by the amidinf 1 ug/ml doxycycline.

Cells were maintained at 37°C in a humidified atph@se containing 5% GO
and passaged when sub-confluent, approximatelyé+8rdays. In order to passage the
cells, the medium was aspirated from the flask anahl of buffered trypsin-EDTA
[0.05% (w/v) trypsin, 0.02% (w/v) EDTA, Sigma] weaglded to the cells in a 75¢m
flask and aspirated immediately. A further 2 ml gvadded and left for approximately 3
minutes at 37°C. Following the addition of trypsiresh medium was immediately
added to the dissociated cells which were therrifeged at 1,000xg for 5 minutes. The
medium was removed and the pelleted cells werespesuled in fresh medium and
transferred to new flasks.
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2.1.2 Adenoviral infection of cells

Cell culture using adenoviruses was performed ioategory 1l hood, using
aseptic techniques and sterile equipment and réagdelLa and HEK 293 cells were
plated 1 day prior to adenoviral (Ad) infection. elfcells were infected with an
adenovirus expressing ID2 (Ad-ID2), E47 (Ad-E47) with the parental virus
adenovirus-cytomegalovirus 5’ internal ribosomatrersite green fluorescent protein
(Ad-CMV5-IRES-GFP) (Ad-Vector) at a multiplicity ahfection of 100. The infection
was allowed to proceed for 2 hours prior to termamaby the addition of excess culture

medium to the plates.

2.1.3 Cryo-storage of cells

Cryo-freezing was used for the storage of all lvedls. Cells were trypsinised as
described and, after pelleting by centrifugation 1a000xg for 5 minutes, were
resuspended in a solution of 80% DMEM, 10% FBS a@élb dimethyl sulphoxide
(DMSO, Sigma). From a sub-confluent 75°diask, 1.5 ml of cells were aliquoted into
2 ml cryo-tubes and frozen in two steps. Initialtiie cells were placed at -80°C
overnight before being transferred to liquid niegagfor long-term storage. The cells
were recovered by placing the cryo-tubes in a whasth at 37°C until thawed. Cells
were mixed with fresh media and pelleted by cemgation. The supernatant was
aspirated to ensure removal of DMSO and the celleewesuspended in maintenance

media.

2.2 Transformation of competent Escherichia coli (E.

coli) cells

For plasmid propagatiork. coli XL-1 blue supercompetent cells (Stratagene)
were transformed with plasmid DNA. The supercompeteells, which are highly
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temperature sensitive, were stored at -80°C andetiecon ice, to avoid loss of their
transformation ability. 50 pl of competent cellsrevencubated with 20 ng of plasmid
DNA on ice for 30 minutes. The cells were heat-&edcat 42°C for 30 seconds and
quickly transferred on ice for a further 2 minut€ke cells were incubated at 37°C for 1
hour on an orbital shaker (250 rpm) following tradiéion of 500 pl of SOC medium
(LB Broth, 0.05% glucose, 10 mM MgSQQL0 mM MgC}). LB-agar plates (LB Broth,
2% agar, 100 pg/ml ampicillin) were then platedhwit50 pl of the transformation

mixture and incubated at 37°C overnight to alloavgih and colony formation.

2.3 Preparation of plasmid DNA

A single isolated bacterial colony was selectednftbe LB-agar plates and was
used to inoculate 5 ml of LB medium containing 10§/ml ampicillin as the selection
antibiotic. The culture was incubated for 6 hour8&C in an orbital shaker (250 rpm).
1 ml was transferred to a larger culture containg@) ml of LB-broth and was
incubated overnight at 37°C in an orbital shak&0(8m). The cells were harvested by
centrifugation at 4500 rpm for 30 minutes at 4°Caskhid DNA was isolated by
Molecular Technology Services using a Qiagen 960Bot. The concentration of
plasmid DNA was measured spectrophotometricallyngisithe BioPhotometer
instrument (Eppendorf) and a quartz cuvette, acegrid the formula 1 Ao = 50 pg/ul
dsDNA. Plasmids were stored at -20°C. For a desonpf the plasmids see table 2.1.

67



Chapter 2 Materials and Methods

Table 2.1: Description of plasmids

Plasmid Description Origin

PGex2T Encoding GST, used as a Gift from Bob Eisenman
control (Gomez-Roman et al., 2003)

PGex2T-ID1 Encoding full length ID1 Gift from Antonio lavarone
protein (Lasorella et al., 1996)

PGex2T-ID2 Encoding full length ID2 Gift from Antonio lavarone
protein (Lasorella et al., 1996)

PGex2T-ID3 Encoding full length ID3 Gift from Antonio lavarone

protein (Lasorella et al., 1996)

PGex2T-ID2-HLH

Encoding helix-loop-helix
domain of ID2 protein

Gift from Antonio lavarone
(Lasorella et al., 1996)

PGex2T-ID2-6HLH

Encoding ID2 protein lacking
the helix-loop-helix domain

Gift from Antonio lavarone
(Lasorella et al., 1996)

PGex2T-E47

Encoding full length E47
protein

Gift from Antonio lavarone
(Lasorella et al., 1996)

2.4 Restriction endonuclease digestion

EcoRl and BamHI (Promega) restriction endonucleagess used to digest
plasmid DNA. Six plasmids based on the PGex2T veegre analysed to confirm the
presence of the ID1, ID2, ID3, ID2-HLH, ID8HLH and E47 insertsThe reactions
contained 1 pl of each restriction enzyme, 1 pglabmid DNA and 3 ul of the
MULTI-CORE buffer (Promega) in a final volume of 0. The DNA was left to digest
for 1 hour at 37°C. The sample products were mixegd 6x agarose gel DNA loading
buffer [0.25% (w/v) bromophenol blue, 0.25% (w/ylene cyanol, 30% (v/v) glycerol]

to give a final 1x loading buffer concentration aathlysed by 1% (w/v) agarose gel
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electrophoresis. Electrophoresis was allowed taged in 1x TAE buffer (40 mM Tris-
acetate, 1 mM EDTA pH 8.0) containing 0.1 pg/midithm bromide (Sigma) and DNA
was visualised under ultraviolet (UV) light.

2.5 Expression of recombinant glutathione-S-

transferase (GST) fusion proteins

E. coli BL21 Rosetta competent cells were transformeglfasmid propagation.
Competent cells were stored at -80°C and thawed®ror transformation. 50 pl of
thawed cells and 20 ng of plasmid DNA were mixed agytation. The cells were
incubated for 20 minutes on ice and heat-shockd@4 for 30 seconds. The cells were
recovered by the addition of 500 pl SOC medium @Mth, 0.05% glucose, 10 mM
MgSQ,, 10 mM MgCh) and incubated at 37°C for 30 minutes. 150 pl efscwere
plated onto LB-agar plates (LB-Broth, 2% agar, 1@dml ampicillin) and incubated at
37°C overnight. Single colonies were picked andvgravernight in 10 ml of LB broth
containing 100 pg/ml ampicillin at 37°C in an odbishaker. The 10 ml culture was
used to inoculate 500 ml of LB broth containing 310§'ml ampicillin, and the culture
was grown at 37°C in an orbital shaker until reaghan ORgs0f 0.6-0.8. An uninduced
control sample of 1 ml was taken at this stage. Baenple was pelleted by
centrifugation at 13,000xg for 1 minute and resuasid in 50 ul 4x SDS sample buffer
(150 mM Tris-HCI pH 6.8, 1% SDS, 10%-mercaptoethanol, 20% glycerol, 0.5%
bromophenol blue). The culture was induced withrAM final concentration IPTG and
grown for 2 hours at 37°C in an orbital shaker. iAduced sample of 1 ml was taken,
pelleted by centrifugation at 13,000xg for 1 minwted resuspended in 4x SDS sample
buffer. The large culture was harvested by cergafion at 4,500 rpm for 20 minutes at
4°C. The pellet was snap frozen on dry ice andedtat -80°C. The induced and
uninduced samples were resolved by SDS-PAGE (poligunide gel electrophoresis),
and the gel was stained with SimplyBlue™ SafeSg#nvitrogen), to confirm the
induction of the proteins. The cells were resuspdnd 20 ml 1x TBS (2.5 mM Tris-

HCI pH 7.6, 15 mM NaCl), and sonicated 10x for 83ands on ice using the vibra cell
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sonicator (Sonics). The crude lysate was then ifeged at 8,500xg for 20 minutes at
4°C. The clarified extract was aliquoted and smapdn on dry ice.

2.6 In vitro transcription and translation of proteins in

reticulocyte lysate

For in vitro transcription and translation of proteins the TMficulocyte kit
(Promega) was used, according to the manufacturessuctions. The synthesised
proteins were labelled witffS-methionine and 1-2 pl of the samples were andlipse
SDS-PAGE. The gels were incubated with fixing soluf10% (v/v) acetic acid, 30%
(v/v) methanol] for 30 minutes at room temperatanel washed with distilled 4@ for
15 minutes. The gels were incubated with autof{(idational Diagnostics) for 2 hours at
room temperature on an orbital shaker. The gele wacuum dried for 2 hours at 80°C

and the radiolabelled proteins visualised by auliography.

2.7 GST pull down assay

GST and GST-fusion proteins were coupled to glutadtragarose beads
(Sigma). GST and GST-fusion proteins containingiféal extracts were incubated with
20 pl of packed glutathione agarose beads for 2shau4°C. Following this, 1-2 ul of
thein vitro translated protein was incubated with 20 pl pagkedwashed glutathione
agarose beads in a total volume of 600 pl madeitipix TBS, to pre-clear thie vitro
translated protein. The recombinant GST-fusion enst bound to the beads were
washed five times to remove non-specific bindingoatterial proteins and 250 pl of
pre-cleared reticulocyte lysate were added to thesels. The samples were incubated
for 2 hours rotating at 4°C. The beads were wagivediimes with 1 ml of 1x TBS to
remove non-specific binding to the recombinant girat and 4x protein sample buffer
was added to the beads. The samples were resow&DB-PAGE and the proteins
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detected by SimplyBlue™ SafeStain (Invitrogen) idey to confirm equal loading. The
rpn800e full-range rainbow molecular weight mark®E Healthcare) was run next to
the samples. Samples were destained (30% methEd#dl,acetic acid). The gels were
incubated with fixing solution [10% (v/v) aceticidc 30% (v/v) methanol] for 30

minutes at room temperature and washed with @&idtitbO for 15 minutes. The gels

were incubated with autofluor (National Diagnostifcs 2 hours on an orbital shaker, to
enhance the radio-labelled signal, vacuum dried expbsed to autoradiographic film
overnight at -80°C. Pull-down assays using HelLdearcextracts were also carried out.
1-2 pl ofin vitro transcribed and translated protein were addetiedeads as well as
200 pg of HelLa nuclear extracts in a total volurh&@® pl in 1x TBS. The incubation

took place for 2 hours rotating at 4°C. The beadsewvashed five times with 1x TBS
and mixed with an appropriate volume of protein glarbuffer. The samples were

analysed by western blotting.

2.8 Preparation of protein extracts for western blo  ts and

co-immunoprecipitations (co-IPs)

Whole cell protein extracts were prepared fromscellltured in 10 cm dishes or
6-well plates, when cells reached a confluencypgreximately 80%. The procedure
was performed on ice rapidly and all solutions glasticwear were kept cold to
maintain cell activity and avoid protein degradatidhe maintenance medium was
aspirated and the culture cells were washed thneestwith ice-cold PBS. The cells
were scraped with a plastic spatula into cell lymi$fer (20 mM HEPES pH 7.8, 150
mM NacCl, 25% glycerol, 50 mM NaF, 0.2 mM EDTA, 0.5Bfiton X-100, 0.5% NP-
40, 10 mM B-glycerophosphate, 1 mM sodium orthovanadate, 1 mM
phenylmethylsulfonyl fluoride (PMSF), 1 mM DTT, 0ybg/ml leupeptin, 1.0 pg/ml
trypsin inhibitor, 0.5 pg/ml aprotinin and 40 pg/rbestatin) and transferred to
microfuge tubes. 150 pl of buffer was used for eaeh of the 6-well plates and 500 pl

of buffer for each 10 cm dish. The lysates weresedghree times through a 26G needle
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and centrifuged at 13,000xg for 10 minutes at 4Fl@&2 supernatants were aliquoted and

snap frozen on dry ice. The whole cell extractsevgtored at -80°C.

2.9 Determination of protein concentrations

The protein concentration of samples was determusag Bradford’'s reagent
(BioRad) diluted 1 in 5 with distilled ¥0. The colour reaction produced by the mixing
of the reagent with protein was quantified by tHesabance at 595 nm using a
spectrophotometer. The values measured were indicaf the amount of protein in
each sample. The standard curve for each expermwentonstructed by measuring the
absorbance at 595 nm of 1, 2, 3, 4, 5, 6, 8, 10ad@ 14 pg of BSA in 1 ml of
Bradford's reagent. For each sample, absorbanacengsawere performed in triplicate

and compared to the standard curve to determinprtitein concentration.

2.10 Adenovirus titre immunoassay analysis

To calculate the viral titre, the QuickTitPeAdenovirus Titre Immunoassay kit
(Cell Biolabs) was used. HEK 293 cells were haegsind resuspended in DMEM
culture medium at 2.5x f0cells/ml. In each well of a 24-well plate 1 ml tfe
resuspended cells were incubated at 37°C, 5%f@Q hour. Following that, a 10-fold
serial dilution of the viral sample in medium wasrfprmed. The infected cells were
incubated at 37°C for 2 days. After two days, thikure medium was aspirated and the
infected cells were fixed to the plates by the addiof 0.5 ml ice-cold methanol. The
cells were incubated for 20 minutes at -20°C andhed three times with 1x PBS, each
wash for 5 minutes. The cells were blocked with B®A in PBS for 1 hour at room
temperature. 250 pl of 1x anti-Hexon antibody wadeled to each well and the cells
were incubated for 1 hour at room temperature. déls were washed with 1x PBS

three times, each wash for 5 minutes. 250 ul okdcondary antibody were added to
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each well and the cells were incubated for 1 hauoem temperature. The cells were
washed five times with 1x PBS, each wash for 5 meiswuFreshly made 1x DAB
substrate solution was added to each well, anddhg were incubated for 10 minutes at
room temperature on an orbital shaker. Infectel$ eglpeared dark brown. To calculate
the positive cells (dark brown colour) five separéields were selected using a light
microscope. The number of positive cells and thal ¥itre, in infectious units/ml, were

calculated.

2.11 Separation of proteins by SDS-polyacrylamide g el

electrophoresis

50 pg of protein extracts were resolved by denaguisDS 7.8% or 12%
polyacrylamide (National Diagnostics) minigels (3M# Tris pH 8.8, 0.1% SDS), with
4% polyacrylamide stacking gels (125 mM Tris pH,68B1% SDS) according to
molecular weight by electrophoresis. Prior to loggisamples were boiled for 3 minutes
in 1x protein sample buffer (62.5 mM Tris pH 6.85% B-mercaptoethanol, 10%
glycerol, 0.125% bromophenol blue). Electrophoregs performed in 1x SDS running
buffer (0.1% SDS, 76.8 mM glycine, 10 mM Tris, ptB8 at an initial voltage of 75 V
while the dye moved through the stacking gel; tbkage was then increased to 160 V
until the bromophenol blue dye moved to the bottdrthe gel.

2.12 Western blot analysis

Following SDS-PAGE separation, proteins were tramefl to a nitrocellulose
membrane (BioRad) using the BioRad Mini Trans-Bibctrophoretic Transfer Cell
System. Transfer was carried out in 1x transfefdouf76.8 mM glycine, 10 mM Tris
pH 8.3, 20% methanol) at 100 V for 1 hour or ovghtiat 4°C. Nitrocellulose

membranes were stained with Ponceau S (Sigma)staetransfer of the proteins to the
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membrane. Membranes were washed with 1x TBS famibites and blocked in milk
buffer (32.5 mM Tris, 150 mM NaCl, 0.2% Tween-2@ 4skimmed milk powder
(Marvel) for 30 minutes at room temperature. Membgawere incubated with primary
antibodies for 3 hours at room temperature or agatnat 4°C (see table 2.2 for the
antibody dilutions used). Excess primary antibodswashed three times for 5 minutes
in PBS containing 0.5% Tween-20. Following the vesshmembranes were incubated
for 1 hour at room temperature in the presence haf &ppropriate horseradish
peroxidase-conjugated secondary antibody (1:100@&iah in milk buffer) (Dako).
Membranes were washed three times with western taér (32.5 mM Tris, 150 mM
NaCl, 0.2% Tween-20) for 5 minutes, followed by tweashes for 15 minutes.
Membranes were washed for 5 minutes with 1x TBS (@M Tris-HCI pH 7.6, 15 mM
NaCl) and antibodies were detected using the emthcbemiluminescence method

(ECL, Amersham), following the manufacturer’s instions.

2.13 Co-immunoprecipitation

Antibodies for immunoprecipitation experiments wemind to either protein-A
sepharose or protein-G sepharose beads (Sigmaga€brimmunoprecipitation, 25 pl
of packed protein beads were used. The beads wasbed five times using 1 ml for
each wash of low salt microextraction buffer (LS-B)H150 mM NacCl, 50 mM NaF,
20 mM HEPES pH 7.8, 25% glycerol, 1 mM DTT, 0.5 fi®MSF), 0.2 mM EDTA, 40
pa/ml bestatin, 1 pg/ml trypsin inhibitor, 0.7 pd/pepstatin, 0.5 pg/ml aprotinin, 0.5
pHg/ml leupeptin) prior to incubation with 5 pl aftalD1, anti-ID2, anti-ID3, anti-E47
and anti-Brfl (128); the final volume was made op50 pl with LS-MEB and the
antibodies were incubated with the beads by rajator 2 hours at 4°C. Following
binding, the beads were washed five times with LIEBVio remove excess antibody.
300 pg of HeLa protein extracts (Computer Cell et Mons, Belgium) were added to
the beads and left to incubate for 1 hour at 4% beads were washed five times with
LS-MEB and 50 ul of 4x protein sample buffer wedded. Samples were heated at
95°C for 3 minutes and analysed by SDS-PAGE andenesblotting.
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Table 2.2: Antibodies used for western blots

Protein | Antibody | Dilution Type Company
ID1 C-20 1:1000 Polyclonal Santa Cruz
ID2 C-20 1:1000 Polyclonal Santa Cruz
ID3 C-20 1:1000 Polyclonal Santa Cruz
E47 N-649 1:1000 Polyclonal Santa Cruz

TFIIB Cci18 1:1000 Polyclonal Santa Cruz
Actin C-11 1:5000 Polyclonal Santa Cruz
Brfl 128 1:1000 Serum In House
Brfl 330 1:1000 Serum In House
TBP MTBP-6 1:250 Monoclonal In House
HA F-7 1:1000 Monoclonal Santa Cruz

2.14 RNA extraction

Total cellular RNA was extracted from cells grownliO cm culture dishes using
TRI reagent (Sigma). The maintenance medium wasaasg and the cells were washed
four times with ice-cold PBS. The cells were scthjeo 1 ml or 500 pl of TRI reagent,
for 10 cm dishes or per well of 6-well plates redpely, and transferred into microfuge
tubes. The samples were incubated for 10 minute®@h temperature in order to
achieve dissociation of nucleoprotein complexe®rpto the addition of 200 pl of
chloroform to each sample. The samples were mixgdvdrtexing for 1 minute,
incubated for 10 minutes at room temperature andribeged at 13,000xg for 15
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minutes at 4°C. Samples separated into three phasdswer red organic phase
containing the protein, a white intermediate phesetaining the DNA and an upper
colourless aqueous phase containing the RNA. Th&-Bdnhtaining phase was carefully
transferred into a clean microfuge tube and 0.50fMmisopropanol was added to the
samples to precipitate the RNA. The tubes were dntxginverting, incubated at room
temperature and centrifuged at 13,000xg for 10 temat 4°C. The RNA pellet was
washed with 1 ml of 75% ethanol and centrifugetiZ3000xgfor 5 minutes at 4°C. The
supernatant was aspirated and the pellets werargd for 20 minutes at room
temperature. The RNA was resuspended in 20 pl cideMree water and the samples
were heated at 50°C to facilitate resuspension. RNAcentration was determined by
spectrophotometry at 260 nm, using the followingaggpn: 1 OD unit at 260 nm = 40
pa/ml of RNA. The samples were stored at -80°C.

2.15 cDNA preparation

2 ug of RNA were added to 200 ng of hexanucleqgtig@ers (Roche) and made
up with RNase-free water to a final volume of 20 $dmples were incubated at 80°C
for 10 minutes for primer annealing. The tubes weaasferred on ice and 8 pl of 5x
First Strand Buffer (Invitrogen), 4 pl of 0.1 M DT(Invitrogen), 2 pl of 10 mM dNTP
mix (Promega) and 1 pl (200 U) of Superscript Iv&se Transcriptase (Invitrogen)
were added to initiate transcription. The reveraadcription reaction was placed for 50
minutes at 42°C. The reaction was terminated byifgegéhe samples for 15 minutes at
70°C to inactivate the enzyme. The cDNA sampleswérred at -20°C.
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2.16 Reverse-Transcriptase Polymerase Chain Reactio n
(RT-PCR)

The PCR reactions were performed using the DNA f&@lyad Peltier Thermal
Cycler (BioRad). Each PCR reaction had a final s@uof 20 pl and contained 2 pl of
cDNA with 20 pmol of primers. The reaction contalin@5 U Tag DNA polymerase
(Promega), 1x Tag DNA polymerase buffer (Promegefaining 1.5 mM MgGl, 0.2
mM of each dNTP plus 1.8 pCi af*fP] dCTP (Amersham). Primer cycling parameters
and sequences are listed in table 2.3. The PCRugi®dwere diluted 1:1 with
formamide loading buffer (98% formamide, 10 mM EDTAH 8.0, 0.025%
bromophenol blue, 0.025% xylene cyanol FF) andlvesoon 7% polyacrylamide
(National Diagnostics) sequencing gels containirlg drea and 1x TBE (45 mM Tris,
45 mM boric acid, 0.625 mM EDTA pH 8.0). Gels were-run at 40 W for 30 minutes
in 1x TBE and 2 pl of sample was loaded after béiegted at 95°C for 2 minutes and
guenched on ice. Electrophoresis was performed foour at 40 W and the gels were
vacuum-dried at 80°C for 1 hour before being exgdseautoradiography film to detect
the radiolabelled products. In some cases, PCRuptsedvere detected using SYBR
Gold Nucleic Acid Gel Stain (Invitrogen). In thisase, the above final 20 pl PCR
reaction mixture, the 1.8 puCi of¥P] dCTP was replaced with distilled,®. 5 pl of
Orange G loading dye (Sigma) were added to eacpl2BCR product sample and
mixed. The samples were resolved on 5% polyacrylar(iNational Diagnostics) gels. 6
pl of sample was loaded for 30 minutes and elebtvogsis was performed in 1x TBE at
150 V. The gels were stained with 1x SYBR Gold isfar 30 minutes, protecting the
stain solution from light by placing it in the darkhe gels were visualised under UV
light.
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Table 2.3: Primers and cycling parameters for RT-PR

Transcript Primers 5’-3’ Cycle Product PCR conditions
Forward number length (denaturing;
Reverse cycling; final
elongation)
ARPP PO 5’ GCACTGGAAGTCCAACTACTTC 3’ 18-20 | 266 bp 95°C for 2 min;
95°C for 1 min,

5" TGAGGTCCTCCTTGGTGAACAC 3 58°C for30s,

72°C for 1 min;
72°C for 5 min

ID1 5’ CGCATCTTGTGTCGCTGAAG 3’ 27-29 228 bp 95°C for 2 min;
95°C for 1 min,
53°Cfor 30s,

72°C for 1 min;
72°C for 5 min

5 GGTGACTAGTAGGTGTGCAG 3’

ID2 5’ ATGAAAGCCTTCAGTCCCGT 3’ 25-27 | 189 bp 95°C for 2 min;
95°C for 1 min,
58°Cfor 30s,

72°C for 1 min;
72°C for 5 min

5" TTCCATCTTGCTCACCTTCTT 3

ID3 5" TCAGCGCTTCCTCATTCTTT 3’ 28-30 154 bp 95°C for 2 min;
95°C for 1 min,
5" AAGGCACGCCTCTTTATTCA 3 59°C for 30's,

72°C for 1 min;
72°C for 5 min

E2A 5" TGTGCCAACTGCACCTCAA 3’ 22-24 116 bp 95°C for 2 min;
95°C for 1 min,
62°C for 30 s,

72°C for 1 min;
72°C for 5 min

5" GGGATTCAGGTTCCGCTCTC 3’

5S rRNA 5’ GGCCATACCACCCTGAACGC 3’ 18-20 | 107 bp 95°C for 3 min;
95°Cfor 30s,
58°C for 30 s,
72°C for 1 min;
72°C for 5 min

5" CAGCACCCGGTATTCCCAGG 3’
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tRNA Leu 5’ GAGGACAACGGGGACAGTAA 3’ 25-27 88 bp 95°C for 3 min;
95°Cfor 30s,
5’ TCCACCAGAAAAACTCCAGC 3’ 68°C for 30 s
72°Cfor 30s;
72°C for 5 min
tRNA Tyr 5’ AGGACTTGGCTTCCTCCATT 3’ 25-27 84 bp 95°C for 3 min;
95°C for 1 min,
5’ GACCTAAGGATGTCCGCAAA 3’ 65°C for 30 s
72°Cfor 15s;
72°C for 1 min
tRNA Arg 5" GGCTCTGTGGCGCAATGGATA 3’ 25-30 74 bp 95°C for 2 min;
95°Cfor 30s,
5’ TTCGAACCCACAACCTTTGAATT 3’ 66°C for 30's
72°Cfor 15s;
72°C for 5 min
tRNA Sec 5’ GGATGATCCTCAGTGGTC 3’ 25-27 74 bp 95°C for 3 min;
95°Cfor 30s,
5’ GGTGGAATTGAACCACTC 3’ 54°C for 30 s
72°Cfor30s;
72°C for 5 min
7SL 5" GTGCCGCACTAAGTTCGGCATC 3’ 10-20 150 bp 95°C for 2 min;
) 95°Cfor 20s,
> 62°C for 30's,
TATTCACAGGCGCGATCCCACTACTGAGATC o .
72°Cfor30s;
3 72°C for 10 min
7SK 5’ CGATCTGGCTGCGACATCTG 3’ 14-16 248 bp 95°C for 3 min;
95°Cfor 30s,
5’ CGTTCTCCTACAAATGGAC 3’ 57°C for 30 s
72°Cfor 30s;
72°C for 10 min
MRP 5’ CGTGCTGAAGGCCTGTATC 3’ 25-30 232 bp 95°C for 3 min;

5 GGTGCGCGGACACGCAC 3’

95°Cfor 30s,
58°Cfor 30s,
72°Cfor 30s;
72°C for 5 min
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U6 snRNA 5" GCTCGCTTCGGCAGCACATATAC 3’ 18-20 96 bp 95°C for 3 min;
95°C for 1 min,
60°C for 30s,

72°C for 1 min;
72°C for 5 min

5" TATCGAACGCTTCACGAATTTGCG 3’

Pre-rRNA 5 GCTTGGGTCTGTCGCGGT 3’ 23-25 | 151 bp 95°C for 3 min;
95°C for 1 min,

5’ CACCTCGGGGAAATCGGGA 3’ 65°Cfor30s,

72°Cfor 15s;

72°C for 1 min

2.17 RNA Pol Il in vitro transcription assay

In vitro transcription of class Il genes was reconstitutsthg 15 pg of HelLa
nuclear extracts (Computer Cell Culture, Mons, RBetg to provide the basal pol Il
transcription components. This was supplementel thié addition of 250 ng of plasmid
DNA to supply a specific pol Ill template and reans were carried out in a 25 pl
volume with a final concentration of 12 mM HEPES @9, 60 mM KCI, 7.2 mM
MgCl,, 0.28 mM EDTA, 1.2 mM DTT, 10% (v/v) glycerol, 1NMncreatine phosphate,
0.5 mM each of rATP, rCTP and rGTP and 10 p&fH] UTP (400 mCi/mmol)
(Amersham). The transcription components were astehon ice, and the reaction was
performed in a waterbath at 30°C for 1 hour. Trapion was terminated with the
addition of 250 pul of 1 M ammonium acetate/0.1% S&Btaining 20 pg of yeast
tRNA, which acts as a stabiliser for synthesisedARM order to remove protein and
DNA, phenol-chloroform extraction of the samplessvperformed by addition of 250 pl
of a 25:24:1 ratio of PhROH/CHEIAA. The samples were vortexed, microcentrifugéd a
13,000xg for 5 minutes and 200 pl of the upper agadayer was transferred to a new
microfuge tube containing 750 pl of 96% ethanolj aamples were mixed thoroughly.
To precipitate the RNA, the samples were invertexersal times and placed at -20°C

overnight before being centrifuged at 13,000xg30rminutes to pellet the precipitated
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RNA. The supernatant was removed and the pelletwashed with 750 pl of 70%
ethanol. The samples were centrifuged and thetpellere dried by heating at 50°C for
5-10 minutes. 4 pl of formamide loading buffer (98%mamide, 10 mM EDTA pH 8.0,
0.025% bromophenol blue, 0.025% xylene cyanol FEyewadded to each sample,
which was vortexed for 1 hour to ensure the RNA wWaly redissolved. From each
sample, 1.5 pl was loaded on a pre-run 7% polyagrigle sequencing gel consisting of
7 M urea and 1x TBE (45 mM Tris, 45 mM boric addds25 mM EDTA pH 8.0) after
being heated at 95°C for 2 minutes and quencheadeortlectrophoresis was carried out
at 40 W for 1 hour in 1x TBE, and gels were vacuined and exposed to
autoradiography film to detect the radiolabellexhsrcripts.

2.18 Small interfering RNA (SiRNA)

2.18.1 siRNA targeting

Commercially available siRNAs (Santa Cruz Biotedbgyg), which had been
validated, were acquired for the knockdown of OctEll, ID2, ID3 and E2A. siRNAs
targeting Oct-1 (Oct-1 siRNA (h): sc-36119, SantaizZCBiotechnology), ID1 (ID1
siRNA (h): sc-29356, Santa Cruz Biotechnology), 22 siRNA (h): sc-38000, Santa
Cruz Biotechnology), ID3 (ID3 siRNA (h): sc-38002anta Cruz Biotechnology) and
E2A (E2A siRNA (h): sc-35245, Santa Cruz Bioteclogy) were used to reduce the

expression of their targets.

2.18.2 Transient transfections using Lipofectatime 2000

Lipofectamine 2000 (Invitrogen) was used to perfaramsfections according to

the manufacturer’s instructions. 10 pl siRNA wersed per reaction and added to
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Optimem (Gibco) medium to a final volume of 100 b pl Lipofectamine 2000 were
added to 97.5 ul Optimem. The mixtures were incedbador 10 minutes at room
temperature, combined and incubated at room terperdor 25 minutes. In the
meantime, cells that that had reached about 70-8@%uency on 6-well plates were
washed twice with Optimem and 800 pl of Optimemevadded to each well. To each
well, 200 pul siRNA/Lipofectamine 2000 mixture wesdded. The 1 ml final volume
was left in each well for 6 hours, and then repfavaeth 2.5 ml of DMEM culture
medium. Fresh medium was added after 24 hourstendells were harvested 48 hours

after transfection, unless stated otherwise.

2.19 Chromatin immunoprecipitation assay

Cells were grown in 10 cm tissue culture dishesl uveaching a confluency of
about 80%. One 10 cm dish was used per immunoptatoim. Formaldehyde was
added to the culture medium to a final concentratb 1% in order to cross-link the
DNA-protein complexes. The reaction was allowegbtoceed for 10 minutes at 37°C.
To stop the crosslinking, glycine was added analfconcentration of 0.125 M and the
dishes were transferred to ice for harvesting. ¢éks were harvested in the plating
media/formaldehyde/glycine mix and pelleted by pérgation at 500xg for 5 minutes
at 4°C. The cell pellets were resuspended/washadehtold PBS and centrifuged at
500xg for 5 minutes at 4°C. The last step was itepetwice. At this stage the cell
pellets could be frozen on dry ice and stored GtC8

Cell pellets were resuspended/washed with ice-d@Bi5/0.5% NP-40 and
centrifuged at 500xg for 5 minutes at 4°C. The sog@i@ant was removed and cells were
resuspended in 40 ml of high salt buffer (0.5% NP#BS, 1 M NaCl), and incubated
on ice for 30 minutes. After the incubation peridtie cells were pelleted by
centrifugation at 1,500 rpm for 5 minutes at 4°@ amshed with 40 ml PBS/1% NP-40.
The cells were resuspended in 40 ml low salt byfie&s% NP-40, 10 mM Tris HCI, pH
8.0, 1 mM EDTA, 0.1 M NaCl) and placed on ice fd Binutes. Following the

incubation, the cells were centrifuged at 500xg Sominutes at 4°C. The cells were
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resuspended in 1 ml of low salt buffer and paskesligh a 26G needle four times. The
suspension was made up to a final volume of 2.byrthe addition of low salt buffer.
300 pl of 20% sarcosyl were added to the suspensiander to lyse the nuclei. The
suspension was transferred to a sucrose cushioncamuifuged at 4,000xg for 10
minutes at 4°C. The supernatant was removed anpellet resuspended in 3 ml TE. A
second cushion was used and the suspension waduged again at 4,000xg for 10
minutes at 4°C. The resulting pellet containing gemomic DNA and cross-linked
proteins was further resuspended in 2 ml TE (10 wrid pH 8.0, 1 mM EDTA), and
the DNA was sheared into smaller fragments by sdioio (10x 30 seconds, duty cycle
30%). 0.2 ml of 11x NET Buffer (1.56 M NaCl, 5.5 mBDTA, 5.5% NP-40, 550 mM
Tris-HCI, pH 7.4) were added to the 2 ml sonicadathple, which was centrifuged at
13,000xg for 5 minutes. The supernatant was aleghetenly in microfuge tubes, and
10% of the aliquoted sample was used as input @ofithe amount of antibody added
per aliquot (Table 2.5) was 25 pl for the in houwsade antibodies or 5 pg for the
commercial antibodies. The microfuge tubes werateot overnight at 4°C.

The following day, 50 pl of protein A or G sephadmads (Sigma) (beads were
washed five times with 1x NET buffer) were addec#&zh tube and incubated rotating
for 2 hours at 4°C. The beads were recovered ogppmbpylene columns (Pierce),
washed twice with 10 ml ice-cold RIPA (50 mM Tris€H pH 8.0, 150 mM NacCl, 0.1%
SDS, 0.5% deoxycholate, 1% NP-40) buffer, twicehvige-cold 10 ml LiCl buffe(10
mM Tris-HCI, 250 mM LiCl, 0.5% NP-40, 0.5% deoxydate, 1 mM EDTA, pH 8.0)
and twice with ice-cold TE. The beads were incubbategh 400 ul TE/1% SDS at room
temperature and the protein-DNA complexes wereedluinto microfuge tubes.
Proteinase K (0.125 mg/ml) was added to the elstedple in order to degrade the
antibodies and proteins. The eluted material washated overnight at 42°C.

The DNA was extracted twice using 400 ul phenobtfiorm/isoamylalcohol
(25:24:1) and once with 400 pl of chloroform. Tegpitate DNA, 1 ml ethanol and 40
pl of 3 M sodium acetate were added and the tulees mixed by inversion and left at -
20°C overnight. The following day, the samples weeatrifuged at 13,000xg for 20
minutes to pellet the precipitated DNA. The sup&ntiwas removed and the pellets

were washed with 1 ml of 75% ethanol. The sample®wentrifuged again at 13,000xg
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for 5 minutes and air dried before adding 40 uTBfto resuspend the DNA. Samples
were kept at 4°C and analysed by PCR. The primguesees and antibodies for ChlIP
assays are displayed in table 2.4 and table 2p&césely.

Table 2.4: Primers and cycling parameters for ChiPassays

Transcript Primers 5’-3’ Cycle Product PCR conditions
Forward number length (denaturing;
Reverse cycling; final
elongation)
7SLset 1 5’ CCGTGGCCTCCTCTACTTG 3’ 26-28 | 171 bp 95°C for 2 min;
95°C for 1 min,

5 TTTACCTCGTTGCACTGCTG 3 58°C for 30's,

72°C for 1 min;
72°C for 3 min

7SL set 2 5’ CGTCACCATACCACAGCTTC 3’ 26-28 | 194 bp 95°C for 2 min;
95°C for 1 min,
58°Cfor30s,

72°C for 1 min;
72°C for 3 min

5" CGGGAGGTCACCATATTGAT 3’

7SLset3 5’ GTTGCCTAAGGAGGGGTGA 3’ 26-28 | 174 bp 95°C for 2 min;
95°C for 1 min,
58°C for 30,

72°C for 1 min;
72°C for 3 min

5" TCTCTTGAGAGTCCAAAATTAA 3’

7SL set 4 5 TTTTTGACACACTCCTCCAAGA 3’ 26-28 | 150 bp 95°C for 2 min;
95°C for 1 min,
58°Cfor30s,

72°C for 1 min;
72°C for 3 min

5" ATCTGGTCAAAGCAACATACACTG 3’

7SLset5 5’ TGCCTCCAGATAAAACTGCTC 3’ 26-28 | 156 bp 95°C for 2 min;
95°C for 1 min,
58°Cfor30s,

72°C for 1 min;
72°C for 3 min

5" ACCCCACTAGAACCCTGACA 3’
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ARPP PO 5’ GCACTGGAAGTCCAACTACTTC 3’ 18-20 | 266 bp 95°C for 2 min;
95°C for 1 min,
5’ TGAGGTCCTCCTTGGTGAACAC 3’ 58°C for 30's,
72°C for 1 min;
72°C for 5 min
5S rRNA 5’ GGCCATACCACCCTGAACGC 3’ 18-20 | 107 bp 95°C for 3 min;
95°C for 30s,
5’ CAGCACCCGGTATTCCCAGG 3’ 58°C for 30's,
72°C for 1 min;
72°C for 5 min
7S5L 5’ GTGCCGCACTAAGTTCGGCATC 3’ 10-20 | 150 bp 95°C for 2 min;
95°C for 20 s,
> 62°C for 30's,
TATTCACAGGCGCGATCCCACTACTGAGATC 72°Cfor30s;
3 72°C for 10 min
tRNA Leu 5’ GAGGACAACGGGGACAGTAA 3’ 25-27 88 bp 95°C for 3 min;
95°C for 30s,
5’ TCCACCAGAAAAACTCCAGC 3’ 68°C for 30's,
72°Cfor30s;
72°C for 5 min
tRNA Tyr 5’ AGGACTTGGCTTCCTCCATT 3’ 25-27 84 bp 95°C for 3 min;
95°C for 1 min,
5’ GACCTAAGGATGTCCGCAAA 3’ 65°C for30s,
72°Cfor15s;
72°C for 1 min
tRNA Arg 5’ GGCTCTGTGGCGCAATGGATA 3’ 25-30 74 bp 95°C for 2 min;
95°C for 30s,
5’ TTCGAACCCACAACCTTTGAATT 3’ 66°C for30s,
72°Cfor15s;
72°C for 5 min
U6 snRNA 5’ GTTTCGTCCTTTCCACAAG 3’ 18-20 | 116 bp 95°C for 3 min;

5 TTCTTGGGTAGTTTGCAG 3’

95°C for 30s,
55°Cfor30s,
72°C for 1 min;
72°C for 5 min
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Table 2.5: Antibodies for ChIP assays

Protein

Antibody Type Company

TBP

RPC 155

Brfl

TFIIIC 220

Serum In House

TFIIA

TFIIB

Cci8 Polyclonal Santa Cruz

TAF48

ID1

C-20 Polyclonal Santa Cruz

ID2

ID3

E47
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3.1 Introduction

3.1.1 The role of ID proteins in tumourigenesis

High expression levels of ID protein family membare associated with several
types of human tumours. In particular, overexpmsf ID proteins is linked with
disease severity and poor prognosis. ID proteinstribute to tumourigenesis by
inhibiting differentiation, promoting proliferatioand affecting invasiveness (Lasorella
et al, 2001; Perlet al, 2005; Fonget al, 2003). ID protein deregulation in addition to
affecting the proliferation of tumour cells is alsaplicated in tumour progression (Fong
et al, 2004; Perlet al, 2005). Some of these features are the poterittahmour cells to
metastasise and become involved in the formationesi blood vessels (Minat al,
2005).

Elevated protein levels of ID1 correlate with pgwognostic outcome in breast
cancer patients and when ID1 was ectopically egeckén breast cancer cells this led to
invasiveness of the basement membrane (Schoppriaah, 2003; Desprezt al,
1998). In addition, expression of ID1 in prostaienburs increases with tumour grade
(Ouyang et al, 2002a). Also, high levels of ID1 expression clatee with poor
histological grade in ovarian tumours and aggressiinical behavior (Schindtt al,
2001). ID2 has been identified as a prognosticaldei in neuroblastoma patients, where
high ID2 expression is associated with a poor autdLasorellaet al, 2002). High
levels of ID2 correlate with Ewings sarcoma EWS-HuSion protein in fibrosarcoma
cells (Fukumaet al, 2003). Studies have also revealed that ID3 ikelinto human
tumourigenesis. ID3 has been demonstrated to beexyyessed in human ovarian
cancer cells and in small cell lung cancer (Shepbeal, 2008; Kamaliaret al, 2008).
When ID proteins are ectopically expressed, thasldeto inhibition of differentiation in
a number of cell types, such as muscle and erghkakemia cells (Jeat al, 1992;
Shoji et al, 1994). Overexpression of ID1 in SCp2 epitheliall causes increased
proliferation and when ID1 is targeted using amsgeoligonucleotides, this reduces cell

proliferation and inhibits invasiveness (Foetgal, 2003). ID proteins are also thought
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to be involved in a process known as oncogenic amynwhere overexpression of ID
proteins can regulate the activity of a target geflee oncogenic acute myeloid
leukaemia - eight-twenty-one (AML-ETO) fusion prioteis formed due to a
chromosomal translocation and results in acute onydéukaemia. It has been shown
that AML-ETO binds to E-proteins and inhibits th&inction (Zhanget al, 2004). It is
therefore possible that ID proteins mimic the AMI<& function and this promotes

carcinogenesis.

3.1.2 ID mouse models

ID function is essential in mice for developmentlanouse models have been
used to understand the role of IDs in cancer. $t lbeen shown that overexpression or
loss of function of ID proteins affects cancer pesgion in mouse models (Yokata
al., 1999; Morrowet al, 1999; Lydenet al, 1999; Kimet al, 1999). When ID1 was
overexpressed in the intestinal epithelium of miteree of the seventeen mice
developed intestinal adenomas (Wice & Gordon, 199B) another study,
overexpression of ID1 in T cells led to the devebtent of T cell lymphoma, suggesting
an oncogenic role for the ID1 protein (Kiet al, 1999). ID1 overexpression arrests T
cell development, an effect which is more seveaa tihe one observed in E2A and HEB
knockout mice (Bairet al, 1997). Because ID1 inhibits the function of Etpios, it is
possible that it interferes with E-proteins whick axpressed in T cells. Overexpression
of E47 can rescue the T cell deficiency exhibitedD1 overexpressed mice (Kiet al,
1999). All combinations of double knockout embrpddD1, ID2 and ID3 are not viable
and die before birth (Lydeet al, 1999; Benezra R, unpublished observations cited i
Ruzinova & Benezra, 2003). The double knockoutdddfID3 in mice display vascular
malformations and premature withdrawal of neurdblasom the cell cycle and
inappropriate expression of neural markers (Lydeal, 1999). In IDI" ID3" mice,
the endothelial vasculature of tumour xenographs aféected, which led to failure in
tumour growth and metastasis (Lydenal, 1999). Crosses of ID1- and ID3- mice

lacking 1-3 copies of the four ID1 and ID3 allelesre carried out with phosphatase and
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tensin homologue (PTEK) tumour-prone strains, which develop lymph node
hyperplasia, uterine carcinomas and prostate nsi@gla(Ruzinovaet al, 2003).
However, the partial loss of IDs had little effect the tumours of this model.

Transgenic mice that overexpressed ID2 were geswratith five out of six
founder lines developing aggressive T cell lymphsni&orrow et al, 1999). The
hyperproliferation is similar to the growth of tsdarmed cells, however, the cells are
not monoclonal, indicating that the expanded Tscellthe tumourous ID2 mice arise
from multiple independent transformation proces3égrefore, overexpressing the 1D2
protein has an important role in T cell developmeamd oncogenesis. Also, studies have
demonstrated that the ID2 knockout mice displayriust severe phenotype compared
to the other ID proteins. Knocking out ID2 in miead to ~25% perinatal mortality and
the surviving ID2-null mice displayed retarded gtbwYokotaet al, 1999). The ID2-
null mice lacked lymph nodes and Peyer’s patchad,fewer natural killer cells, fewer
Langerhan’s cells and a lactation defect was oleseim female mice (Hackest al,
2003; Yokoteet al, 1999; Kusunoket al,, 2003; Moriet al, 2000).

3.1.3 ID role in Drosophila

The role of ID proteins has been mostly studiednimuse and humans which
consist of four members (ID1-1D4) and Drosophilawhose extramachrochaetae (emc)
gene encodes a transcription factor which is smbdlan ID protein (Garrebt al, 1990;
Ellis et al, 1990). The emc protein contains an HLH domairheuit the basic region,
which is involved in interaction with DNA. Emc fosnheterodimers with bHLH
proteins preventing them from binding DNA (Jan &nJal993). Studies have
demonstrated that emc is required in developmegniatesses irDrosophila during
wing morphogenesis (Garrat al, 1990; Elliset al, 1990).

Loss of function (LOF) and gain of function (GOFutants have demonstrated
that the emc protein is a negative regulator ofabtleaetae-scute bHLH proteins which
are required in neurogenesis and sex determind@Ganrell et al, 1990; Elliset al,
1990). Emc null alleles are embryonic lethal. Sésdusing clones of LOF and GOF

alleles of emc have revealed that emc is involvedcell proliferation and vein
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differentiation (Garcia-Alonso & Garcia-Bellido, 8%. Emc appears to interact with
genes involved in regulatindprosophila wing development. Proteins of the Ras
signalling pathway (torpedo, vein, veinlet and gappperate with emc during cell
proliferation and act antagonistically during vaedifferentiation (Baonza & Garcia-
Bellido, 1999). Baonza and Garcia-Bellido proposed models in which emc and the
genes of the Ras signalling pathway interact ducglgproliferation and differentiation.
In the first model, mutants of emc and genes ofRlas pathway have smaller wings,
due to a smaller number of cells, than normal wimgboth cases (of LOF and GOF
mutants of emc with LOF mutants of the Ras pathwagjcating a possible co-
operation of emc and genes of the Ras signallinigwzy in cell proliferation. In the
second model, the extraveins phenotype of the GQ@FEamh of the Ras signalling
pathway is enhanced by interaction with the LOEle#i of emc, and is suppressed with
the GOF mutants of emc, suggesting that emc and Rhe pathway operate
antagonistically in vein differentiation.

Also, a strong genetic interaction between emc @maponents of the Notch
signalling pathway has been demonstrated, indigadirpossible functional interaction
between them (Baonzat al, 2000). Notch encodes a transmembrane protein that
functions as a receptor in several developmentadgases during embryonic and adult
life (Artavanis-Tsakonast al, 1995). Some of the phenotypes in the wings of
Drosophila caused by emc are similar to those observed inHNotatants. The emc
protein expression levels are higher in areas wihlrteh is activated. Studies have
demonstrated that the expression of emc at thed@nrstral border relies on the activity
of the Notch signalling pathway (Baoneaal, 2000). In vein differentiation and wing
formation, emc is thought to be regulated by No#uid cooperates with Notch-
downstream genes. Since the Ras and Notch sigmathways are crucial in these
processes, these studies could give insight intw H® proteins function in human

molecular signalling pathways.
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3.1.4 Role of ID proteins in the cell cycle

ID proteins are involved in negatively regulatingll differentiation as well as
positively affecting the cell cycle. When ID pratsi are expressed ectopically in
mammalian cell lines they can stimulate cell groyister et al, 1995; Despreet al,
1995). Also, the use of antisense oligonucleotatas antibody-microinjection methods
to inhibit ID protein expression and function haegealed a positive regulatory role for
ID proteins in the GO to S phase transition indek cycle (Haraet al, 1994; Peveralet
al., 1994). On the other hand, when E47 was overegpdesn mammalian cell lines
cells were arrested in the G1 phase of the celec{Reveraliet al, 1994). ID proteins
are present at low levels in quiescent cells, alghoafter mitogenic stimulation 1D
expression is increased within 1-2 hours, similady other early response genes
(Norton, 2000). ID protein expression is maintairtetbughout the G1 phase and is
upregulated when cells enter the S phase of theydke (Haraet al, 1994; Nortonet
al., 1998).

ID proteins can affect the cell cycle by interagtiwith a number of proteins
such as the RB (lavarore al, 1994; Lasorellaet al, 1996), E47 (Zhengt al, 2004)
and ETS proteins (Figure 3.1) (Yatesal, 1999). Studies have shown that the ID2
protein interacts with the RB protein, and that ID@n reverse the cell cycle arrest
caused by the overexpression of the tumour suppredRB protein and the related
‘pocket’ proteins pl07 and pl30 (lavaroee al, 1994). More information on the
interaction of ID2 with RB is presented in chapter
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Figure 3.1: Model for ID function in cell cycle pragression.

ID1, ID2 and ID3 family proteins act by inhibitinthe E-proteins and ETS family
members. ID1 and ID3 indirectly inactivate the RBotpin by suppressing the
expression of cyclin-dependent kinase inhibitorshsas INK4a, also known as pl6,
which leads to the phosphorylation of RB. ID2 dilginteracts with RB and interferes
with its cell cycle regulatory functions (adaptednh Perket al, 2005).
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The ID1, ID2 and ID3 proteins are positive regulatof cell growth and
negative regulators of differentiation (Ruzinova Benezra, 2003). Studies have
suggested that several human tumour types depeleisain part, on ID expression for
increased proliferation and other phenotypic fezgwof malignancy (Kleetét al, 1998;
Lin et al, 2000). Therefore, it is important to investigatber changes resulting from
the overexpression of ID proteins. It has been shthat pol Il transcripts are present
in increased levels in ovarian tumours comparethéonormal tissues from the same
individual patients (Winteret al, 2000). Moreover, the overexpression of pol 1l
transcripts has been demonstrated in breast, ebmana thyroid cancers with the same
types of carcinomas observed when ID1, ID2 or ID8 @verexpressed (Chest al,
1997a,b; Lasorellat al, 2001). Studies have revealed that oncoproteids as c-Myc,
CK2 and ERK are likely to affect cell growth by tegting pol 11l activity (Gomez-
Romanet al, 2003; Johnstoret al, 2002; Felton-Edkinset al, 2003a,b). Pol llI-
transcribed genes are essential for cell growth a&neir expression becomes
downregulated in differentiating cells (White, 2Q0@zuherri & White, 1998). Given
that pol Ill activity and the above ID family membare required in the same processes,
it would be interesting to investigate whether éx@ression of ID proteins would have
an effect on pol Il transcription. The followingmeriments presented in this chapter
were performed to determine if indeed this is odogr The results here demonstrate

that pol Ill transcription is regulated by the 1DD2 and D3 proteins.
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3.2 Results

3.2.1 Knockdown of endogenous ID1, ID2 or ID3 by si  RNA

reduced the levels of pol | and pol Il transcripts

To investigate the role of ID1, ID2 and ID3 in tmegulation of pol Il
transcriptionin vivo, ID1, ID2 or ID3 were knocked-down using smalkeriering RNA.
HelLa cells were transfected with siRNA targetind. JDD2 or ID3 and the control Oct-
1. The cells were treated for 72 hours, harvestetl@otein and RNA extracts were
analysed. RNA was analysed by RT-PCR in order tdico the knockdown of ID1,
ID2 or ID3 RNA levels in comparison to the contigligure 3.2, A; Figure 3.4, A;
Figure 3.6, A). Western blotting showed that IDR2lor ID3 proteins levels decreased
compared to the control (Figure 3.2, B; Figure 84Figure 3.6, B).

To ensure the specificity of ID1, ID2 and ID3 siRNRBe expression levels of
their related proteins was investigated. Westemwt bihalysis revealed that in ID1
siRNA-transfected HelLa cells the related protelD and ID3 and the associated E47
remained at the same levels (Figure 3.2, B). Knoekd of ID2 by siRNA targeting
HelLa cells established the specificity of ID2 siRM#&th the levels of the ID1, ID3 and
E47 protein expression remaining unaltered (Figude B). Also, it was found that in
ID3 siRNA-transfected cells the knockdown effectswspecific and the expression
levels of ID1, ID2 and E47 were not affected (Feyu.6, B). Therefore, specific
silencing of a particular ID protein did not resudtthe silencing or overexpression of
another related ID family member or the associ&#d protein.

The next step was to investigate if the knockdodprotein and RNA levels of
the ID family members would have an effect on pbtranscription. RT-PCR analysis
demonstrated that the knockdown of ID1, ID2 or li2@3ulted in reduced levels of pol
lll-transcribed 5S rRNA, tRNA?, tRNA"", 7SL RNA, 7SK RNA, MRP RNA and U6
snRNA compared to the control siRNA transfectioig(ife 3.3; Figure 3.5; Figure 3.7).
Moreover, the knockdown of ID2 or ID3 decreased ldweels of the pol | transcript,

precursor rRNA (pre-rRNA) (Figure 3.5; Figure 3.These effects are specific, since
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the pol ll-transcribed acidic ribosomal phosphogitPO0 (ARPP P0O) mRNA does not
change due to ID1, ID2 or ID3 knockdown. In conadas these results here suggest that
all three ID family members analysed can have atipeseffect on pol Il activityin

vivo, with ID2 or ID3 regulating pol | transcription asll.

RNA interference is a system for post-transcripglogene silencing that can be
applied to the study of gene function. siRNAs tathe homologous mRNA transcripts
for destruction. In the case of sequence idengtyvben the siRNA and random mRNA
transcripts, RNAIi can lead to the suppression af-taogeted genes, a phenomenon
known as off-target effects. Computational stuchese shown that off-target effects
mediated by RNAIi in theHomo sapiensSchizosaccharomycesnd Caenorhabititis
elegansgenomes range from 5 to 80% in each organism éQal., 2005). It was also
demonstrated that the optimal length for sSiRNAs \#asnt in order to achieve high
target efficiency and decreased off-target effadtsen the siRNA length increased this
led to higher chances of non-specific targetingu(&i al., 2005). dsRNAs are also
implicated in the induction of the innate immunspense (Sledet al, 2003). The use
of siRNAs which are longer than 23 bp can haveftatieon cell viability and cause an
interferon response, demonstrated by an upregualafithe dsRNA receptor TLR3, in a
cell type-dependent manner (Reynoktsal, 2006). The length threshold for siRNA
stimulation of the interferon response varies iffedent cell lines (Reynoldet al,
2006). The transfection of 21 bp ds siRNA useddene silencing leads to interferon
mediated activation of the Jak-Stat signalling paty and the induction of interferon
stimulated genes (Sled al, 2003). These results are due to the protein &ifd€R,
since this kinase becomes induced by siRNA and iNfetivation. The stimulation of
interferon and other signalling pathways demonssrahat SiRNAs also have targets
other than specifically silenced target genes &édl, 2003).

Furthermore, off-target effects can occur due tedssequence-dependent
binding (Jacksoret al, 2006). Microarray experiments have demonstratatl the use
of siRNA leads to the silencing of several off-&trgranscripts (Jacksost al, 2003;
Scacheri et al, 2004). Analysis of the off-target transcripts wkd sequence
complementarity with the 5’ end of the siRNA guidigand (Linet al, 2005). This
region of the guide strand has analogy to the segidn at the 5’ end of a microRNA
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that is involved in gene silencing (Lai, 2002).hihis been shown that the sequence
complementarity to the seed region of the siRNAnsimportant determinant of the
regulation of unintended target transcripts (Jacketoal, 2006). The interpretation of
results using siRNA to knockdown expression of gesleould be carefully evaluated
since off-target effects represent a real concgtrategies could be used to identify off-
target genes as false positives and remove them fegulated transcripts. These off-
target effects should be taken into account, sineaise of RNAI technology has moved
towards therapeutic applications.

The ID family members have been reported to be involvethe regulation of
cell growth (Baroneet al, 1994). Antisense oligonucleotides against ID12 HEhd 1D3
were used to determine the effect on growth indactDNA synthesis, measured by
BrdU incorporation was decreased upon additiomefabove antisense oligonucleotides
in NIH 3T3 fibroblasts (Baronet al, 1994). When all three oligonucleotides were
added together the inhibition on cell proliferatisras even greater. To determine
whether the effect from adding antisense oligoratades was reversible, the
oligonucleotides were removed which led to an iaseeof BrdU incorporation and after
12 hours the recovery was complete. This demoestiiat the treatment of cells with
these oligonucleotides was not toxic and the redocin DNA synthesis could be
reversed. Also, depletion of ID1 and ID2 using atisense oligonucleotide strategy in
TIG-3 cells resulted in inhibition of cell prolifation (Haraet al, 1994). Cells were
labelled with fH] thymidine at 6 hour intervals and the radiodtiincorporated into
acid-insoluble material was monitored. In cells ateel with the antisense
oligonucleotides, DNA synthesis was reduced by lcalfnpared to the TIG-3 cells
treated with the control oligonucleotide (H&taal, 1994). These results suggest that G1
progression and entry into S phase was reducedhéoyépletion of the ID1 and 1D2
protein levels. Furthermore, in order to invesggdahe role of ID expression in
mammary epithelial cell proliferation, ID1 was sited using an siRNA approach
(Swarbrick et al, 2005). In MCF-7 cells treated with siRNA agairiBtl, DNA
synthesis was reduced to about one-third withird4iours post transfection. Flow

cytometry analysis detecting both parameters sadBrdU/DNA content demonstrated
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that siRNA against ID1 led to the accumulation ellcin G1 phase (Swarbriait al,
2005). Therefore, downregulation of ID1 resultedmpaired proliferation.

Other studies have demonstrated that the knockadwbl and ID2 in the RIE-
1 (rat intestinal epithelial 1) cells induces apsx (Cacet al, 2009). siRNA to target
ID1, ID2 and ID3 gene expression was used. Theieffcy of SIRNA knockdown of
both protein and RNA levels was measured by wesbdotting and Q-PCR. The
targeting of ID2 by siRNA lead to the induction @boptosis, with the effects being
greater when compared to ID1, whereas ID3 siRNAndidshow induction of apoptosis.
Apoptotic cells were stained with Annexin V-FITCdathe RIE-1 cells were analysed
by flow cytometry (Cacet al, 2009). In further experiments the knockdown of l&nd
ID3 by siRNA resulted in decreased proliferatioapever, the loss of ID2 did not have
an effect on cell proliferation in the LNCaP and A3 prostate cancer cell lines
(Asirvathamet al, 2006). The results were further investigated BZ5 (Fluorescence-
Activated Cell Sorting) analysis. It was demongtdathat in the ID2 siRNA transfected
LNCaP cells there was an increase in the percentgeells undergoing apoptosis
(Asirvathamet al, 2006). These results demonstrate that ID2 islueebin cell survival.
Since ID proteins are involved in cell proliferati@and cell survival the biological
consequences of knocking down ID proteins shoulfubt@er investigated. A possible
explanation for the effects demonstrated upon kdoek of ID proteins on pol Il
transcription could be indirect effects attributedhe decrease in cell proliferation. The
reduction of cell growth could then result in theccease of pol Il activity. However,
chromatin immunoprecipitation assays and co-immug@pitation experiments in the
next chapter reveal a possible direct effect of gidteins on pol Il transcription.
Therefore, it is possible that the ID proteins aoée to control cell proliferation and cell
survival by directly affecting pol Il transcriptip since pol Il products are involved in

protein synthesis and cell growth.
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Figure 3.2: Knockdown of endogenous ID1 by siRNA.

HelLa cells were transfected with ID1 siRNA and siRbrgeting Oct-1 was used as
control. A. RT-PCR analysis for ID1 depletion by siRNA. mRNAorm the pol II-
transcribed ARPP PO gene was used as loading tdBtrd/estern blot analysis of ID1,
ID2, ID3 and E47 expression, following transfectioith sSiRNA against ID1. Actin was
used as loading control.
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Figure 3.3: Knockdown of ID1 by RNAI reduces the leels of pol Il transcripts.

Effects after ID1 knockdown by siRNA in HelLa cel® hours post-transfection. RNA
was harvested and analysed by RT-PCR for the esipresf the pol Il transcripts 5S
rRNA, tRNAYY, tRNA™", 7SL RNA, 7SK RNA, MRP RNA and U6 snRNA. The pol |
transcript pre-rRNA was also analysed. mRNA frora gol ll-transcribed ARPP PO

gene was used as loading control.
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Figure 3.4: ID2 knockdown by siRNA.

HelLa cells were transfected with ID2 siRNA or tlenicol Oct-1 siRNA and harvested
72 hours laterA. RT-PCR for ID2 depletion by siRNA. mRNA from the Ipk-
transcribed ARPP PO gene was used as loading toBtid/estern blot analysis of ID1,

ID2, ID3 and E47 expression, following transfectioith sSiRNA against ID2. Actin was
used as loading control.
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Figure 3.5: Knockdown of endogenous ID2 by RNAI deeases the levels of pol |

and pol Il transcripts.

Effects of ID3 siRNA knockdown in HelLa cells 72 lmspost transfection. RNA was
harvested and analysed by RT-PCR for the expressiaie pol Ill transcripts 5S

rRNA, tRNAY, tRNA™", 7SL RNA, 7SK RNA, MRP RNA and U6 snRNA. The pol |
transcript pre-rRNA was also analysed. mRNA frora gol ll-transcribed ARPP PO

gene was used as loading control.
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Figure 3.6: Knockdown of ID3 by siRNA.

HelLa cells were transfected with ID3 siRNA or thegative control Oct-1 siRNA and
harvested 72 hours lateA. RNA was analysed by RT-PCR for ID3 depletion by
SiRNA. mRNA from the pol ll-transcribed ARPP PO gemas used as loading control.
B. Western blot analysis of ID1, ID2, ID3 and E47 eegsion, following transfection
with siRNA against ID3. Actin was used as loadiogtcol.
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Figure 3.7: Knockdown of ID3 by RNAI diminishes thelevels of pol | and pol Il
transcripts.

Hela cells were transfected with ID3 siRNA and lested 72 hours after transfection.
RNA was analysed by RT-PCR for the expression offB$A, tRNAY?, tRNA"Y, 7SL
RNA, 7SK RNA, MRP RNA and U6 snRNA. RT-PCR analysigs also performed for
the pol I transcript pre-rRNA. mRNA from the pottthnscribed ARPP PO gene was
used as loading control.
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3.2.2 Overexpression of ID2 raises the levels of po 11l
transcripts

Since ID2 overexpression can stimulate cell grofiéivaroneet al, 1994), it
would be interesting to determine whether ID2 canegulate pol Il transcriptiom
vivo in human cells using adenoviral infection methtadachieve ID2 expression. HelLa
cells were infected with the parental virus adenescytomegalovirus 5 internal
ribosomal entry green fluorescent protein (Ad-Vectr with an adenovirus expressing
ID2 (Ad-1D2). Cells were infected with the aboveeadviruses for 30 hours and then
harvested. Western blot analysis demonstrated itffattion of cells with the ID2
adenovirus resulted in overexpression of the ID#gin levels compared to the control
vector (Figure 3.8, A). This is due to a specififeet since actin was used as loading
control and the levels in both lanes remained #mes RNA was analysed by RT-PCR
and revealed that infected ID2 cells resulted inrremease in the RNA levels of ID2
compared to the control vector (Figure 3.8, B). ARPP PO mRNA was used as
loading control and was the same in both conditienggesting that this effect is
specific. To examine the role of the increasedgimoand RNA levels of ID2 on pol IlI
transcripts, RT-PCR experiments were performede rEsults showed that the levels of
pol Ill-transcribed tRNA®, 5S rRNA, tRNAY, MRP RNA, tRNA®" and U6 snRNA
are raised compared to the control vector. Thecefespecific, as the pol ll-transcribed
ARPP PO does not change in response to ID2 overssion. These data demonstrate
that overexpression of ID2 induces pol Il trangtadn.

To investigate the effect of ID2 on cell prolifecat and in cell cycle
progression, ID2 has been overexpressed in the mwsgeosarcoma cell line U20S
(lavaroneet al, 1994). The human ID2 cDNA was cloned into a pMB&#@dtor which
has a metalloprotein promoter regulating the exgioesof ID2. The pMEP4(ID2) was
then transfected into the U20S cell line. The U2&@® line expresses functional p53
and RB therefore it can be employed to study celdliferation. To demonstrate the
effect of ID2 overexpression on cell proliferatidwo expression vectors were
compared, the pMEP4(ID2) vector and the control PMIEID2 overexpression led to
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the shortening of the cell doubling time (lavarceteal, 1994). Also, the saturation
density of cells where ID2 was overexpressed wghldrithan that of cells transfected
with the control vector. To determine the effectID2 overexpression on cell cycle
progression FACS analysis was employed. Flow cytomg&as used to monitor cells
labelled with BrdU. The ID2 expressing populatioentnstrated an increase in the
number of cells in S phase and a decrease in tbewof cells in G1 phase (lavarone
et al, 1994). In another study, the neuroblastoma SKEN<®Il line was used to
determine the effect of ID2 overexpression (Rothdclet al, 2006). ID2 was
overexpressed in the SK-N-SH cell line using annadius expression system and
compared to cells infected with a control vectoell€were infected and labelled with
BrdU. BrdU incorporation assays demonstrated thggction with adeno-ID2 lead to
increased entry of cells into S phase within 20 reo(Rothschildet al, 2006).
Collectively these results demonstrate that ID2resgion can affect the growth
potential of cells.

An important feature of the tumour suppressorsdrB p53 is their ability to
inhibit cell proliferation (Huanget al, 1988; Bakeret al, 1990). It has been
demonstrated that the SAOS-2 cell line does not Hamctional RB and p53 and the
expression of these two suppressors in these leglls to decreased proliferation of
SAOS-2 cells (Dilleret al, 1990; Qinet al, 1992). In order to investigate whether the
effect of enhancement of cell proliferation uporRIBxpression in U20S cells was due
to regulation of RB or p53, ID2 was co-expressethvi®B and p53 in SAOS-2 cells
(lavaroneet al, 1994). The expression of RB in SAOS-2 cells iftkidb the colony
formation of these cells by 63%-73%. In contrashew ID2 was co-expressed this
resulted in a reduction of colony formation by abounly 15%-30% (lavaronet al,
1994). However, when p53 was expressed in SAOSHg, d®2 co-expression was
unable to affect the suppression of cell growthilgised by p53. From previous work,
p53 has been demonstrated to be involved in thelatgn of ID proteins (Qian &
Chen, 2008; Wilsoret al, 2001). ID1, ID2 and ID3 protein expression levetsrelate
with p53 expression in human colorectal adenocarmas (Wilsonet al, 2001). ID
protein levels are increased in p53 knockout meéspn et al, 2001). In addition, ID1
has been found to be downregulated by DEC1. Intaghg, DEC1 has been found to be
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targeted by p53. The DEC1 protein is present aptbenoter of the ID1 gene and this
leads to the suppression of ID1 expression (Qiagdh&n, 2008). The HEK 293 cell line
used in this thesis expresses functional RB. Hedllls bave been shown to express the
E7 oncoprotein, which binds and inactivates RB @etgal, 1990). Two mechanisms
have been proposed to be involved in the inactwabf RB by E7. The first one
involves the competition with E2F for the bindirmRB. This is proposed since the RB-
E2F binding complex is lacking in cell lines test{ghellapparet al, 1992).In vitro
experiments have also demonstrated that E7 cahitrthe association of E2F with RB
(Chellapparet al, 1992). The second mechanism of inactivation oftREE7 is by the
destabilisation of RB. The expression of E7 de@edke levels of RB in several cell
lines and this is due to posttranslational eveBtydzutskayat al, 1997; Boyeret al,
1996). It has been demonstrated that the E7 ontmprimduces degradation of the RB
protein through the ubiquitin proteasomal pathwgyer et al, 1996). In the case of
HelLa cells p53 is expressed in low levels, whicle altered in function as a
consequence of association with the HPV E6 onceprofScheffneret al, 1991).
Whereas the HEK 293 cells express functional pp3hé future, in addition to HelLa
cells another cell line could be used which exmgedganctional p53 and RB, in order to
repeat these experiments and correlate thesegdsutie presence of p53 and RB. The
ID2 protein has been demonstrated to bind to the pRRgein family members and
suppress their function. In addition, it has bekavws that ID2 competes with RB for
TFIIIB and this could be one mechanism by which I®2nulates pol Il transcription
(Gomez-Roman N, unpublished observations). Furtbegthe overexpression of ID2
in fibroblasts derived from RB knockout mice stilsulted in induction of pol Il
transcription, although this was lower than in wige control cells, suggesting that
ID2 can also activate pol Il transcription by aB-4hdependent mechanism (Gomez-
Roman N, unpublished observations). In the futexperiments should be performed on
pol 11l transcription to study the biological ress® on cell growth and apoptosis after
depletion or overexpression of ID proteins. FAC&lgsis should be used to determine
the biological consequences such as cell cyclerpssgpn and cell viability upon

depletion or overexpression of ID proteins.
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Figure 3.8: ID2 overexpression by adenoviral infeabn.

HelLa cells were infected using an ID2 adenovirusressing vector or control vector.
A. Western blotting analysis of ID2 after cells wenéected for 30 hours with adeno-
ID2 (Ad-ID2) or adenovirus vector (Ad-Vector). Agtivas used as contrd@d. RT-PCR
analysis for the overexpression of ID2 mMRNA. mRNé&nh the pol ll-transcribed ARPP

PO gene was used as loading control.
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Figure 3.9: Overexpression of ID2 by adenoviral iréction raises the levels of pol Il

transcripts.

Effects from using an ID2 expressing vector in Hedadls. Cells were harvested 30
hours post infection with Ad-ID2 or Ad-Vector. RNWas harvested and analysed by
RT-PCR for the expression of the pol Il transifRNA™", 5S rRNA, tRNAY", MRP

RNA, tRNA"" and U6 snRNA. The ARPP PO mRNA was used as control
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3.2.3 ID2 stimulates pol Il transcription  in vitro

Since previous experiments shown in figures 3.5 digdire 3.9 have
demonstrated that ID2 regulates pol Il transocoiptin vivo when using RNAi or
adenoviral infection, it would be interesting toastigate if this is the case vitro. To
further confirm that endogenous ID2 stimulates fbltranscription, HelLa nuclear
extracts were depleted using an antibody again&. ID vitro transcription was
performed using the adenovirus VA1 gene as tempfetea negative control the pol Il-
specific factor TFIIB was used, whereas, as pasittontrol nuclear extracts were
depleted of TBP, since this protein is requireddof Ill transcription. Given that ID2
depletionin vivo by RNAIi was shown to reduce pol Il activity in Hee cells, depletion
of ID2 in vitro is likely to affect pol Il activity. HeLa extrastdepleted of TBP
demonstrate a reduction in VAL transcription corepgato the control TFIIB-depleted
extracts (Figure 3.10). The extracts depleted flbé&husing an anti-ID2 antibody show
decreased VALl transcription (Figure 3.10). Therefdhese data suggest that
endogenous ID2 can stimulate pol Il activity vitro. Further experiments should be
done in order to determine the effect of the imndempbetion of ID2 on pol Il
transcription. Immunodepletion of ID1 and ID3 co@ido be performed to investigate
the effects of these proteins on pol Il transeopt Control experiments should be
included such as the use of an undepleted comited, a secondary control that does
not affect pol Il transcription should be used.dmler to eliminate the possibility that
the effect on pol Il transcription shown after imnodepletion of ID2 was not due to
non-specific immunodepletion of other proteins,-pnenune serum against ID2 should
be used as a control. Rescue with addition of ID@ldt also be done as a control.
Furthermore, western blot analysis should be dor@der to assess the specificity and
efficacy of immunodepletion. Detection of the levelf ID2, TFIIB and TBP proteins
compared to the undepleted controls should be peed by western blotting to
measure the efficacy of the immmunodepletion o$éharoteins. The above experiments
should be repeated in order to assess the reptwlilycof the experiments and to
guantify the levels of immunodepletion of the abgveteins and the effect on pol Il

transcription using the ImageJ program.
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Figure 3.10: ID2 immunodepletion reduces pol Il ativity.

In vitro transcription of the VA1 gene was analysed in Halalear extracts. Samples
were immunodepleted for 2 hours on ice with antibscgainst the TFIIB control (C-
18), TBP (mTBP-6) or ID2 (C-20).
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3.3 Discussion

The ID1, ID2 and ID3 family members are known tadtion in the regulation of
cell growth by impinging on cell proliferation, téate determination and angiogenesis
(Norton et al, 1998; Israelet al, 1999). One of the ID members, ID2, is a direct
functional target of the RB suppressor protein deckgulated expression of ID proteins
may lead to proliferative progression of tumouradarellaet al, 2000). Therefore, it is
possible that tumour cells promote the expressioiDa to inhibit the RB pathway
which is implicated in cancer (lavaroee al, 1994; Lasorellaet al, 1996). Also, the
ID1 and ID3 genes might be involved in the recreittnof blood vessels in human
tumourigenesis (Lydemt al, 1999). The disruption of ID1 and ID3 resultedthe
failure to support the growth of tumours and metsistin mice, suggesting a role for
these proteins in neoangiogenesis, which is an fitapoprocess required for tumour
growth. Overexpression of ID proteins stimulatesrameased rate of cell proliferation
in erythroleukaemia and myoblast cells in additioninhibiting cell differentiation
(Lister et al, 1995; Athertonet al, 1996). So, ID proteins function by positively
affecting cell growth and pol Il transcripts arequired for maintaining cell growth.
Therefore, it is likely that positive regulators oéll growth could induce pol Il
transcription.

In order to determine if ID1, ID2 or ID3 are abteregulate pol Il activity in
human cellsin vivo an RNAI approach was used. HelLa cells were trateflewith
siRNA targeting ID1, ID2 or ID3 and this treatmeesulted in successful knockdown of
RNA and protein levels of ID1, ID2 or ID3 compartedthe controls (Figure 3.2; Figure
3.4; Figure 3.6). Previous studies have shownthieknockdown of ID family members
transfected with siRNA was specific. Silencing okoof the ID1, ID2 or ID3 members
by siRNA did not result in repression or overexpres of other ID family members in
prostate cancer cell lines (Asirvathatal, 2007). Furthermore, knockdown of the ID1
gene by siRNA was specific with the expressionhef éther ID proteins remaining the
same compared to the control siRNA treated celleget al, 2004). To investigate

the efficiency and specificity of ID1, ID2 or ID3RNA transfected cells, the levels of
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their targets were determined. Western analysisaled that the knockdown of ID1 by
SiRNA did not alter the protein levels of other f&mily members and the associated
E47 protein (Figure 3.2, B). Similarly, the ID2 i3 knockdowns were efficient and
this depletion did not lead to the silencing orrex@ression of their related proteins and
the associated E47 protein (Figure 3.4, B; Figufe B). These data demonstrate that
the knockdown of ID family members is specific asdggest the absence of any
regulatory cross-talk between the ID members oEtdheé expression levels.

Oct-1 has some limitations as a control since i& ibasal transcription factor which
enhances SNAPC/TFIIIB recruitment although it ig assential for transcription. It is
present on type Il promoters such as those ofUfieand 7SK pol Il genes. Oct-1
removal causes a delay of 30 minutes for the ook#étanscription. This might be a
cause for concern because Oct-1 is involved irstndption of type Il genes (Heat al,
2003). In siRNA experiments knocking down ID pratgiadditional controls to which
the knockdown of ID proteins and the effects onIfdiranscripts should be compared
should be used. These include a mock control anesitencing controls. Non-silencing
controls refer to siRNA which does not target anyt@in sequence, but which is able to
activate the siRNA pathway. This is important bessaa non-silencing control does not
target a protein and should avoid non-specificating due to the use of siRNA. Also, a
mock control using only lipofectamine 2000 with@alding siRNA should be employed
to investigate whether there is an effect mediatethe transfection reagent on the cells.
Other techniques for the knockdown of ID proteiheidd be used in the future, in order
to further validate the effects observed here. RRRvas used here, which has some
limitations. Firstly, it provides a semi-quantitegi measurement of the levels of
transcripts. In the future, Q-PCR could be use@ dtivantages of Q-PCR are its large
dynamic range being able to detect >¥6ld differences in expression, and its
sensitivity, potentially being able to detect ewesingle copy (Bustiet al, 2005; Please
see Introduction section"%entence of *i paragraph). Q-PCR gives the Ct (threshold
cycle) values, which are compared by relative qgtetian of samples. In the future,
western blot experiments could be performed toaiete expression levels of the other
ID protein family members, ID1 and ID3, and alsotloé associated E47 protein upon

overexpression of ID2. Studies have demonstratgidwhen the ID2 or E47 proteins are
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overexpressed the protein levels of each othenatraffected (Rothschildt al, 2006).
Also, immunofluorescence could be used in ordedétermine where ID and E47
proteins are localised in the cell and whether tejocalise.

The following step involved the determination ohether these depletions
would have an effect on pol lll transcription. Thesults demonstrated that the
expression of the pol Ill transcripts 5S rRNA, tRNB tRNA"Y, 7SL RNA, 7SK RNA,
MRP RNA and U6 snRNA was reduced in comparisonhi® ¢ontrols (Figure 3.3;
Figure 3.5; Figure 3.7). Furthermore, the ID2 or3IRnockdown but not the ID1
depletion resulted in the decrease of the polrsapt pre-rRNA (Figure 3.3; Figure
3.5; Figure 3.7). Possible explanations for thifedence in the effect of this knockdown
could be that in the case of the ID1 knockdown aenadficient depletion of ID1 protein
and RNA levels might result in reduced expressibthe pol | transcript pre-rRNA.
Another possibility might be that although the fgmnembers share similarity in the
HLH domain, differences in the rest of the sequesfcED) members may be important
for their interaction with factors of the pol | ntacery. However, more studies are
required to determine the role of ID members in ribgulation of pol | transcription.
These results demonstrate that the depletion ofaiBily members can regulate pol |
and pol Il transcription and indicates a role D5 as activators in human ceitsvivo.
To investigate the effect of expressing ID2 on Pbkranscription in human cells in
vivo, HelLa cells were infected with adenoviruses exgpngsthe ID2 or the control
vector. Infection with the ID2 adenovirus resuliedncreased expression of ID2 protein
and RNA compared to the control (Figure 3.8). Meoe¥o the levels of the pol Il
transcripts tRNA®Y, 5S rRNA, tRNAY, MRP RNA and U6 snRNA were raised after
overexpression of ID2 in comparison to the contrettor (Figure 3.9). From these
results, it can be concluded that in both caseschkaown or overexpression, ID family
members demonstrated a positive effect on polctilvay.

The results in this chapter demonstrated that Eivers can regulate pol Il
transcriptionin vivo indicating a positive role for this family in péll activity under
both siRNA and adenoviral expression conditions.détermine whether the above is
true in vitro, nuclear extracts were depleted of ID2. In HeL&aets the depletion of

ID2 resulted in reduction of pol Il transcriptiom comparison to the pol Il specific
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factor TFIIB, used as control (Figure 3.10). Thdata indicate that the endogenous ID2
can positively regulate pol Il transcriptiam vitro.

The results in this thesis demonstrate that baghkttockdown and overexpression of 1D
proteins affect pol Il transcription. In the neghapter ID proteins are shown to
associate with the pol Ill transcription apparatlsproteins appear to possibly interact
directly with the basal transcription factor Briowever, indirect effects mediated by
knockdown or overexpression of ID proteins canmetelcluded. The knockdown of
proteins by siRNA can lead to off-target effectsdmeed by the induction of the
interferon response and by seed region sequencplementarity (Sledzt al, 2003;
Jacksoret al, 2006). Experiments using siRNA against the wideded control GFP
have shown that other unintended genes are targetbe cell lines tested (Tschueh
al., 2008). Since GFP is a widely used negative cobfarssiRNA experiments, genome
wide expression analysis was carried out to dekectomplete set of unintended target
genes. The results demonstrated that even siRN#®utiphysiological targets can lead
to off-target effects (Tschuadt al, 2008). The knockdown of ID proteins can also lead
to biological consequences such as the inductiorapiptosis (Cacet al, 2009;
Asirvathamet al, 2006). Induction of apoptosis could activate aljng pathways,
which can indirectly lead to regulation of pol thanscription. Overexpression of ID
proteins at high levels that are not physiologizely not represent a real situation in
cells. However, it may reflect an example of whaymhappen in cancer where ID
proteins are expressed in high levels in many tunsamples (Liret al, 2000; Schindl
et al, 2003; Wilsonet al, 2001). Since ID proteins are shown to potentiaffect cell
growth by interacting with the RB protein family agell as with the E-protein
transcription factors and ETS binding proteins, gbssible indirect effects mediated by
the overexpression of ID proteins should be takd#o account (lavaronet al, 1994;
Perket al, 2005; Yatest al, 1999). Since ID proteins could affect pol llinsgription
indirectly by interacting with the tumour suppres&B, which has been demonstrated
to sequester TFIIIB and result in the repressiopaiflll transcription (Sutcliffeet al,
2000). Also, in this thesis in chapter 5 E47 isvalmdo repress pol Il transcription.
Therefore, it is possible that ID proteins, whigle &nown to function by sequestering

E-proteins, could indirectly affect pol Ill trangation by forming transcriptionally

115



Chapter 3 Acivation of RNA Polymerase Ill Transtidp by ID1, ID2 and ID3

inactive complexes with E-proteins. In additiore ihcreased or decreased growth rate
of cells could provide a possible explanation foe teffects mediated by the
overexpression or knockdown of ID proteins on gbkranscription. The increased or
decreased growth rate of cells could be the resfulhdirect, and not direct, effects
caused by the alteration of ID protein levels. des to try to avoid indirect effects
caused by the knockdown or overexpression of IDigmme, cell lines that contain
functional p53 and RB that represent a more phggiohl state should be used instead
of the HelLa cell line used. Also, the specificitydaefficiency of the siRNA used to
target ID proteins could be improved to avoid @iifgiet effects that can lead to indirect
effects. Furthermoren vitro transcription assays should be performed invetstiggahe
effect on more pol Il transcripts, since the résuwbtained from these experiments
might be less likely to be affected by indirect sequences.

In conclusion, the data presented in this chapiggest that the ID1, ID2 and
ID3 family members activate pol lll transcriptiomdicating a possible role through
which these transcription factors may regulate ogibwth. Since preliminary
experiments expose an effect of ID proteins onladtivity, it would be interesting to

determine whether these proteins can also regpdatetranscription.

116



Chapter 4

ID1, ID2 and ID3
Associlation with the
RNA Polymerase lll
Transcription Machinery

117



Chapter 4 ID1, ID2 and ID3 Association with the RRélymerase Ill Transcription
Machinery

4.1 Introduction

4.1.1 ID protein interaction with the RB family

ID proteins are important proliferative factorsamumber of cell types (Hast
al., 1994; Lasorelleet al, 2002). Serum induction results in rapid exprassad ID
proteins with high levels being maintained through& phase (Harat al, 1994;
Lasorellaet al, 2000). Several studies have suggested thaar@ression relies on the
activity of ID proteins on their targets (NortorQD; Robertset al, 2001; Yatet al,
1999). In particular, IDs are functional targetsttod RB tumour suppressor protein and
the related proteins pl1l07 and pl130 (lavareneal, 1994; Lasorellaet al, 1996;
Lasorellaet al, 2000). Overexpression of ID2 in osteosarcoma U2@I& promoted
proliferation, with a larger population of cells the S phase compared to controls
(lavaroneet al, 1994). The tumour suppressor RB regulates tHecgele by binding
and inactivating transcription factors such as EHZ, whose activity is required forn G
to S phase progression (Harbetral, 1999). Only the unphosphorylated active form of
RB can bind to transcription factors, whereas thesphorylated form is inactive. The
ID2 protein, but not ID1 or ID3, can bind to theptosphorylated form of R vitro
andin vivo (lavaroneet al, 1994; Lasorellat al, 1996). The binding of ID2 to RB and
the related proteins p107 and p130 is dependettteilLH domain of ID2. The HLH
domain of ID2 associates with the pocket domaifBf which is required for growth
inhibition. A mutant lacking the HLH domain was & to inhibit the growth
suppression caused by RB. ID2 was able to reveesgrowth inhibition caused by RB
when these were co-transfected in the osteosarcethine Saos-2 that lacks RB. Also,
overexpression of ID2 in U20S cells reversed tHe ayele arrest induced by cyclin-
dependent kinase inhibitors p16 and p21, by inatiig RB (Lasorelleet al, 1996).
Knockout experiments of ID2 and RB in mice demaatstl a genetic interaction
between ID2 and RB during development. Specificdtyg embryonic lethality of RB-
null mice can be rescued by elimination of ID2 (edlaet al, 2000).
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In addition to binding RB directly to inhibit itsifiction, ID proteins may affect
the activity of RB indirectly. ID1, and possiblyhatr ID family members, can inhibit the
expression of the cyclin-dependent kinase inhibig1“P*"3" by binding and
sequestering E47, which mediates its expressiab(fret al, 1997). This reduces the
suppression from p2P*"a and allowsyclin E/CDK2 to phosphorylate and inactivate
RB, which leads to activation of genes needed empte the Gto S progression. It has
also been demonstrated that {¥57 which is the only CDK inhibitors required for
normal development, is a target of both ID2 and Eathschildet al, 2006). The ID2
protein inhibits activation of p&7* and leads to progression into S phase with the RB
protein reversing this activity, whereas E47 indup&#*> mediated cell cycle arrest
and prevents progression into S phase. Studies tewvenstrated that ID1 expression
can downregulate pT§* which leads to RB phosphorylation (Ouyagtgal, 2002b).
The inactivation of the pI§“¥RB pathway by ID1 may be required for induced cell
proliferation in prostate cancer cells. The ETS ifantranscription factor members
ETS1 and ETS2 have been shown to interact witheatidate the p18“*® geng(Ohtani
et al, 2001). ETS family members are negatively regdldig the ID family of HLH
proteins, with ETS2 binding directly to IDh vitro. ID1 can reduce the activation of
p16N**2py ETS2. Therefore, ETS2 and ID1 have antagoréstacts on p16<*,

4.1.2 1D cellular localisation and regulation by bH  LH proteins

Appropriate subcellular localisation is importafor the proper function of
several proteins. Some proteins are constitutimelglear, whereas others are actively
imported into and exported out of the nucleus, bsigmal dependent or independent
mechanism (Mattaj & Englmeier, 1998; Gorlich & Kwutal999). Shuttling of large
proteins between the cytoplasm and the nucleusdsnaplished through nuclear pore
complexes mediated by nuclear export signals (N&#) nuclear localisation signals
(NLS) present on these proteins. The NES and NEeSdantified by export and import
receptors (Macara, 2001; Suntharalingam & Went&320However, small proteins
with molecular weights of less than 40kDa can frgehss through the nuclear pore
(Mattaj & Englmeier, 1998; Macara, 2001). The malac weights of the ID protein
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family members range from 13kDa to 20kDa which ssgg that they may enter and
exit the nucleus by passive diffusion. However,eotmechanisms that regulate the
subcellular localisation of ID proteins have emer@@eedet al, 1996; Trausch-Azaast
al., 2004; Kurooka & Yokota, 2005; Lingbeek al, 2005; Makitaet al, 2006).

ID proteins have been reported to be distributeth bo the cytoplasm and
nucleus under physiological conditions in growirds(Jeret al, 1992; lavaronet al,
1994). When ID3 was transiently expressed in CQIS aad in the absence of the E47
protein it localised in the cytoplasm/perinucleagion (Deedet al, 1996). However,
when E47 and ID3 were co-transfected, the ID3 jgmos@s translocated to the nucleus,
whereas E47 was not sequestered into the cytopl@smilarly to other early response
genes, ID3 protein levels are rapidly turned ovéhwa short half-life () of 1 hour,
whereas the E47 protein has a longer half-life #h@urs. After co-transfection of ID3
and E47 the half life of the ID3 protein was extesdo 3 hours and that of the E47
protein was reduced to 16 hours. In order to ingast the effect of nuclear localisation
on the stability of ID3, co-transfection experimenf ID3 with a truncated form of the
E12 protein, E12r, were carried out. The E12r pnoteas able to heterodimerise with
ID3, however ID3 was not able to localise to thelaus. The half life of the co-
transfected E12r was reduced, similarly to E47mfii8 to 12 hours and the half life of
ID3 was extended to about 4 hours (Detdal, 1996). Therefore, heterodimerisation
and not nuclear localisation is thought to medfatethese effects on protein stability.
To conclude, E47 can act as a nuclear chaperoneancdegulate the availability of 1D
proteins. Other studies have also confirmed that BAd E12 can regulate cellular
localisation and degradation of ID proteins (Lingbet al., 2005).

Myogenic determination (MyoD) is a bHLH proteinathis a key regulator of
muscle differentiation and forms complexes with IDAyoD is another example of a
bHLH protein that modulates the degradation of@damily member (Trausch-Azaat
al., 2004). Mutagenesis to the NLS motif of ID1 (f53) resulted in enhanced
localisation of the protein to the cytoplasm andré@ased the rate of degradation, (t
~0.5 hour) compared to wild type ID%/4t~1 hour). Co-transfection of MyoD with ID1
or IDIN'® resulted in increased localisation of ID1 or ¥ to the nucleus and also

reduced the rate of degradation of ID1 or Y1 The converse, however, does not
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occur, as the degradation and localisation of Myed3 unaltered by expression of ID1
(Trausch-Azaret al, 2004). In another study, the shuttling of ID2vie¢n the nucleus
and cytoplasm was investigated (Kurooka & Yokot@0%). A functional NES was
revealed in the C-terminal region of the ID2 protaihich is required for cytoplasmic
localisation. Inhibiting nuclear export led to apmulation of ID2 to the nucleus without
the co-expression of E-proteins. Also, the HLH domaf ID2 is important for
exhibiting NLS activity. Other findings have estahked that the ID1 proteins, in
addition to the ID2 proteins, have a functional Nl&kitaet al, 2006).

4.1.3 ID protein degradation by the ubiquitin-prote ~ asomal
pathway

The expression of the ID proteins is regulatedaaious levels, one of which is
the post-translational level, through the ubigugoteasome pathway (Bounpheey
al., 1999b; Fajermast al, 2004). ID proteins are short-lived proteins wathalf-life of
20-60 min, depending on the cell type (Dextdal, 1996; Bounphengt al, 1999b).
Heterodimerisation of ID proteins with bHLH protsistabilises the ID proteins, which
become less susceptible to degradation (Bounpbkemd, 1999b; Trausch-Azaet al,
2004; Lingbeclet al, 2005). ID3 interacts with Jun activating bindiprgtein 1 (JAB1),
which is related to factors present in the 19S derpf the 29S proteasome and ID1
interacts with the S5a proteasome subunit (Bounpletnal, 1999b; Anandet al,
1997). ID1, ID2 and ID3 protein degradation canldbecked by treating cells with
inhibitors of the 26S proteasome (Bounphenal, 1999b). The inhibitors of the 26S
proteasome, lactacystin or Z-L3VS, lead to an iaseein the accumulation of ID1, ID2
and ID3 proteins. Also, when chloroquine, an intabiof lysosomal proteolysis, was
used to treat cells it did not have an effect anldvels of ID proteins, suggesting that
ID proteins are not degraded by this pathway. # Iieen demonstrated that ID proteins
can be modified by ubiquitination (Bounpheagal, 1999b). In order to identify the
domain of the ID proteins that is targeted by tB& proteasome, ID1 deletion mutants
of the HLH domain, amino terminus and carboxyl tews were tested in cells treated

with the Z-L3VS inhibitor. The ID1 deletion mutanshiowed a higher accumulation,
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implying that the mutants can also be targeteddégradation by the 26S proteasome
(Christy BA, unpublished observations cited in Bphenget al, 1999Db).

Other studies have demonstrated that the ID1 adpiDteins are degraded by
the ubuiquitin proteasome system following ubiquation at its N-terminal residue
(Fajermanet al, 2004; Trausch-Azaet al, 2004). Deleting the first 15 N-terminal
residues of ID2 resulted in stabilisation of thetpin, indicating that this particular
domain possibly acts as a substrate for the E3uithidigase. A mutant fibroblast cell
line, ts20tg, with a temperature-sensitive defacthe E1 ubiquitin activating enzyme,
was used to investigate if ID proteins are degrabgdthe ubiquitin-proteasomal
pathway (Bounphengt al, 1999b). The mutant cell line grows normally at@G5
however, when the temperature is raised to 39°€célls grow more slowly. Blocking
the function of the E1 ubiquitin activating enzyeceauses proteins that are degraded by
the ubiquitin pathway to accumulate (Chowdatyal, 1994). Transfection of ts20tg
cells with ID cDNAs and increasing the temperatior@9°C led to the accumulation of
ID1, ID2 and ID3 proteins.

4.1.4 Phosphorylation of ID proteins

Protein modification is a significant step in thegulation of protein function.
Phosphorylation sites for protein kinase A, protemase C, cell division cycle 2 (cdc2)
kinase and CK2 have been found in the ID familytgires (Nagatat al, 1995). Cyclin-
dependent kinases are thought to be involved inre¢galation of the cell cycle, with
cyclin E-CDK2 being important for {20 S phase transition (Resnitzky & Reed, 1995).
Studies have identified ID2 as a substrate forinyEFCDK2, and also for cyclin A-
CDK2 (Haraet al, 1997; Matsumurat al, 2002). Phosphorylation of a serine residue
(Ser5) of ID2 by CDK2 inhibits ID2 from disruptintpe formation of E-box DNA-
binding complexes (Haret al, 1997). Phosphorylation of ID2 occurs during thie |G
phase, together with the activation of cyclin E-CDHKcurthermore, during late;@e
levels of ID2 expression and the E-box complex wewéh found to be maximal, in

serum-stimulated fibroblasts. This is surprisingt, an explanation could be that the

122



Chapter 4 ID1, ID2 and ID3 Association with the RRélymerase Ill Transcription
Machinery

phosphorylated ID2 is not inactivated but chandesspecificity for another protein
which is involved in the @to S transition.

To investigate the biological importance of the IB28r5 phosphorylation site,
vectors expressing ID2 and an ID2-S5A mutant witahnot be phosphorylated were
transfected into cells. The ID2-S5A mutant exhibite 50% reduction in colony
formation, perhaps because phosphorylated ID2 pitant for cell cycle progression
from late G to S phase (Harat al, 1997). In a later study, cell cycle regulated
phosphorylation of ID3 was implicated in inhibitinrgpmo- or heterodimer complex
formation (Deecet al, 1997). Similar to ID2, ID3 becomes phosphorylatedhe late
G; phase and contains a CDK phosphorylation site ab S€igure 4.1). The
unphosphorylated ID3 can inhibit an E12 homodimemplex; however, it cannot
disrupt the E12-MyoD heterodimer. Conversely, phasplation of ID3 at Ser5 resulted
in inhibition of the E12-MyoD complex. This indiest that phosphorylation of ID
proteins could result in a change of bHLH targetcHcity, rather than total loss of
bHLH antagonism.

In other studies, the role of ID2 in smooth musmé (SMC) proliferation was
investigated (Matsumuret al, 2002). SMC proliferation is a significant compohef
vascular proliferative disorders. OverexpressiotD¥# in SMCs increased entry into S
phase and cell growth. The CDK2 phosphorylatioa Skr5 of ID2 is required for p21
inhibition. It has been found that mutation of SebID2 results in inhibition of
proliferation and entry into S phase. Wild-type IRAd mutant ID2-S5A were co-
transfected into SMCs with a vector expressing lalé&ngth coding region of E47,
which contained a nuclear localisation signal. #swfound that the mutant ID2 was
excluded from the nucleus whereas the wild type ¥ localised in the nucleus.
Therefore, the effect of CDK2 phosphorylation or2lihay be due to regulation of
nuclear transport or interaction with E47 (Matsuametral, 2002).
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Figure 4.1: Schematic representation of the humaril, ID2 and ID3 protein

structure.

The helix-loop-helix domain region is shown in réthe ID2 and ID3 protein N-
terminal domains contain the CDK2 phosphorylatite at Ser5 represented as Y. The
alignment of ID proteins was performed with the ér@ene software (version 1.62d1,
acquired from DNAStar Inc., Madison, WI) and vigset using the program SeqVu
(version 1.1, The Garvan Institute of Medical ReseaSydney, Australia). (adapted
from Hasskarl & Minger, 2002).

In the previous chapter it was suggested that I@tepms could stimulate the
activation of pol lll-transcribed genes. This claptwill address the possible
mechanisms by which the ID family members affect po transcription. The
localisation of ID proteins at the pol Il template vivo will be investigated in human
cells. Furthermore, the recruitment of ID1, ID2 dbB® proteins to pol llI-transcribed
genes will be examined. The interaction of the IBrmbers with one or more of the pol
Il specific factors will also be examined to prdeian insight into how ID proteins

regulate pol Il transcription.
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4.2 Results

4.2.1 IDs localise at pol lll-transcribed genes  in vivo

The results shown in chapter 3 suggest that ID2, dbd ID3 family members
are involved in the upregulation of pol Il trangtion. ID proteins function by
sequestering transcription factors from binding QMAd themselves are unable to bind
to DNA (Perket al, 2005; Benezrat al, 1990). Therefore, one possible mechanism
might be that IDs are interacting with the pol fthnscription machinery and these
associations with the pol 1l templates are requifer the activation of pol Il
transcription. To determine whether endogenous 1D2,and 1D3 are found at pol lll-
transcribed gends vivo, ChlIP assays were performed using Hela cells. ID2, ID3,
TAF48, TBP and pol lll antibodies were used to preatpi the proteins that cross-
linked to DNA. TBP and pol Il were utilised as [toge controls, and TAB8 was used
as the negative control. The results demonstrétadID2 was present at the 5S rRNA
and tRNA® pol 11l templates, with ID3 shown present on tRigenes, however, ID1
was not found at pol lll-transcribed genes (Figdt8). As expected, the positive
controls, TBP and pol lll, were present at thesaplates whereas with the negative
control, TAR48, no signal was detected. These results dembmshrat the association
of endogenous IDs, mainly of ID2, with pol IlI-trsgribed gene@ vivo is specific.
However, these experiments should be repeateckifutbre including serial dilutions of
the inputs and stronger exposures should be takiso, endogenous ID1 does not
appear to be present at pol Ill genes which maycatd that ID1 is not involved in
direct regulation of pol Il transcription. Presenaf ID1 on pol Il promoters should be
determined in the future by overexpression of ID1.

Another type of cells, the HEK 293 cell line, wadised to investigate whether
ID2 was present at pol lll-transcribed gemesvivo. Infection of cells was performed
employing an adenovirus expressing ID2, with thdscharvested 30 hours after
infection. ChlIP experiments were performed in cellsvhich ID2 was overexpressed.
The positive controls Brfl, TFIIC and pol Ill wepresent at 5S rRNA, tRNA", 7SL
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RNA and U6 snRNA genes as expected, whereas tratinegontrols TFIIA and beads
gave no signal (Figure 4.3). The results revedtet ID2 was found at pol llI-
transcribed 5S rRNA, tRNA", 7SL RNA and U6 snRNA genes (Figure 4.3).
Interestingly, E47 was also recruited to the abpeklll templates. These interactions
were specific and not because of over cross-linkingroteins to DNA, since no signal
was present when using primers to amplify the pdtanscribed ARPP PO gene.
Therefore, these data demonstrate that ID2 andaEglresent at pol Il genes.
Furthermore, a U20S cell line stably expressing s used to determine
whether ID3 can occupy pol Il templatesvivo. ChIP assays demonstrated that ID3
was present at 5S rRNA, tRN#& tRNA™ and 7SL RNA genes, with E47 also
recruited to the 7SL template (Figure 4.4). No algnas detected when primers were
used to amplify the pol ll-transcribed ARPP PO gdReure 4.4). These results
demonstrate that the binding of antibodies to thempter regions is specific. In

conclusion, these data revealed that IDs are preseol I1l-transcribed geneés vivo.
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Figure 4.2: Endogenous ID occupancy at pol lll-trascribed genes.

Chromatin immunoprecipitation assays were performg&dg HelLa cells. ID1 (C-20),
ID2 (C-20) and ID3 (C-20) antibodies were useddtedmine the presence of IDs on pol
Il templates. The M19 antibody was used againsttAF48 as negative control. TBP
(MTBP-6) and pol Il (1900) antibodies were usedpasitive controls. Primers were
designed for 5S rRNA and tRN® genes and the immunoprecipitated DNA samples
were analysed by PCR. The non-immunoprecipitatguutirsamples were used as

controls.
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Figure 4.3: ID2 and E47 are associated with pol IHranscribed genes.

Chromatin immunoprecipitation assays were perfornmgdg HEK 293 cells harvested
30 hours after infection with the ID2 adenoviruhieTTFIIA (FL-109) antibody was
used together with the beads (no antibody) as ivegadntrols. The ID2 (C-20) and E47
(N-649) antibodies were used to test whether ID@ BA7 were present at pol Ill-
transcribed genes. The Brfl (128), TFIIC (Ab7) quad 111 (1900) antibodies were used
as positive controls. Primers were designed forBISA, tRNA"®", 7SL RNA and U6
snRNA genes and the DNA samples were analysed By Pput samples were used as

controls.
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Figure 4.4: ID3 and E47 are present at pol llI-trarscribed genes.

Chromatin immunoprecipitation assays were performgidg a U20S cell line stably
expressing ID3. The TFIA (FL-109) antibody and teavere utilised as negative
controls. The ID3 (C-20) and E47 (N-649) antibodie=re used to determine whether
ID3 localised at pol llI-transcribed genes. The1B(L28), TFIIIC (Ab7) and pol Ili
(1900) antibodies were utilised as positive costrélrimers designed were specific for
5S rRNA, tRNA®", tRNA™ and 7SL RNA genes and the immunoprecipitated sesnpl

were analysed by PCR. The non-immunoprecipitatpdtgwwere used as controls.
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4.2.2 ID2 is present at pol Ill promoters and co-lo  calises with
TFIIB

Previous experiments demonstrated that ID2 wasddonlocalise at pol Il
templates (Figure 4.2; Figure 4.3). Studies usingppmg ChIP assays have
demonstrated that the c-Myc oncoprotein which ®ived in the activation of pol Il
transcription, co-localises with the TFIIIB andgtiactor is likely to recruit c-Myc to pol
[l templates (Gomez-Romaat al, 2003; Kennetlet al, 2007). To investigate whether
ID2 can localise athe promoters of pol lll-transcribed genes anddsoaiated with
basal pol Il factors, mapping experiments on tB& ¥bcus were performed. PCRs were
performed using five set of primers designed forADigions, upstream of the pol IlI-
transcribed 7SL gene promoter, at the gene regidrdawnstream of the 7SL promoter
region (Figure 4.5, A). Cells were infected withl®2 expressing adenovirus. HEK 293
cells were harvested 30 hours post-infection an® R@s used for the amplification of
DNA extracted from ChIP assays. The data demomstrdtat the basal transcription
factors TFIIB and TFIIIC are localised at diffetepositions on the 7SL promoter
region (Figure 4.5, B). The results revealed tift together with the Brfl subunit of
TFIIIB were distributed at the start of the genehibiting a similar pattern, with
increased occupancy at the second position andaglisg a decrease at the end of the
gene at position 3 (Figure 4.5, C). Morover, TFIHGd pol Il are present at the second
and third positions of the 7SL gene (Figure 4.5, 430, using this ID2 overexpressed
cell line, E47 appears to be recruited to the 7$%hmpter region. E47 shows an
increased presence together with Brfl at the sfatte 7SL gene, and a decrease after
the second position (Figure 4.5, C). These resi@itsonstrate that ID2 co-localises with
Brfl rather than TFIIIC and it is more likely thi&@2 is recruited by Brfl. To investigate
the interaction of ID2 with Brfl, co-immunoprecigiton andin vitro transcription and
translation studies are required to identify whettig2 binds to Brfl which could

possibly lead to the recruitment of ID2 to pol tiiénscribed genes.
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Figure 4.5: ID2 occupancy on the 7SL locus.

Chromatin immunoprecipitation assays were performedEK 293 cells harvested 30
hours after infection with the ID2 expressing adens. A. The diagram of the five
positions amplified by sets of primers on the 78tuk.B. The ID2 (C-20), E47 (N-
649), Brfl (128), TFIIC (Ab7) and pol Il (1900n#abodies were used for ChIP assays,
with the TFIIA (FL-109) and beads utilised as nagatcontrols. C. Schematic
representation of the intensity of 7SL ChIP signalse x-axis displays the five sets of
primers. The y-axis represents the ChIP signalswieae normalised, by adjusting the
samples accordingly against the input and the gtherof signals with the TFIIA
negative control. Quantification was performed gsithe ImageJ (version 1.42)

software.
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4.2.3 IDs co-immunoprecipitate with Brfl

Previous ChIP assays here have demonstrated thadribpresent at pol IlI-transcribed
genesin vivo (Figure 4.2; Figure 4.3; Figure 4.4). The fact tHas are shown to be
associated with pol Il templates is interestingcsi IDs lack a DNA binding domain
(Benezreet al, 1990). Therefore, it is possible that the assmriaof IDs with the pol 1l
templates might be through protein-protein intecast with basal factors of the pol Il
apparatus, and this may lead to the regulationobfllp-transcribed genes. Scanning
ChIP assays revealed that ID2 can associate wehBitil factor at the 7SL gene
promoter (Figure 4.5). These results suggestegadisibility that IDs interact with the
basal transcription factor TFIIIB. To investigateetinteraction of ID2 with Brfl, co-
immunoprecipitation studies were performed. Westdaotting using HelLa extracts in
which Brfl was expressed containing an HA tag, destrated that HA-Brfl co-
immunoprecipitated with ID1 compared to the un-icetl samples (Figure 4.6, A). In
the future, additional experiments should be pemfat to investigate whether ID1 co-
immunoprecipitates with Brfl. Moreover, western tblnalysis using HelLa cells
revealed that Brfl co-immunoprecipitated with erglogus ID2 (Figure 4.6, B). In the
future, control western blotting experiments shobkl performed using an anti-1ID2
antibody as well as an anti-TFIIB antibody for thmmunoprecipitation. This is
important in order to demonstrate the opposite exynt that ID2 is also able to co-
immunoprecipitate with Brfl to further support teeesults (Figure 4.6, B). Also, using
an anti-TFIIB antibody for western blotting will @emine whether TFIIB can
immunoprecipitate itself, and it should not co-immprecipitate with ID2 and Brfl
since it is used as a negative control. Also, blstbl20S cell line expressing ID3 was
used for western analysis of the immunoprecipitaémd demonstrated that ID3 co-
immunoprecipitated with Brfl (Figure 4.6, C). ThEIIB antibody and beads were used
as negative controls and confirmed that these adgwts were specific.
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Figure 4.6: Co-immunoprecipitations reveal interacions of ID1, ID2 and ID3 with

Brfl.

HelLa cells expressing HA-Brfl as well as HelLa arRDS cells stably expressing ID3

nuclear extracts were utilised for co-IP studias.For the HeLa HA-Brfl TET-ON

expression system, cells were induced to expressBHA for 48 hours before
harvesting. The extracts were immunoprecipitateth wie ID1 (C-20), HA (F-7) and
Brfl (128) antibodies. The TFIIB (C-18) antibodysuased as negative control. The “+”
represents induction of Brfl compared to the unwaedl “-” control. B. Extracts were
immunoprecipitated with ID2 (C-20) and Brfl (330jtihodies. Beads and TFIIB (C-

18) were used as negative contr@s.Nuclear extracts were precipitated with ID3 (C-
20) and Brfl (128) antibodies. The TFIIB (C-18) dmehds were utilised as negative

controls. The HA (F-7) (A), Brfl (330) (B) and 1048-20) (C) antibodies were used for

western blotting.
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4.2.41D1, ID2 and ID3 proteins interact with Brfl

Co-immunoprecipitation assays revealed that ID gingt can interact with the
Brfl subunit of TFIIIBin vivo (Figure 4.6). The above technique, however, cabeot
used to distinguish between indirect or directritéons. Since TFIIIB is a transcription
factor that has been found to be associated wghlaory proteins like the RB and p53
proteins (Whiteet al, 1996; Cairns & White, 1998), the ability of IDs interact with
TFIIIB in vitro was examined. To investigate whether full leng®hahd mutant forms
of these proteins can bind to TFIIIBy vitro transcription and translation experiments
using®*S-methionine were employed. Initially, the expressif the GST vector control
and the GST-ID full length and mutant proteins vpasformed inE. coli cells. The
results demonstrated that the GST-ID1, GST-ID2, ®33, GST-ID2 HLH (containing
only the HLH domain of ID2) and GST-ID&HLH (lacking the HLH domain of ID2)
fusion proteins and the GST vector control wererexgressed and normalised against
each other (Figure 4.7). The next step involved ith&itro translation of the Brfl
subunit of TFIIIB followed by its labelling witf®>S-methionine. The results visualised
by autoradiography revealed that the GST-ID1, GBZ;IGST-ID3, GST-ID2 HLH,
GST-ID2 6HLH and GST-E47 proteins are bound by Brfl (Figdr8). In the GST
control no signal was detected, confirming the HBjp#ty of these interactions. From
these findings it can be concluded that IDs cad bonBrflin vitro. Further experiments
should be performed with additional negative cdetto demonstrate the specificity of
binding of ID proteins to Brfl. Other negative aais that could be used can include
GST fusion proteins that are not known to inteveith Brfl such as the GST-Ras fusion
protein. Another negative control could be a GS3idn protein whose expression is not
induced. This assay cannot distinguish betweesctor indirect interactions because
other proteins were present in the protein extractsd. Other methods could be
employed to analyse protein-protein interactionshsas yeast two-hybrid screening, x-
ray crystallography and fluorescence resonanceggnegansfer (FRET) techniques.
Also, strategies for mapping interaction domaingl@édoe used such as creating mutants
lacking various domains and regions of protein seqa as well as site-directed

mutagenesis.
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Figure 4.7: Overexpression of GST, GST-ID1, GST-ID2GST-ID3 and GST-ID2
mutants HLH and 8HLH fusion proteins.

Expression of GST, GST-ID1, GST-ID2, GST-ID3, GE2IHLH and GST8HLH
fusion proteins was performed i coli cells. IPTG was used to induce the cells for 2
hours before harvesting them. The cell pellets wesaspended and sonicated. The GST
and GST-ID fusion proteins were incubated with gflione-agarose beads. Protein
samples were resolved on an SDS-10% polyacrylaméle A full length molecular

weight marker was run next to the samples.
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Brfl —

Figure 4.8: In vitro transcription/translation usin g *S-methionine reveals
interactions of ID1, ID2, ID3 and ID2 mutants ID2-HLH and ID2 §HLH with
TFIIB.

In vitro translated Brf1 was labelled witPS-methionine and incubated with GST which

was used as the negative control or with the GSI-IBST-ID2, GST-ID3, GST-1D2
HLH or GST9HLH fusion proteins at 4°C with agitation. Proteinstained after

washing were resolved on an SDS-7.8% polyacrylanggé and visualised by

autoradiography.
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4.2.5 The Brfl occupancy at a pol lll template in vivo is

specifically reduced in ID2 knockout cells

The interactions of the ID family members with Brfight be involved in the
recruitment of ID proteins to the promoter of pdl templates, leading to the
transactivation of pol Ill genes. In a previousdstuChlP assays were performed to
compare the 5S rRNA gene occupancy in MycER indwsdi uninduced fibroblasts.
The results revealed that the induction of c-Mymstated the recruitment of Brfl and
pol 11l at 5S rRNA (Kennetlet al, 2007). To examine whether the occupancy of a pol
[l factor such as Brfl, pol Il itself and E47 &% rRNA genes could be affected by ID2
in vivo, ChIP assays were performed to determine the acmyp In order to test this
hypothesis, MEHD2 wild-type and ID2 knockout cell lines were useditially, the
genomic DNA inputs from the two cell lines were matised and the samples adjusted
accordingly. The occupancy of Brfl, pol Ill and Ewas diminished at the pol Il
template in the ID2 knockout cell line in comparnst the wild-type MEF cell line
(Figure 4.9). Interestingly, in the ID2 null cahé, there is reduced enrichment of E47 at
the 5S rRNA gene compared to the wild type cek linuggesting that ID2 might be
recruiting E47 to the promoter. Therefore, the sicgntly decreased presence of Brfl
at the pol 1l template in the ID2 knockout celbksveals changes in the recruitment of
this factor to the promoter region. In the futurgs experiment should be repeated with
the addition of controls that bind equally in ID2dmype and ID2 knockout cells, such
as a histone or TFIIC for the ChIP assay, in otdeexclude the possibility that these
results do not reflect the decreased growth rat®»{/- cells. Also, the protein levels of
E47, ID2, Pol Il and Brfl should be measured bygtem blot analysis. The knockdown
of ID2 could result in the expression or supprassid E47, ID2, Pol 1l and Brfl
directly or indirectly and could also result in lsegrowing at a decreased rate, which

could then potentially lead to altered pol Il tsaription.
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Figure 4.9: Knockout of ID2 decreases the occupan®f Brfl on 5S rRNA genes.
Chromatin immunoprecipitation assays were performgidg MEF ID2 wild-type and
ID2 knockout cell lines. ChIP experiments were parfed using antibodies against E47
(N-649), Brfl (128) and pol Il (1900). Beads (notihody) were used as negative
control. Samples were normalised by comparing gremic DNA inputs. The samples
were analysed by PCR performed on inputs alonggdemic DNA and primers for 5S
rRNA were used. The “+/+” represents the MEF ID2dwype compared to the “-/-”
MEF ID2 knockout cell line.
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4.3 Discussion

One of the mechanisms that ID proteins use is dhmdtion of complexes with
transcription factors to sequester them, inhibitingir function and capability to bind
DNA (Perk et al, 2005). The results presented here revealed thaproteins are
associated with pol Il templates. In addition,dsé$ have demonstrated that ID1 is
involved in the stimulation of DNA binding of theahscription factor MIDA1 (mouse
ID associated protein 1). ID1 is found at the MIDBNA complex and interacts with
MIDAL in vivo andin vitro and increases the DNA binding activity of MIDAL1 &
GTCAAGC sequence (Inoust al, 1999). MIDAL is required for cell growth in mouse
erythroleukaemia cells, and antisense oligonudestithat block MIDAl caused
inhibition of cell growth (Shojet al, 1995). MPP11 (M-phase phosphoprotein 11) is the
human orthologue of MIDA1 and overexpression of NIPRas been observed in head
and neck carcinomas. Therefore, MIDA1/MPP11 mighéspnt a modulator of the
tumourigenic functions of ID1 (Res@t al,, 2000).

ChIP assays were performed to determine whether IIDA and ID3 could be
interacting with the pol 1ll templates to inducel pi-transcribed genes. The results
revealed that in the HelLa cell line used, ID2 | at different pol Il templates such
as 5S rRNA and tRNA" in vivo (Figure 4.2). ID3 does not appear to be presergabn
lll-transcribed genes as strongly as ID2, and thveass no signal detected for ID1. A
possible explanation could be that the antibodiesduwhich were not ChlIP grade,
cannot efficiently detect ID1 and ID3 in these gssalEK 293 cells were also used
which were infected with an ID2-expressing adengitChlP assays demonstrated that
when the ID2 protein was overexpressed it exhilgtddgh enrichment at the promoters
of pol Il templates such as 5S rRNA, tRNA 7SL RNA and U6 snRNA and was
present at more pol Il genes in comparison toeth@ogenous ID2 protein (Figure 4.3).
Moreover, in this cell line, overexpressing ID2 denovirus infection, E47 is recruited
to the same pol Ill templates as above. In additi@mP assays performed using U20S
cells stably expressing ID3, showed that ID3 l@sdi at the promoters of the pol llI
templates 5S rRNA, tRNA" tRNA™ and 7SL RNA (Figure 4.4). The next step
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involved mapping experiments on the 7SL gene lomusgveal a potential pol Ill factor
that could recruit ID2 to the class 11l promotdi32 co-localised with Brfl displaying a
similar distribution pattern at the start of theL7§ne (Figure 4.5). Therefore, these
findings suggest that Brfl might be recruiting IB®2 pol Il promoters. These data
support the theory that it is TFIIIB and not a DI$Aquence that recruits ID2 to pol llI
templates. E47 was found to correlate with Brfthatsame regions as ID2 suggesting a
possible recruitment by ID2 (Figure 4.5). In corsodun, ID proteins are localised at
different pol 11l templates in a number of cellés Also, ID2 and perhaps ID1 and ID3,
might be recruited through a direct interactionBiyl to pol Ill promoters, to regulate
pol 11l transcription.

Previous studies have demonstrated that ID2 camategcell growth and cell
cycle progression by interacting with RB and théatexl p107 and pl30 proteins
(lavaroneet al, 1994; Lasorellat al, 1996). The RB protein has been shown to affect
the G1/S phase transition by regulating transanptf genes by pol I, pol Il and pol llI
(White et al, 1996; Larminieet al, 1997; Ciarmatoret al, 2001). Specifically, RB
represses pol Il transcription by binding and s=tering the TFIIB factor from pol 1l
promoters (Sutcliffeet al, 2000). ID2 has been shown to interact with the fRBily
and inhibit its function. Furthermore, it has beewealed that ID2 competes with RB for
TFIIIB and this could be one mechanism by which iIfegulates pol Il transcription
(Gomez-Roman N, unpublished observations). Alse etkpression of ID2 in fibroblasts
derived from RB knockout mice still resulted in iaation of pol Il transcription,
although this was lower than in wild-type contrells, suggesting that ID2 can also
stimulate pol Il transcription by an RB-indepentierechanism.

Since experiments described here demonstratedDBaand ID3 are present at
the promoters of pol Il templates, likely mechaméswere investigated that may be
involved in this process. Given that the ID HLH f@ios lack a basic region and cannot
bind DNA, other possible associations were expldBehezraet al, 1990). Therefore,
protein-protein interactions of ID1, ID2 and ID3twithe basal transcription factors of
the pol Il apparatus were examined. One of thesipées targets of ID proteins is the
TFIIIB factor which has been shown to interact wattd be recruited to TFIIC by the

positive regulators of cell growth c-Myc and ERKcoproteins (Gomez-Romaet al,
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2003; Felton-Edkinset al, 2003a,b). To determine whether ID proteins camd ko
TFIIIB, and also to which subunit of TFIIIB theyral, co-immunoprecipitation assays
were performed. ID1 co-immunoprecipitated with 81l subunit of TFIIBin vivo
(Figure 4.6). Moreover, endogenous ID2 interactth idrfl (Figure 4.6). In addition,
Brfl co-immunoprecipitated with the ID3 protein gkre 4.6). Since this technique
cannot distinguish between direct or indirect iat#ions, the possibility that TFIIIB was
in a complex with another factor such as TFIIIC Idooot be eliminated. To determine
whether ID1, ID2, ID3, ID2 HLH and IDZHLH can bind to TFIIB,in vitro
transcription and translation studies wifts-methionine were employed. Initially, the
ID full length and mutant proteins as well as tlwtool GST were expressed. The
results revealed that the overexpression and patifin of these GST proteins was
successful (Figure 4.7). Next, data revealed thatiD1, ID2, ID3, ID2 HLH and ID2
dHLH proteins bind to the radio-labelled Brfl sukuoi TFIIB (Figure 4.8). The
interaction of the two mutant ID2 proteins, ID2 lwiand without the HLH domain,
suggests that there are two or more possible byrgltes of ID2 that are involved in the
interaction with Brfl. Therefore, ID proteins asiste with Brflin vivo andin vitro.
Furthermore, these ID-Brfl interactions are in agrent with ChIP data establishing
that Brfl was present at pol Il genes, suggestivag Brfl could have a role in the
recruitment of IDs to the promoters of pol I telaes.

The activation of Brfl expression and therefore ipotranscription results in
induction of cell cycle progression and prolifeoatiin human and mouse fibroblasts
(Marshallet al, 2008). The induction of Brfl also results in tumdormation after the
injection of clones overexpressing Brfl into middafshall et al, 2008). In another
study, ChIP assays performed, comparing wild typd Myc null fibroblast cells,
revealed that the occupancy of pol Ill at a tRNApéate is lower in the knockout cell
line (Kennethet al, 2007; Ernensgt al, 2006). p53 has been demonstrated to inhibit the
association of Brfl with TFIIIC and pol Ill. ChiFssays established that induction of
p53 resulted in a reduction of Brfl occupancy gioh Ill template (Crightoret al,
2003). Also, pol Il occupancy was higher in the&kout p53° MEF cells compared to
the wild type controls (Crightoet al, 2003).
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The findings that ID proteins are present at pletrdnscribed genes (Figures 4.2,
4.3 and 4.4) and form complexes with Bifi vivo andin vitro (Figures 4.7, 4.9)
demonstrate recruitment of IDs to pol lll templatd® determine whether ID2 is
involved in the recruitment of Brfl, pol 1l and E4n class Il genes, MEF 1D2 null
and 1D2 wild type cell lines were used. The restridsn ChIP experiments showed that
in the ID2 knock-out cells, there was a decreasBrtif, pol Ill and E47 enrichment at
the promoter of the pol Il template encoding 5SNAR in comparison to cells
expressing physiological levels of ID2 (Figure 4.8)nce there is a reduction in the
recruitment of Brfl in response to ID2 knockout,ist possible that ID2 might be
involved in the recruitment of Brfl to pol Il tedgpes followed by recruitment of pol
[l and activation of pol Ill transcription. In adwbn, results from the decrease of the
ID2 levels suggest a possible synergistic role dor ID-E47 complex that may be
involved in the regulation, activation or repressiof pol lll-transcribed genes. The
relative promoter binding ability of ID1, ID2 an®3 could be assessed by expressing
flag tagged ID1, ID2 and ID3 and chromatin immuremgpitating using a flag antibody.
If one of the IDs is present at the promoter mbentthe others, it can be assumed that
this is not due to antibody specific issues. Chitrmianmunoprecipitation experiments
could be done using samples in which Brfl has loeenexpressed or depleted to assess
whether Brfl recruits IDs and E47 proteins. AlsbJfZon ChIP assays would be helpful
to identify if Brfl is present together with IDsc&47 at pol Il promoters.

In conclusion, the results in this chapter revealole for ID1, ID2 and ID3
proteins and a possible mechanism by which ID prstemay activate pol Il
transcription. This function might allow ID proteimo regulate cell growth and promote

cancer progression.
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5.1 Introduction

5.1.1 E2A protein expression and activity

The E2A proteins were initially discovered in Blsehowever northern blots,
electrophoretic mobility shift assays (EMSA) andsteen blotting have shown that E2A
is expressed in most human tissues (Vietral, 1994; Aronheinet al, 1993; Jacobst
al., 1994). E2A expression varied from cell to cellthwhigh levels of expression in
specific areas of the central nervous system, éenltimg and pancreas (Rutherford &
LeBrun, 1998). E2A expression levels are highearngas of rapid cell differentiation
(Rutherford & LeBrun, 1998). Owing to the large rien of HLH proteins, a sub-
classification system has been based on tissugbdisbn, dimerisation abilities and
DNA binding specificities (Murreet al, 1994). The class | HLH proteins are known as
the E-proteins and include E47, E12, E2-5, HEB BR&eR; they are structurally similar
and ubiquitously expressed (Figure 5.1, A). Thesld HLH proteins, which include
MyoD, TAL1/SCL (stem cell leukaemia) and LYL1 (lyimgblastic leukaemia 1), show
a tissue restricted expression (Figure 5.1, B)hwifew exceptions they are not capable
of forming homodimers and prefer to heterodimemsth the E-proteins (Massari &
Murre, 2000). Class | and class Il proteins candbio E-box sites. Class Il HLH
proteins include the Myc and TFE3 (transcriptioctdéa E3) proteins and contain a
leucine zipper adjacent to the HLH domain (Henthetrral, 1991; Zhacet al, 1993).
Class IV proteins, which include the Mad and Magteins are capable of dimerising
with Myc or with each other. Another class of pmogethat can heterodimerise with
class | and class Il proteins are the class V prsterhese include the ID and emc
proteins, which lack a basic region and cannot hon@NA (Norton, 2000). Class V
proteins inhibit DNA binding of class | and claspltoteins, and therefore regulate their

transcriptional activity (Massari & Murre, 2000).
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Figure 5.1: Schematic diagram of bHLH protein and heir domains.

A. Schematic representation of the class | HLH pretdid7, E12, HEB and E2-2
known as E-proteins. Important domains are shovah s activation domain (AD) 1,
AD2 and bHLH. Different transcription initiationtss result in canonical (Can) and
alternative (Alt) forms of HEB and E2-2 proteir. Stem-cell leukaemia factor SCL
also referred as TAL1 and LYL1 belong to class LHHproteins. Shading indicates

regions of homology (taken from Kee, 2009).
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5.1.2 The structure of the E2A gene and protein

The crystal structure of the transcription factd7Eevealed a four-helix bundle
with the two protruding helices being parallel he DNA site (-CACCTG-) (Figure 5.2)
(Ellenbergeret al, 1994). The E47 and E12 transcription factor pnstevere initially
discovered as immunoglobulin enhancer-binding meteinding to E-boxes (Murret
al., 1989). Also, they have been found at 5’-regulatmggions of lineage-restricted
genes (Massari & Murre, 2000). The E47 and El12emstconsist of a basic region,
which is required for DNA binding, and an HLH sttwe that is critical for
dimerisation. These bHLH proteins are involved he tegulation of cell growth and
differentiation of cell-lineages including musclells and neurons (Reya & Grosschedl,
1998; Massari & Murre, 2000). The E47 and E12 pnstearise from the E2A gene
through differential splicing of the exon encodithgg bHLH domain. The amino acid
sequences of the bHLH domains of these two protdifisr by 20% (Murreet al,
1989). Although both E47 and E12 transcription desthave the ability to form
heterodimers with class 1l HLH members, E47 and Ba%e distinct biochemical
properties (Chakrabortgt al, 1991; Lassaet al, 1991). The E47 homodimer binds
with relatively high affinity to DNA, however, thE12 homodimer interacts weakly
with DNA (Sun & Baltimore, 1991).

The E2A gene is composed of four exons and onecodmg exon and spans
about 16 kb (Hata & Mizuguchi, 2004). The promdterks TATA and CAAT boxes,
but has possible binding sites for GATA -1/ -2 (kgv& Atchley, 2000), CREB (Mayr
& Montminy, 2001) and Sp1 (stimulating protein Briggs et al, 1986). TATA-less
promoters are found in a number of genes that lyshalve a variable transcription
initiation site and are expressed ubiquitously étisc(Azizkhanet al, 1993). Primer
extension analysis has shown several transcrigiart sites in the E2A gene (Hata &
Mizuguchi, 2004; Smale, 1997). A transient transbec assay using a 5’-flanking
region has shown that the promoter activity canrdgulated both by positive and
negative ways, which is usual in the regulationgehes in eukaryotes (Ogbourne &
Antalis, 1998; Hata & Mizuguchi, 2004). Deletionadysis revealed that the -257/ -238

segment plays a crucial role in the basal promatévity of the E2A gene. Mutational
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analysis of the -257/ -238 region did not shownalg cis-element responsible for basal
promoter activity, therefore it is possible thasp@e regulatory elements might interact
with the E2A promoter. EMSA assays have shown #pbsitive regulatory segment
and putative transcription factor(s) might be regdifor the basal activity of the E2A
gene (Hata & Mizuguchi, 2004). Sequence analysishef E2A gene comparing the
human, mouse and chicken sequences showed thasetipgences that are highly
conserved corresponded to important functional dosnauch as the bHLH domain
(Conlon & Meyer, 2004). The DNA binding and dimessambly domains of the E47
and E12 proteins are present at their C-terminatadn. The E2A gene transcriptional

activation domains are mapped to the N-terminabreg(Murreet al, 1989).
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Figure 5.2: Schematic representation of the E47 csyal structure.

A. The E47 bHLH domain is a parallel four-helix buneNéh two protruding helices
shown in green and yellow. DNA (in red) contacts arade by the basic regions of the
helices.B. Diagram of the E47 subunit contacts; each sulnirite E47 dimer interacts
with one half of the -CACCTG- binding sit€. DNA base and phosphate contacts of
the E47/DNA complex (taken from Ellenberggral, 1994).
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5.1.3 Activation of transcription by E-proteins

E-proteins are involved in expression of B lineagecific genes and have been
found to function as transcriptional activators iif®rnet al, 1990). It has been shown
that the activation domains AD1 and AD2 of E2A ameolved in the regulation of
target genes vivo (Qiu et al, 1998). When the N-terminal transactivation domain
deleted the E12 protein can no longer activatenBage-specific gene expression in a
macrophage cell line (Kee & Murre, 1998). The ADiIdaAD2 domains of the E2A
proteins are located in the N-terminal transadiwatdomain and contain the
transcriptional activity (Aronheinet al, 1993; Massaret al, 1996). Furthermore, the
AD1 and AD2 domains have been found to be functipneonserved in both
mammalian cells and in the yedSt cerevisiagQuonget al, 1993; Massaret al,
1996).

The coactivator p300 has been shown to cooperdte tssue-specific bHLH
proteins such as MyoD by binding to the bHLH domairthe protein and activating
target genes (Figure 5.3) (Eckredral, 1996). Because p300 has been demonstrated to
contain HAT activity it is possible that the E47of@in can recruit proteins that are
involved in chromatin modification; p300 can modifiromatin structure to a locally
open transcriptionally active configuration (Baners& Kouzarides, 1996; Ogryzket
al., 1996; Eckneet al, 1996). The binding of MyoD to p300 is mediatedthg bHLH
domain of MyoD, and this was unexpected becausédlted motif does not contain
intrinsic transactivation potential (Ecknet al, 1996). When p300/CREB binding
protein (p300/CBP) antibodies where microinjectedtoi myoblasts, terminal
differentiation and transcriptional activity of ngenic bHLH proteins were blocked.
These findings indicate that p300/CBP has an inapbrtole in cellular differentiation
(Eckneret al, 1996). In another study, p300 was shown to ictesdth the E47 protein
stimulating the transcription of the insulin ger@iy et al, 1998). However, the
sequences of E47 required for this response sgaadtivation domains AD1 and AD2
(amino acids 1 to 99 and 325 to 432). The sequehp&00 involved in the interaction
and activation of E47 is between amino acids 1271 which is within the N-terminal
domain of p300 (Qiet al, 1998).
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Studies have identified a sequence LDFS, preserdriebrate HLH proteins and
yeast HLH proteins, which is required for transaaion (Massariet al, 1999). The
conserved LDFS motif induces transcription by récrg a nuclear HAT complex
termed SAGA. The AD1 transactivation domain dingdthteracts with the SAGA
complex, which is conserved throughout evolutiohe TSAGA complex consists of
many subunits such as the TAFs (TBP-associatedri¢cthe Ada and Spt proteins, the
HAT Gcen5 and Tral (Grardt al, 1998a,b). Activation by the LDFS domain requires
functional Ada2 and Gcnb proteins. Amino acid sibsons in the AD1 domain disrupt
SAGA binding and inhibit transcriptional activationvivo (Massariet al, 1999). Also,
in a number of yeast strains that lack a functid®alGA complex, AD1 is unable to
induce transcription (Massaet al, 1999). Furthermore, studies have shown that E2A i
acetylatedn vitro by p300, CBP and PCAF (p300/CBP-associated fa¢Brgdneyet
al., 2003). In conclusion, these studies indicate B4 may in some cases induce

transcription by recruiting HAT complexes to targenes.
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Figure 5.3: Schematic representation of E-protein idners and their function.

E-protein homodimers are bound to target genes astdas activators with the
recruitment of co-activators such as p300/CBP. dgin class Il bHLH proteins are
bound to target genes and can act as transcriptiepgessors by the recruitment of co-

repressors like mSin3A or ETO (taken from Kee, 2009
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5.1.4 Regulation of E47 protein level by the ubiqui  tin-
proteasomal pathway

E47 proteins are degraded through the ubiquitotgaisome system which is a
basic cellular mechanism of post-translational a&gon. The degradation of a protein is
a three step process that is initiated with thenfdron of a ubiquitin-conjugate with a
ubiquitin-activating enzyme (Haas & Siepmann, 199@biquitin is moved to a
ubiquitin-conjugating enzyme, which transports uittig to an amino group of a lysine
residue on a substrate protein. The ubiquitin-ogetjing enzymes consist of 12 families,
which together with several ubiquitin ligases aeguired for ubiquitin conjugation
(Haas & Siepmann, 1997). When the ubiquitin conjegga made, a multi-ubiquitin
complex is assembled that becomes a signal foeqlyis by the 26S proteasome.

The mammalian Ubc9 (mUbc9) is required for th@rddation of the E47
proteins by the ubiquitin-proteasomal pathway (Hogegt al, 1999). mUbc9 interacts
with E47 at the 477-530 amino acid region (Kétoal, 1997). The mUbc9 sequence is
highly conserved among the human, mouse and ratesp@Kovalenkeet al, 1996) and
several mUbc9 binding partners are known (FiresgiReuerstein, 1998). The region
that is rich in proline, glutamic acid, serine ahdeonine (PEST) residues is thought to
be the E47 (478-531) degradation domain (DD). E#lems with a deletion mutation
lacking the region, E4Y (478-531), were more stable than the wild-type,EeXhibiting
a half-life of 6 hours compared to 55 minutes (Hogget al, 1999). Also,
overexpression of the full-length Ubc9 antisensastuict reduces the degradation of
E12 (Khoet al, 1997). Deletion of the DD domain of E47 had néeaf on the
transcriptional activity and E-box binding of E4IAvo regions that interact with Ubc9
were mapped in the E47DD, the 476-494 and 505-BfBoms. The E47 (505-513)
region interacts with Ubc9, but not with the UbtiB3 and MyoD proteins. Substitution
of the central hydrophobic residues of the E47 {508) region with basic residues
inhibited its interaction with Ubc9. The E47 protehat lacks the second region which
interacts with Ubc9 was more stable than the wijsktE47 (Huggingt al,, 1999).

When the E2A DD was reintroduced into the oncopmoté2A-HLF this
destabilised it, such that degradation was quickan with the wild-type E2A-HLF
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(half-life of 60 minutes compared to more than 2iisy; this hints that the DD domain
can transfer a signal to a heterologous proteire ERA-HLF-DD was stabilised by a
proteasome inhibitor LLNL, which shows that the ERB targets proteins for
degradation through the proteasome. The E2A-DD domavery important since every
chromosomal translocation that produces a chimgéBA-oncoprotein lacks the exon
that encodes the degradation domain. The longédifeabf E2A-HLF may increase its
transforming ability by allowing more protein tocacnulate and activating transcription
(Hondaet al, 1999). The prolonged half-life of a stable protean be decreased by the
addition of a degradation domain (Hochstrasser &skavsky, 1990; Yaglonet al,
1995).

It has been shown that E47 modulates celluladikatéon and degradation of the
ID1 protein (Lingbecket al, 2005). Expression of E47 stabilises ID1 and cause
increase in the;k from ~1 hour to ~8 hours. Also, co-transfectionaof NLS deficient
ID1 (ID1V-°) with E47 led to an altered intracellular localisa of IDIN"° from 27%
nuclear to >95% nuclear. In another study, it wamanstrated that E47 is primarily
localised in the nucleus in C2C12 myoblasts andtobes (Suret al, 2007). Incubating
cells with MG132, a proteasome inhibitor, stabdise47, which suggests that the
ubiquitin-proteasomal pathway is responsible fagrddation of E47.

Notch signaling is also involved in E47 ubiquitiost and degradation by MAP
kinase activities (Nieet al, 2003). Studies have shown that activation of Ndtcand
Notch 2 inhibits the transcriptional activity of E4which is crucial for B and T
lymphocyte development (Ordentlieh al, 1998). Notch signaling is also important for
lymphocyte development. In order to induce degiadabf E47, Notch requires
phosphorylation of E47 by p42/p44 MAP kinases. Natwuced degradation of E47
relies on RBP4, its downstream effector, to possibly activate regpion of genes
involved in E47 ubiquitination (Niest al, 2003). Therefore, Notch signaling may

regulate lymphocyte development by controlling p4@tein degradation.
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5.1.5 E47 regulation by protein phosphorylation

E47 proteins are widely expressed and it is betiethat B cell-restricted DNA
binding by E47 homodimers is regulated by proteindifications. To investigate the
properties of B cells that allow DNA binding by E4wmodimers, studies have
concentrated on E47 phosphorylation (Sloain al, 1996). Using an N-terminal
truncation of E47, it was demonstrated that thesphorylation of two serine residues
was responsible for inhibition of DNA binding by Edomodimersn vitro. The two
serines N-terminal of the EA7mutant protein are phosphorylated in severaltypks;
however they are hypophosphorylated in B cells. Wtiee two serine residues were
phosphorylatedn vitro this caused inhibition of DNA binding by EA7homodimers.
However, E4A-MyoD heterodimers were able to bind DNA. Therefore
hypophosphorylation may be important for the attiaf E47 homodimers in B cells
(Sloanet al, 1996). Phosphorylation affects the activity ofesal transcription factors
(Karin, 1994). The CREB and TCF/EIk-1 are stimullabsy serine phosphorylation and
the STAT proteins are activated by tyrosine phosghtion (Gilleet al, 1992; Shuaet
al.,, 1993). Studies have demonstrated that Ser-514Sen®29, which are located N-
terminal to the bHLH domain of E47, are phosphdedaby CK2 and protein kinase A
(Sloanet al, 1996). Phosphorylation also has a role in reqdathe degradation of
many proteins such as cyclin xBla and c-Jun (Diehét al, 1997; Cheret al, 1996;
Musti et al, 1997). The E47 degradation domain is rich in PE&Sidues, which often
serve as phosphoacceptor sites (Huastgal, 1998). Studies show that cdc28
phosphorylation of the cyclin 3 PEST domain redubeshalf-life of CIn3 (Yaglonet
al., 1995). The E47 protein has several possible giwgfation sites and deleting the
E47 degradation domain permits multiphosphoryldéd to accumulate. It is possible
that hyperphosphorylation of EA7(478-531) leads to events that initiate E47 protei
degradation (Hugginet al, 1999).
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5.1.6 The role of E47 in cell growth

A number of studies have indicated that E2A germdyets are involved in
regulating cell growth. Apart from the HLH regionhwh is required for growth
inhibition by the MyoD family, the E2A proteins al$iave two additional inhibitory
regions that are active in the absence of the Hhhrhaln. These regions are in the N-
terminal and central region of E47/E12 and corradpto the transactivation domain of
the proteins (Aronheiret al, 1993; Quonget al, 1993). When E47 was overexpressed
in colony-forming assays, this suppressed the dratNIH3T3 cells (Peverakt al,
1994). This growth suppressive effect was countedaby the ID proteins. However,
when E47 was used that lacked the HLH domain, i@igims could no longer reverse
the growth inhibition. When E47 was overexpresselD@roteins were neutralised, this
led to inhibition of proliferation in the ohase until 3-4 hours before entering the S
phase. The antagonism between E47 and ID protgipeaas to be involved in
regulating critical @progression (Peveradt al, 1994). It has been shown that E2A null
mice develop rapid T cell lymphomas, the B lymphecgievelopment is completely
blocked and abnormalities appear in ifieT cell development (Baiet al, 1994; Bain
et al, 1997; Yaret al, 1997). Disruption of the ID1 gene improves thevs@l rates of
E2A genenull mice, suggesting that ID1 interacts with E2Adathat the unbalanced
function of ID1 affects E2A null mice (Yaet al, 1997). However, the E47/ID1 double
knock-out mice continued to develop T cell tumodiserefore, E2A might be involved
in maintaining the homeostasis of T lymphocytestofic expression of E47 or E12
induces the death of E2A-deficient lymphomas (Edg®urre, 1999). E2A-expressing
cells were eliminated from cultures into which Ez#Yd E12 were introduced. This was
not due to an arrest in cell cycle progression, lbetause E2A proteins activate a
programmed cell death pathway in these lymphomasssLof mitochondrial
transmembrane potential precedes the E2A-mediakdieath. These data imply that
E47 and E12 proteins can act as tumour suppressors.

Several forms of T cell acute lymphoblastic leukaem (T-ALL) are
characterised by high expression of class Il HLidtgins, such as TAL1/SCL and
LYL1 (Miyamoto et al, 1996; Voronova & Lee, 1994). The activation oé thHLH
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TAL1/SCL gene occurs by chromosomal translocatiomnatation in patients with T-
ALL who respond poorly to existing therapies. Sasdihave demonstrated that
TAL1/SCL induces leukaemia by interfering with Ediid HEB target genes, which are
important for thymocyte differentiation and sunlivéO’Neil et al, 2004). The
TAL1/SCL oncogene was expressed in mice in an E2AH&B heterozygous
background resulting in differentiation arrest addease progression, therefore
decreased expression of E2A and HEB plays an impbrole. E47/HEB heterodimers
are shown to regulate cluster of differentiatiof{GD4) expression by recruiting the
p300 coactivator. In TALL/SCL/EZA or TAL1/SCL/HEB” thymocytes CD4
expression is decreased. Unlike ID proteins whipbrate by inhibiting the binding of
E-proteins to DNA, TAL1/SCL represses gene trapsiam by recruitment of the
mSin3A/HDAC1 (histone deacetylase 1) corepressonptex to the E47/HEB target
CD4 and other genes (Figure 5.3) (Kee, 2009).

The AML1-ETO fusion protein occurs due to a t(8;2thromosomal
translocation and is implicated in 15% of acuteeloi leukaemia cases. The AML1-
ETO fusion protein binds to E-proteins and convértsm to transcriptional repressors
(Zhanget al, 2004). AML1-ETO inhibits E-protein mediated trariptional activation
by interactions that preclude recruitment of coedtrs such as p300/CBP. The
interaction of the AML1-ETO with the AD1 domain tife promoter-bound E-proteins
reveals a silencing mechanism by directanry exchange of cofactors, HATs against
histone deacetylases (HDACS) (Figure 5.3). TheegfBrproteins are targets of AML1-
ETO and their deregulation may play a role in learka, suggesting a mechanism
which is different from differentiation-inhibitorgroteins.

The results discussed here demonstrate that Esvalved in the regulation of
cell growth (Pagliucaet al, 2000; Zhenget al, 2004). E47 negatively regulates cell
growth by inhibiting cell cycle progression and mating cell death (Rothschilet al,
2006; Engel & Murre, 1999). Cells overexpressing B4 several cell types grow at a
slower rate than untreated control cells (Pevestlal, 1994).Pol Il transcripts are
important in determining growth rate, since theg amvolved in protein synthesis.
Studies have demonstrated that suppressor prateaisas RB, p53 and Mafl are likely
to affect the rate of cell growth by regulating pibtranscription (Sutcliffeet al, 2000;
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Crighton et al, 2003; Goodfellowet al, 2008). This chapter will address if E47
regulates pol Il transcription. Since E47 is arpartant regulator of cell growth and
also transcripts of pol Il are required in the gsaprocess, it is possible that E47
expression may trigger repression of pol Il atyiviThe following experiments were

designed to assess if indeed this is occurring. ré€kelts in this chapter reveal that pol
Il transcription is downregulated by the expressiaf the E47 transcription factor
protein and expose a mechanism by which E47 rezgifadl Ill activity. In this chapter

only the relationship between E47 and pol Il taqdion was investigated and not of

other E-protein family members.

157



Chapter 5 Repression of RNA Polymerase Il Trapsicm by E47

5.2 Results

5.2.1 Knockdown of E2A by RNAI raises the levels of pol Il

transcripts

E47 depletion has been demonstrated to promotegeeWth (Zhenget al,
2004). When cells were treated with siRNA againd Ethis led to inhibition of
expression of p1®“ and cells displayed an extended proliferativespfn. E2A
deficient mice develop abnormalities and are prmnmalignancies (Baiet al, 1997;
Yanet al, 1997). Since pol lll transcripts are requireddteady cell growth, it is likely
that negative regulators of this process wouldagppol Ill transcription. To determine
whether the E47 protein has an effect on pol Bhgcriptionin vivo in human cells,
small interfering RNA was used. HelLa cells werengfacted with siRNA against E2A
and the control Oct-1. The cells were treated ®hdurs and harvested. Protein extracts
and RNA were analysed. Western blot analysis redetiat E47 protein levels were
significantly reduced compared to the control Octrladdition, it was shown that in the
E2A siRNA-transfected Hela cells the associated, IIDP and ID3 proteins remained
at the same levels. Actin was used as a loadingyadfrigure 5.4, A). RT-PCR analysis
demonstrated the knockdown of E2A RNA levels in panson to the control Oct-1
with the ARPP PO mRNA used as a loading contrayfé 5.4, B).

The next step was to identify if this knockdowrtloé protein and RNA levels of
E47 and E2A respectively would have an effect oh Igotranscription. RT-PCR
analysis revealed that the knockdown of E2A hagrifgant effect on the levels of 5S
rRNA, tRNAYY, tRNA™Y, tRNA®® tRNA™, 7SL RNA, 7SK RNA, MRP, and U6
SnRNA (Figure 5.5). The knockdown of E2A resultamincrease in the levels of these
pol Ill transcripts compared to the control. Alsmother effect of this knockdown is the
increase in the levels of a pol | transcript, tihe-fRNA (Figure 5.5). These effects are
specific, as the pol Il transcribed ARPP PO mRNAgIaot change in response to E2A
knockdown. From these results it can be concludatdE2A has a negative effect on pol

I and pol Il transcript expression vivo.
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Figure 5.4: Knockdown of E47 by RNA..

HelLa cells were transfected with E2A siRNA or tlotcol Oct-1 siRNA.A. Western
blot analysis of E47, ID1, ID2 and ID3 expressitmilowing transfection with siRNA
against E2A. Actin was used as the loading conBoRNA was analysed by RT-PCR
for E2A depletion by siRNA. The pol ll-transcribedRNA ARPP PO was used as the

loading control.
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Figure 5.5: Knockdown of E47 by RNAI increases th&evels of pol | and 11l

transcripts.

Effects of the E47 knockdown by siRNA against E2AHeLa cells after transfection
for 48 hours. RNA was analysed by RT-PCR for thgression of the pol Il transcripts
5S rRNA, tRNA'?, tRNA"Y, tRNA% tRNA™", 7SL RNA, 7SK RNA, MRP, and U6
snRNA. The pol | transcript pre-rRNA was also asaly. The ARPP PO mRNA was

used as a control.
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5.2.2 Overexpression of E47 reduces the levels of p ol lll
transcripts

Overexpression of E47 has been found to cause lgramwést in NIH3T3 cells
(Peveraliet al, 1994). In addition enforced expression of E47 suppresses the cell
growth efficiency of several cell lines (Pagliustaal, 2000). Ectopic expression of E47
in lymphoma cell lines derived from E2A deficientom results in cell death of E2A-
expressing cells (Engel & Murre, 1999). To investegif E47 can downregulate pol 11l
activity in vivo in human cells, adenovirus infection was used. HER cells were
infected with an adenovirus expressing E47 (Ad-E47)with the parental virus
adenovirus-cytomegalovirus 5’ internal ribosomatrersite green fluorescent protein
(Ad-Vector). The infection was left to proceed &% hours and the cells were harvested.
RNA and protein extracts were analysed. Westerttil{preveals that infection with the
E47 adenovirus results in overexpression of the f#fein, compared to the control
vector (Figure 5.6, A). This effect is specifimp& actin was used as loading control and
remains at the same levels in both lanes. RT-PC&tysis demonstrated that the
overexpression of E47 resulted in an increasedarRINA levels of E2A compared to the
control empty vector (Figure 5.6, B). The ARPP B&ding control did not change,
which suggests that the effect is specific. To stigate if increased E47 protein and
E2A RNA levels would have an effect on pol Il tsanpts, RT-PCR experiments were
performed. The results revealed that the leveBSOfRNA, tRNA"?, tRNA™, tRNA®®C
7SK RNA and MRP, were reduced after overexpressidid7 (Figure 5.7). This effect
is specific, since the pol Il transcript encodinRP PO remains unchanged. These

results demonstrate that overexpression of E47ce=dpol Ill transcription.
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Figure 5.6: Overexpression of E47 by adenovirus iettion.

HEK 293 cells were infected with an adenovirus espmg E47 or with the control
vector. A. Western blotting of E47 with cells harvested 24uisoafter infection with
adeno-E47 (Ad-E47) or adenovirus vector (Ad-Vectdltin was used as loading
control. B. RT-PCR analysis for the overexpression of E2A. Paoé Il-transcribed
MRNA ARPP PO was used as control.
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Figure 5.7: Overexpression of E47 by adenovirus iettion decreases the levels of

pol 1l transcripts.
Effects from adenoviral expression of E47 in HEK32®lls. Cells were harvested after

24 hours infection with Ad-E47 or Ad-Vector. RNA svanalysed by RT-PCR for the
expression of 5S rRNA, tRN¥, tRNA™", tRNA%*¢ 7SK RNA and MRP. The ARPP

PO mRNA was used as the control.
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5.2.3 E47 localises at pol lllI-transcribed genes  in vivo

E47 has been found to bind to the promoters ofpttfe and p21 genes, which
leads to cell growth arrest (Prab&ual, 1997; Zhengpet al, 2004). E47 binds to E-box
sequences of these promoters and other pol lldrémesl genes (Murret al, 1989;
Perez-Morencet al, 2001). However, pol lll templates rarely contd&rbox DNA
promoter sequences which could be potentially tacgby E47. The results so far have
indicated that E47 can influence pol Ill transdopt The effects from knocking down
and overexpressing E47 imply a possible mechanigwhich E47 interacts with the
pol 11l transcription apparatus. This interactioithmthe pol 11l templates could lead to
the repression of pol Il activity. To investigateendogenous E47 is present on pol llI-
transcribed genes vivo, chromatin immunoprecipitation assays were peréarnm
HelLa cells. Antibodies against E47, TBP, Brfl, gl TFIIC, TFIIA and TFIIB were
used to precipitate the proteins that were crogseti to chromatin. TBP, Brfl, TFIIC
and pol 1ll were used as positive controls, TFIIRFIIB and beads were used as
negative controls. The results reveal that endogenB47 is present at pol IlI-
transcribed genes such as 5S rRNA and tEN@igure 5.8). This experiment could be
repeated in order to obtain a better exposure ifprrdé 5.8, tRNA®. The positive
controls TBP, Brfl, pol Ill and TFIIIC are presamt these templates as expected and
the negative controls TFIIA, TFIIB are not detectdthese data indicate that the
association of endogenous E47 with pol llI-trartsedi gene@ vivois specific.

Another human cell line, HEK 293 cells, were usednvestigate if E47 can
occupy pol lll-transcribed genes vivo. Cells were infected with an adenovirus
expressing E47 and harvested 24 hours post-infec@bromatin immunoprecipitation
assays were performed in cells in which E47 wasexywessed. The positive controls
Brfl, TFIIIC and pol Il are present at 5S rRNA aRNA"" and 7SL genes, whereas
the negative control TFIIA is not detected (FigGr®). It was found that overexpression
of E47 results in strong detection on pol lll-tramsed genes, like 5S rRNA and
tRNA"" and 7SL genes (Figure 5.9). This interaction iscijiz and not due to over

cross-linking of proteins to DNA, since no signasadetected when primers were used
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for the pol lI-transcribed ARPP PO gene. Theseltesiemonstrate that the association
of E47 with class Ill genes is specific.

A stable U20S cell line stably expressing ID3 b used to detect if E47 was
present on pol lll-transcribed genés vivo. Chromatin immunoprecipitation assays
revealed that E47 was recruited at tRX¥Aand 7SL genes (Figure 5.10). E47 is not
associated with the pol ll-transcribed gene enap@RPP PO. Therefore, these results
demonstrate the binding of E47 to pol lll-transedbgenes. Future experiments could
include the use of a U20S cell line expressing amptg vector control to allow
comparison with U20S cells expressing ID3.
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Figure 5.8: Endogenous E47 occupancy on pol llI-tnascribed genes.

Chromatin immunoprecipitations were performed us#adga cells. The N-649 antibody
was used against E47. FL-109 and C-18 antibodies weed against the TFIIA and
TFIIB negative controls respectively. TBP (MTBP-B)f1 (128), TFIIIC (Ab7) and pol
[l (1900) antibodies were used as positive costifor pol lll-transcribed genes. The
immunoprecipitated DNA samples were analysed by R@Rormed on inputs and
primers against 5S rRNA and tRNfA genes.
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Figure 5.9: E47 is present at pol llI-transcribed gnes.

Chromatin immunoprecipitations were performed usiigK 293 cells harvested 24
hours after adenoviral expression of E47. The TRFA-109) antibody and beads were
used as negative controls. The N-649 antibody wiisad for E47. The Brfl (128),
TFIIC (Ab7) and pol Il (1900) antibodies were dsas positive controls. The samples
were analysed by PCR performed on inputs and psimgainst 5S rRNA, tRNA" and

7SL RNA genes.
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Figure 5.10: E47 is recruited to pol lll-transcribed genes.

Chromatin immunoprecipitations were performed usimgU20S cell line stably
overexpressing ID3. The TFIIA (FL-109) antibody abeads were used as negative
controls. The N-649 antibody was utilised for EB¥.1 (128), TFIIIC (Ab7) and pol IlI
(1900) antibodies were used as positive controfspia Ill-transcribed genes. The
samples were analysed by PCR performed on inputspemers against tRNA’ and
7SL RNA genes.
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5.2.4 Mapping of E47 on the 7SL locus

Chromatin immunoprecipitation experiments haveead®d that E47 localises to
the promoter of pol lll-transcribed genes. To deiee if E47 co-localises with the
basal transcription factors TFIIIB and TFIIIC onl pib promoters, mapping of the 7SL
gene locus was carried out. Five sets of primerewesigned, upstream of the gene, at
the gene and downstream of the pol IlI-transcrib8d coding region (Figure 5.11, A).
HEK 293 cells were infected with an adenovirus esping E47. Cells were harvested
after 24 hours and PCR was used to amplify the D&k#acted from chromatin
immunoprecipitation assays. The results revealed tihhe basal transcription factors
TFIIIB and TFIIC exhibit a different distributioon the 7SL locus (Figure 5.11, B).
E47 co-localises with Brfl and TFIIC on the secamt third position of the pol Il
template (Figure 5.11, C). Also, a very excitingulg revealed by using this E47
infected cell line, was that ID1 and ID2 are retedito the 7SL locus. ID1 and ID2 co-
localise with Brfl at the start of the gene ondkeond position, and decrease at the end
of the gene at position three (Figure 5.11, C). Eav, ID3 does not appear to localise
on the 7SL locus (Figure 5.11, B). Therefore, fritvese results E47 co-localises with
Brfl and TFIIC. Co-immunoprecipitation experimentge required to test for
interactions of E47 with these basal factors thahtrecruit E47 to pol llI-transcribed
genes. ID1 and ID2 appear to co-localise with Bether than TFIIC, suggesting that
ID1 and ID2 are recruited by TFIIIB. For the re¢nuéent of IDs to pol IlI-transcribed
genes, a HEK 293 cell line overexpressing GFP cbaldompared to the HEK 293 cells
overexpressing E47. Also, the effect of overexposssf E47 on the protein levels of
Pol Ill, TFIIC, ID2, ID1 and Brfl should be deteimed by western blotting. The
overexpression of E47 could potentially lead to élpression or suppression of basal
pol 11l factors or ID proteins directly or indirdgtwhich could then result in affecting
pol Ill transcription. In the future, western blaty experiments should be done in order
to determine whether the levels of ID and E47 pnstehange upon overexpression or
knockdown of ID and E47 proteins. Results have destrated that when the ID2 or
E47 proteins are overexpressed the protein levélseazh other do not change
(Rothschild et al., 2006).
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Figure 5.11: Mapping of E47 on the 7SL locus.

Chromatin immunoprecipitations were performed inKHES3 cells harvested 24 hours
after adenoviral expression of E4X. Diagram of the five positions used to design
primers on the 7SL locu®. The ID1 (C-20), ID2 (C-20), ID3 (C-20), E47 (N-649)
Brfl (128), TFHIIC (Ab7) and pol Il (1900) antibaes were used for ChIP assays. The
TFIIA (FL-109) antibody and beads were used as tiagacontrols. C. Graphical
representation of the ChIP assay. The x-axis shibav$ive sets of primers. The Y-axis
represents the ChIP signals that were normalisathstgthe input and the signals with

the TFIIA negative control.
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5.2.5 E47 co-immunoprecipitation with Brfl

Chromatin immunoprecipitation assays have revetidlatl E47 can be recruited
to pol lll-transcribed genas vivo. Mapping experiments on the 7SL locus indicaté tha
E47 may co-localise together with TFIIIB and TFIIE is therefore possible that E47
could bind directly or indirectly to specific factosuch as TFIIIB and TFIIC. E47 can
form homodimers or heterodimers and bind to DNAtigh E-box sequences on pol Il-
transcribed genes (Murret al, 1989). Pol Ill templates rarely contain E-box DNA
sequences which could be targeted by E47. Thus,€mbre likely to regulate pol 111
transcription by protein-protein interactions wibime or more factors of the pol Il
apparatus. TFIIB is a plausible target, sincesiaitranscription factor that is regulated
by a number of different tumour suppressor protesosh as RB, p53 and Mafl
(Sutcliffe et al, 2000; Crightoret al, 2003; Goodfellownet al, 2008). To determine if
E47 can interact with endogenous TFIIIB, co-immuegppitation assays were
performed. Western blot analysis revealed thatBti¢ subunit of TFIIIB was able to
co-immunoprecipitate with endogenous E47 in Helelear extracts (Figure 5.12). This

interaction is specific since no signal was detbetéh the negative control TFIIB.

171



Chapter 5 Repression of RNA Polymerase Il Trapsicm by E47

Brgy

=

Bl — |. dH

Figure 5.12: Co-immunoprecipitation demonstrates iteraction of E47 with Brfl.
HelLa nuclear extracts were used for the co-IP exyeits. The TFIIB (C-18) antibody
and beads were used as negative controls. Thecextr@re immunoprecipitated with
the E47 (N-649) and Brfl (128) antibodies. Immumajpitated material was resolved
on an SDS-7.8% polyacrylamide gel and analysed éstevn immunoblotting with the
128 antibody against Brfl. 10% of input materiabwaed.
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5.2.6 E47 interacts with Brfl and TFIIC

Protein co-immunoprecipitation experiments ideatlfithe interaction of E47
with Brfl. However, using the above assay it is possible to distinguish between
direct or indirect binding. To determine if E47 dateract with TFIIIB and TFIICjn
vitro transcription and translation assays usfi®&methionine were performed. In order
to test this hypothesis the first step involvedekpression of GST-fusion proteins, such
as GST-E47, and the negative empty vector cont®T.3'he results demonstrate that
the overexpression of the GST-E47 fusion proteirs waccessful (Figure 5.13). The
GST-E47 protein has a molecular weight of about k@&, however, there are
breakdown products. The GST control vector has kEentar weight of about 25 kDa.
The Brfl and TFIIIC110 subunits weii@ vitro translated and labelled witfrS-
methionine. Incubating the GST and GST-E47 proweth Brfl revealed that E47 binds
to Brfl (Figure 5.14, A). Also, E47 binds to thelME110 subunit (Figure 5.14, B).
These interactions are specific, since in the cbi@&ST lane there is no signal. Taken
together, the above results indicate that E47 aashto Brfl and TFIICin vitro.
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Figure 5.13: Overexpression of GST and GST-E47 fusm protein.

E. coli cells were used to overexpress GST and the GSTEsIan protein. Cells were
induced with IPTG for 2 hours and harvested. Cealllgbs were resuspended and
sonicated. The GST and GST-E47 fusion protein wergled to glutathione-agarose

beads. The protein samples were resolved on an’SE&-polyacrylamide gel.
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Figure 5.14:1n vitro transcription/translation using 3*S-methionine reveals an
interaction of E47 with TFIIIB and TFIIIC subunits.

A. In vitro translated Brfl was labelled withS-methionine and incubated with GST
used as negative control or GST-E47 at 4°C witlaéigh. The samples were washed
and resolved on an SDS-7.8% polyacrylamide gehshlised by autoradiographi.

In vitro translated TFIIIC110 was radiolabelled wifts-methionine and incubated with
GST control or GST-E47 at 4°C with agitation. Phageretained after washing were
resolved on an SDS-7.8% polyacrylamide gel andalised by autoradiography.
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5.2.7 The ID2 protein is recruited to pol lll-trans  cribed genes in
an E47-dependent manner

E47 has been shown to regulate the cellular lcatadis of the ID transcription
factor family members. Studies have demonstratedl &xpression of E47 leads to
modulation of ID1 localisation, from cytoplasmic twclear (Lingbecket al, 2005).
Also, E47 can stabilise ID1 resulting in an inceghéalf-life of ID1. In another study,
co-transfection of E47 and ID3 resulted in tranatmn of ID3 to the nucleus, whereas
E47 was not sequestered into the cytoplasm (Detdal, 1996). Chromatin
immunoprecipitation assays have indicated that W2&®S cell line stably expressing
ID3, E47 was recruited to the promoters of poltdinplates (Figure 5.8). Also, in a
mapping experiment on the 7SL locus, E47 was oygessed by adenoviral infection
and ID1 and ID2 were found present on the 7SL ¢€hapter 4). To determine whether
E47 can recruit ID2 to pol lll-transcribed genesvivo or the opposite, HEK 293 cells
were infected with an adenovirus expressing ID2-[B#8), E47 (Ad-E47) or with the
control vector (Ad-Vector). Cells were harvestedeaf30 hours and chromatin
immunoprecipitation was performed. The inputs frima three different infections of
the control vector, E47 and ID2 were normalisedregjaach other. The results revealed
that upon infection of cells with E47 or ID2 thedlto an increase in the levels of these
proteins on the promoters of 5S rRNA and tRR{4genes (Figure 5.15). It is interesting
that the expression of E47 appears to recruit Hiite the ID2 ChIP signal increases in
response to Ad-E47. These interactions are speaificnot due to over cross-linking of
proteins to DNA, since minimal signal was deteatisthg the control TFIIA antibody.
The ChIP assay cannot show whether ID2 and E47paeent together at pol Ill-
transcribed genes. However, sequential chip aisatysild be performed to determine
whether these proteins with opposite functionseth growth are present together at pol
lll-transcribed genes. These results will indicatkether recuitment of ID2 by E47
shows presence of these proteins on active oriweapbl IllI-transcribed genes. PCRs
could be done using serial dilution of the DNA tdéatps to confirm that the assay is
linear. The effect of overexpression of ID2 and B#47each other can be determined by
western blot analysis to detect the protein levels.
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Figure 5.15: ID2 and E47 interact with pol IlI-transcribed genesn vivo.

Chromatin immunoprecipitations were performed usiigK 293 cells harvested 30
hours after infection with the adeno-Vector (Ad-VW@&y, adeno-E47 (Ad-E47), or
adenovirus ID2 (Ad-1D2). The TFIIA (FL-109) antibpdvas used as negative control.
The N-649 and C-20 antibodies were used for E471BR2drespectively. The samples
were analysed by PCR performed on inputs and psiragainst 5S rRNA and tRN®

genes. ChlIP signals were normalised against thgsnp
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5.3 Discussion

Studies have identified E47 to be involved in regoh of cell proliferation.
Expression of E47 has been demonstrated to suppeisgrowth in HelLa, Saos-2 and
U20S cell lines (Pagliucet al, 2000). It was found that E47 decreased the gralifon
rate by promoting cell death associated with thduation of apoptosis. E47 is the
strongest transcriptional activator of the CDK Mitors p15, p16 and p21 compared to
the other E-protein family members E12, E2-2 andBHB&dicating a mechanism by
which E-proteins negatively control cell growth Eftget al, 2004; Prabhet al, 1997,
Pagliucaet al, 2000). Another CDK inhibitor targeted by E47 ianfan neuroblastoma
cells is p5¥"2. Overexpression of E47 by adenoviral infectionvpres progression into
S phase and induces cell cycle arrest (Rothsdhtilal, 2006). These studies indicate
that E47 is a negative regulator of cell prolifematthroughmechanisms that involve
programmed cell death and enhancement of the estpnesf CDK inhibitor genes.

In order to investigate if E47 can regulate polttdnscription in human celia
vivo an RNAI approach was employed. Transfection of &iurHeLa cells with siRNA
against E2A resulted in significant reduction obtein and mRNA of E47 and E2A
respectively compared to the controls (Figure 5M30, the knockdown of E2A by
SiRNA did not result in overexpression or silencofghe associated ID1, ID2 and ID3
proteins. The next step involved the determinatbrwhether this depletion of E2A
would have an effect on pol Il transcription. Whée protein and mRNA levels of E47
and E2A respectively were reduced, pol Il trargoon was clearly upregulated. The
levels of 5S rRNA, tRNA, tRNA"", tRNA%® tRNA™", 7SL RNA, 7SK RNA, MRP,
and U6 snRNA were significantly increased (Figur8)5Also, the E2A knockdown
results in an increase in the levels of the poahscript pre-rRNA (Figure 5.5). These
results indicate that the knockdown of E2A demaiss a repressing role in pol | and
pol Il transcriptionin vivo. An adenoviral infection approach was used tordates the
effect of expressing E47 in human celisvivo. HEK 293 cells were infected with
adenoviruses expressing E47 or the vector conmdction with the E47 expressing

adenovirus resulted in overexpression of E47 pncdeid E2A mRNA in comparison to
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the control (Figure 5.6). The overexpression of Eddsed a reduction in the levels of
the pol Ill transcripts 55 rRNA, tRN¥, tRNA™", tRNA®*¢ 7SK RNA and MRP
compared to the control (Figure 5.7).

The use of Oct-1 as a control siRNA has limitatibesause it is a basal pol Il
transcription factor. Oct-1 is present on typeptbmoters and its removal leads to a
delay of 30 minutes for the onset of transcriptibm.addition, Oct-1 is involved in
transcription of type Il genes, although it is rssential for basal transcription (ldu
al., 2003). The knockdown of E2A using siRNA experitsershould lead to the
knockdown of its two known splice variants, the Bl E12 transcription factors. In
the future, siRNAs should be used against eitherB%7 or the E12 proteins to be able
to determine which of them or if both can affect Hb transcription. Western blot
experiments could be performed to determine whetterE12 protein levels are also
reduced upon treatment of cells with siRNA agalf@A, as has been observed for E47
protein levels. Controls other than the Oct-1 aairtiv compare the knockdown of E2A
and the effects on pol Il transcripts such as mockon-silencing controls could be
employed. The use of a non-silencing control caldh be used since it does not target
a protein and should avoid non-specific targeting leads to the activation of the
SiRNA response pathway. Furthermore, a mock conisolg only lipofectamine 2000
without adding siRNA should be used to determinetvér there is an effect mediated
by the transfection reagent on the cells. In addjtithe implementation of other
techniques for determining the effects of the kmloskn of E47 proteins could be
employed. Since the RT-PCR technique is semi-qiadive the more sensitive Q-PCR
technique could be used. In the future western détgieriments could be performed to
detect the expression levels of the other E-prdtamly members such as HEB and E2-
2 and also of the associated ID1, ID2 and ID3 jmsteipon overexpression of E47.
Studies have shown that when the E47 or ID2 prstanme overexpressed the protein
levels of each other do not change (Rothscéildl, 2006). Also, immunofluorescence
techniques could be employed in order to investigaere E47 and ID proteins are

localised in the cell and whether they co-localise.
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Overexpression of E-protein family members (E472,B82-2 and HEB) using
Hela, U20S and SaOS-2 cell lines results in sugpmasof cell colony formation
(Pagliucaet al, 2000). Also, it has been demonstrated that th® pl6 and p21
promoter sequences, which contain E-box sequeruzes,be activated by E-protein
members. In contrast to previous experiments wioserexpression of E47 lead to
inhibition of cell growth arrest due to block of (@togression (Peveradit al, 1994),
later work showed that the mechanism responsiboléhfe effect does not involve arrest
of G1 progression (Pagliuez al, 2000). After ectopic expression of E-protein fgmi
members, the cell cycle profiles of cells were dateed using FACS analysis. Flow
cytometry demonstrated that cells transfected ®Hbroteins showed an increase in the
number of cells in S phase and an increase of edlls subdiploid DNA content
(Pagliucaet al, 2000). In addition, trypan blue dye exclusiopexments demonstrated
an increase in cell death after ectopic expressidfrproteins. TUNEL assays showed a
significant induction of apoptosis levels followitiginsfection of cells with E-proteins.
Furthermore, BrdU incorporation assays showedahagnificant fraction of cells were
in S phase (Pagliucat al, 2000). These results demonstrate that overesipresf E-
proteins promotes cell death associated with apopto
Other studies have revealed that the E47 proteinvislved in promoting cell cycle
progression (Zhaet al, 2001). A tissue culture based system was employete E47
protein levels were regulated in an inducible manosing an E47 oestrogen fusion
construct. Also, a dominant negative E47 oestrogenstruct was used. These
constructs were expressed in several cell linels aaan the pre-B-cell line 697, an NIH
3T3 cell line and the myeloid progenitor cell lik&62. Suppression of E47 led to
inhibition of cell cycle progression and FACS amsédydemonstrated a decrease in the
fraction of cells being in S phase, suggestingnduibition of G1 cell cycle progression
(Zhaoet al, 2001). BrdU incorporation experiments also canéid that suppression of
E47 led to decrease in cell cycle progression.heumore, the overexpression of E47 in
NIH 3T3 cells promoted entry into S phase, whichs waonitored by FACS analysis
(Zhaoet al, 2001). Further experiments could be performegbanlll transcription to
investigate the biological response on cell groathl apoptosis after knockdown or

overexpression of E47 proteins. FACS analysis cdogd used to determine the
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biological consequences such as cell cycle progmessd cell viability mediated by the
knockdown or ectopic expression of E47. Furthermdf&JNEL assays could be
employed to measure the percentage of apoptotits agbon knockdown or
overexpression of E47 proteins. Because the E4féiprappears to be involved in cell
growth and apoptosis the effect of overexpressingnmcking down E47 should be
further investigated to determine the possibledgmlal effects mediated by expressing
or depleting E47. A potential explanation for tHéeets on pol Il transcription seen
here by knocking down or overexpressing E47 cowdattributed to indirect effects.
These indirect effects could result in affectindl ggoliferation, which in turn could
affect pol Ill transcription. The slower growth oélls could result in the reduction of
pol Il transcription. However, chromatin immunopigtation and co-
immunoprecipitation experiments argue that theotdfelemonstrated by altering E47
levels could be due to direct effects of E47 on pblactivity. Thus, a possible
explanation for the role of E47 on pol Ill trangtion could be that E47 is capable of
regulating cell proliferation and cell viability bdirectly affecting pol 1l transcription,
since pol 1l transcription is involved in cell guth. In order to address indirect effects
caused by the overexpression or knockdown of Edl¥Jines containing functional RB
and p53 that represent a more physiological camdishould be employed instead of
HelLa cells. In addition, the siRNA used to tardet E47 protein should be designed to
be specific for E47 and also reduce the possibiftyff-target effects in order to avoid
indirect effects. Alsoin vitro transcription assays should be performed to detraias
whether E47 can affect pol Il transcriptiam vitro, because the results obtained from
these experiments might be less expected to betedféy indirect consequences.

In conclusion, the results shown here demonstinaitein both cases, knockdown
or overexpression, E47 is involved in the repressiopol Ill transcription, suggesting a
mechanism by which E47 regulates cell growth.

Studies have demonstrated that E47 is found gbriti@oters of CDK inhibitors
and their activation leads to cell cycle arresaffPuet al, 1997). The E47 transcription
factor is thought to activate or repress transianptby interacting with the E-box
promoter sequences of pol lI-transcribed genesr{@btal, 2004; Perez-Morenet al,

2001). Since the results have shown that E47 qaess pol Il transcription it would be
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interesting to investigate if E47 could be interragtdirectly with the pol 1ll machinery
to repress pol Il activity. Chromatin immunoprdtagion assays were used to
demonstrate whether E47 localises at pol IlI-trabsd genesn vivo. In the HelLa cell
line used, endogenous E47 was found at pol llisitcebed genes like 5S rRNA and
tRNA™" (Figure 5.8). In another cell line, (HEK 293) celleere infected with an
adenovirus expressing E47. ChIP assays revealddttisa protein showed a high
enrichment and at 5S rRNA and tRNAand 7SL genes (Figure 5.9). Also, a stable cell
line expressing ID3 was used to identify if E47dlges at pol llI-transcribed genes. The
results demonstrate that E47 is present at the t¥Na#nd 7SL genes indicating a
possible recruitment by ID3 (Figure 5.10). When BEvE6s expressed in HEK 293 cells
this protein was found at the 7SL gene. This leohvestigate, by mapping experiments
on the 7SL locus, the association of E47 with pidéfactors that could recruit E47 to
pol Il promoters. The results revealed that E47amalises with Brfl and TFIIC at
different positions on the 7SL gene (Figure 5.Therefore, a possibility is that vivo
Brfl and/or TFIIC could recruit E47 to pol Il tegtates. Interestingly, there is
recruitment of ID1 and ID2 which are present atgtet of the 7SL gene but not at the
end of the gene displaying a similar pattern witfLEFigure 5.11). These data indicate
that ID1 and ID2 co-localise with Brfl and not TIRllor pol Ill. This suggests that Brfl
could be a factor recruiting ID1 and ID2 to the mpaters of pol lll-transcribed genes.
Overall, these results demonstrate that E47 iseptesat pol lll-transcribed genes in
several cell lines. This suggests that E47 maylaggyol 1l activity through a direct
interaction with one or more components of thelp@pparatus.

Given that E47 was demonstrated to localise on Ifgetanscribed genes,
possible mechanisms involved in this process weavestigated. One possibility could
be that E47 recognises a specific DNA sequenceliliptemplates. However, the pol
Il genes rarely contain the E-box sequences thél Eould target and bind to.
Therefore, protein-protein interactions of E47 wiletors of the pol Il apparatus were
investigated. A possible target is TFIIIB, whichshaeen demonstrated to be regulated
by a number of oncoproteins, like c-Myc and ERK if@&z-Romaret al, 2003; Felton-
Edkins et al, 2003a,b) and tumour suppressor proteins suchBaspB3 and Mafl
(Sutcliffe et al, 2000; Crightoret al, 2003; Goodfellowet al, 2008). To investigate if
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E47 can bind to endogenous TFIIIB, co-immunopreatmns assays were performed.
The results revealed that the Brfl subunit of TBltb-immunoprecipitatem vivo with
E47 and this effect is specific, since no signalatected in the negative control (Figure
5.12). However, using this assay it cannot be riisished whether an interaction is
direct or indirect. Therefore, it cannot be exclddkat TFIIIB could be present in a
complex with TFIIIC. To investigate if E47 binds OFIIIB or TFIIIC, in vitro
transcription and translation assays usi8methionine were performed. The first step
involved the expression of the GST and GST-E47ofugiroteins. These proteins were
overexpressed and purified, although in the GST-grbitein there were breakdown
products (Figure 5.13). The results demonstrate B4 binds to the Brfl subunit of
TFIIIB and the TFIIIC110 subunit of TFIIC (Figufe14). Thus, E47 is associated with
Brfl and TFIIIC110, and these interactions couldésponsible for recruitment of E47
to the promoters of pol IlI-transcribed genes.

The correct subcellular localisation is importamt the function of numerous proteins.
E47 can act as a nuclear chaperone for ID protéifieen ID2 was co-transfected in
SMCs with a vector containing full length E47, thiéd type ID2 was localised in the
nucleus (Matsumurat al, 2002). Studies have investigated if the nucleomgsmic
shuttling of ID2 is involved in the regulation ofli®6x mediated transcription. It was
demonstrated that decreased nuclear export of ibarees repression of E47-mediated
transcription (Kurooka & Yokota, 2005). These résslggest that the nuclear export of
ID proteins has an inhibitory role in their supige ability against E47. The bHLH
protein E47 has also been demonstrated to regtiateellular localisation of ID1 and
ID3 proteins from cytoplasm to nucleus when co4faated with these proteins (Deed
et al, 1996; Lingbeclet al, 2005). Also, when E47 was co-expressed with I@tens,
E47 remained mainly nuclear. Therefore, E47 canladg the available pool of its
binding inhibitory partners, by modulating the read localisation of ID proteins. To
investigate whether E47 and ID2 can recruit onethaoto the promoters of pol Ill-
transcribed genem vivo, ChIP assays were performed using HEK 293 ceflsciad
with adenovirus expressing E47, ID2 and the conteator. After infection with E47 or
ID2, these proteins demonstrated a higher occupandfie 5S rRNA and tRNA"gene
promoters (Figure 5.15). Also, ID2 appears to es@nt on pol Il templates in an E47
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sensitive manner, and demonstrates a higher eneichon pol llI-transcribed genes
compared to ID2 recruiting E47. In addition, it idibe interesting to investigate if E47
and ID2 could increase DNA binding of pol lll-spicifactors and this association is
important for downregulation or upregulation of piblactivity. In the future, ChIP on
ChIP assays of IDs and E47 will be required toatissecruitment issues and whether
IDs and E47 proteins are present together at ptéiplates. Also, sequential ChlPs of
various mutants lacking interaction domains of I&sd E47 could be employed to
investigate further their presence at pol 11l proens and whether these proteins can be
found together with pol Il at active or inactiveolplll-transcribed genes. By
overexpressing ID or E47 mutants it could be pdssib determine whether E47 is
capable of recruiting ID proteins using the HLH domof E47. Mutants of E47 lacking
the HLH domain or containing point mutations instkiomain, which is required for the
interaction with ID proteins, may not be able tortét ID proteins at the promoters of
pol 11l genes.

In conclusion, the data in this chapter suggestea function for E47, in
repressing pol Il transcription. Furthermore,sitpossible that other members of the E-
protein family could regulate pol Il activity siacthey show similar functional
properties.
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6.1 RNA polymerase Ill transcription, cell growtha  nd

cancer

High rates of protein synthesis are needed foree®ed growth, since 80-90% of
a cell’'s dry mass is mainly constituted of prot¢detterberg & Killander, 1965).
Therefore, the growth rate is proportional to taterof protein accumulation (Baxter &
Stanners, 1978). Moreover, cells can withdraw ftbhencell cycle and become quiescent
if there is a 50% decrease in the translationapwu{Brooks, 1977; Rgnningt al,
1981). Since 5S rRNA and tRNA availability is edsarfor protein synthesis, increased
pol Il transcription is required to maintain rapiéll growth. These observations may
explain a requirement for stimulation of pol llatrscription by tumour cells.

Pol Il transcription has been frequently foundde abnormally elevated in
transformed cells and tumours. Early studies detnatesl that pol Il is deregulated in
mice with myelomas, even though pol Il activity @@nms normal (Schwartzt al, 1974).
Several types of transformed cells have been shovaverexpress products of pol Il
including cell lines transformed by RNA tumour \8as (e.g., human T cell leukaemia
virus 1), DNA tumour viruses (e.g., simian virus, 4@patitis B virus) and chemical
carcinogens (e.g., methylcholanthrene) (Gottesé¢ldl, 1996; Liebhabeet al, 1978;
Larminieet al, 1999; Wanget al, 1995; Scotet al, 1983; Whiteet al, 1990; Singhet
al., 1985). These studies have focused on cell linewever, their relevance has also
been explored in tumouis situ In particular, increased levels of 5S rRNA anil&RY
have been found in ovarian cancers (Wimteal, 2000). In another study, analysis of 80
tumours revealed raised levels of 7SL RNA in eafcthe tumour samples representing
19 types of cancer (Chest al, 1997b). Moreover, carcinomas of the lung, breast
tongue demonstrated elevated levels of pol Ill deaipts in neoplastic cells in
comparison to healthy control tissue (Chetral, 1999b). Therefore, increased pol Il
activity appears to be associated with the transéor state.

The deregulation of pol Il transcription in cancean be attributed to and
categorised into three general mechanisms. Thenfieehanism involves the activation

of pol Il transcription by oncoproteins such adMge, Ras and CK2 (Figure 6.1)
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(Gomez-Romanet al, 2003; Wanget al, 1997; Johnstoret al, 2002). Pol IlI
transcription can also be activated through losgiofour suppressors such as RB, p53
and PTEN and this constitutes the second mechaffiggare 6.1) (Whiteet al, 1996;
Crightonet al, 2003; Woiwodeet al, 2008). Finally, the third mechanism involved in
the deregulation of pol Il transcription is me@dtby the overexpression of a specific
pol 11l factor such as TFIIIB or TFIIC (Felton-Edis & White, 2002; Larminieet al,
1999). Increased levels of the Brfl subunit of TElhave been found in patients with
cervical carcinomas (Dalgt al, 2005). Also, other cases where Brfl is elevated i
prostate and bladder cancers can be found in nmepa databases
(http://www.oncomine.org). This last mechanism hlasen recently re-examined
revealing very interesting findings.

Specifically, studies have focused on the effedtBidl overexpression on
mammalian systems. To determine whether Brfl istilug for pol Il transcription,
Brfl levels were raised in Brfl-inducible MEF cefisd an increase in the levels of pol
Il transcripts was observed (Marshali al, 2008). These effects were specific since
there was no change in the levels of pol | and Ipdtanscripts tested. In addition,
increased occupancy of Brfl and pol 1l was obsgrethe promoters of 5S rRNA and
tRNA genes when Brfl was induced. Increased pralifen was observed in MEF cells
containing the inducible Brfl construct and in MER&cted with a Brfl expressing
adenovirus (Marshaét al, 2008). Since activation of pol Ill transcriptiaobserved in
transformed and tumour cells, the role of Brfl iimslating transformation was
investigated. Brfl induction in MEF and CHO cebsulted in oncogenic transformation
of these cells. The cells displayed morphologid¢elnges, focus formation and grew in
an anchorage-independent manner. Moreover, mieeteg with clones overexpressing
Brfl developed tumours (Marshat al, 2008). One of the targets of Brfl is the gene
encoding the tRNA®. Overexpression of tRNA® displayed similar effects to the
induction of Brfl such as increased protein syntghasd formation of tumours in mice.
Therefore, the effects demonstrated by expressiddrfd may be attributed to raised
expression of tRNA® Interestingly, the levels of Myc and cyclin D1 reelevated in
response to overexpression of Brfl and tRY§ATherefore, it is likely that the capacity

of Brfl and tRNAY® to regulate oncoproteins like Myc may be respdasior their
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transforming ability. These observations suggespassible requirement for the

activation of pol Il transcription in cancer pregsion.

l —] CDK2, CDKS l PI3K €meeee Ras
A and CDK6
PTEN |—|
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Figure 6.1: The transcription factor TFIIIB is regu lated by several activators and
repressors.

The blue boxes indicate proteins that have beenodstrated to repress pol Il
transcription through TFIIIB, and those in red b&xeve been shown to function as
activators. Dotted lines represent indirect inteoms. The growth repressors p53, RB,
p107, p130 and Mafl can repress TFIIIB by direteractions. Their function can be
blocked by viral proteins such as HPV E7 and tHeilee oncoprotein mouse double
minute 2 (MDM2). Also, the MDM2 oncoprotein causpS3 degradation, thereby
increasing TFIIIB activity. RB, p107 and p130 phlagpylation by CDK2, CDK4 and
CDK6 leads to release of TFIIB from suppressiome Ttumour suppressor INK4A
inhibits the phosphorylation mediated by CDK4 anQK®, thus leading to TFIIIB
repression by RB, p107 and p130. The ARF tumoupmagsor inhibits p53 degradation
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by MDM2 and therefore causes TFIIIB suppressioncdntrast, a variety of activators
have been shown to bind and activate TFIIIB disgaticluding CK2, Myc, ERK and
HTLV1. Ras and Raf signalling activate ERK, and Ratso stimulates
phosphatidylinositol 3-kinase - Akt signalling. PNEcan antagonise the PI3K-Akt
pathway (adapted from Marshall & White, 2008).

6.2 Induction of pol Il transcription by ID1, ID2 and ID3

The findings of this thesis have shown that the, |2 and ID3 oncoproteins
can regulate pol Il transcription. The ID tranption factor proteins were considered
because they are known to be targets of the Myogeme (Lasorellat al, 2000),
which has been shown to induce pol Il transcripti@omez-Romaret al, 2003).
Studies have shown that ID2 expression is upregglat neuroblastoma cell lines
(Lasorellaet al, 2002). These cell lines show amplification of mo&al Myc (N-Myc),
and overexpression of ID2 is possibly due to dipecttrol by N-Myc expression. Other
studies have identified that ID2 is also a tardet-bMyc, and that the transcription of the
ID1, ID2 and ID3 genes is activated by Myc via Exe® within their promoters
(Swarbricket al, 2005; Lasorellat al, 2000; Lightet al, 2005). Also, the ID2 family
member has been demonstrated to bind and inhibé& tbnction of the
hypophosphorylated form of RB, which is known tpress pol Il transcription (White
et al, 1996; Larminieet al, 1997). Therefore, the ID2 protein directly and tB1 and
ID3 proteins indirectly may have oncogenic activity interfering with the RB tumour
suppressor pathway. In addition, p53 has been showa involved in the regulation of
ID proteins (Qian & Chen, 2008; Yaet al, 2008; Wilsonet al, 2001; Hernandez-
Vargaset al, 2006). The expression levels of the ID1, ID2 &D8 proteins correlate
with mitotic index and with p53 expression leveishuman colorectal adenocarcinomas
(Wilson et al, 2001). ID protein levels are increased in p53 dkooit mice and
knockdown of ID proteins in colorectal adenocaramas resulted in growth arrest
(Wilson et al, 2001). It has been demonstrated that the IDleprdbecomes down
regulated in HCT116 and U20S cells treated withnubtherapeutic drugs in a p53
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dependent manner (Qian & Chen, 2008). Also, ID1 been found to be regulated by

DEC1, which is a bHLH transcription factor thatasgeted by p53. ChIP assays showed
that the DECL1 protein is present at the promotethef ID1 gene and leads to the

inhibition of ID1 expression (Qian & Chen, 2008).

Previous studies have demonstrated that ID protgliag a crucial role in the
regulation of cell growth (Baronet al, 1994). Experiments have shown that the
silencing of ID proteins reduces cell proliferatiGdaraet al, 1994; Peveralet al,
1994). Furthermore, the depletion of IDs by silegciresults in the induction of
expression of representative genes involved infpration such as the cyclin-dependent
kinase inhibitors p16 and p21 (Zheegal, 2004; Asirvathanet al, 2007).In chapter 3
it was investigated whether the partial depletidnendogenous I1D1, ID2 and ID3
proteins by RNAIi would affect pol Il transcription vivo. It was demonstrated that the
knock-down of ID proteins by RNAI resulted in dowgulation of the expression of the
5S rRNA, tRNA"Y, tRNA™", 7SL RNA, 7SK RNA, MRP RNA and U6 snRNA pol Il
transcripts in human cells. Furthermore, it wasnshthat the ID2 and ID3 but not ID1
proteins may be involved in the regulation of pdidnscription, since knocking-down
these proteins reduced the levels of the pol Istapt pre-rRNA. The difference in the
regulation of the expression of pre-rRNA betweenpiDteins could be attributed to
differences in the sequences of these memberstolinéD family members share a 69-
78% similarity in their HLH domain, however the tred their sequences are unrelated
(Deedet al, 1994; Nortonet al, 1998). Even a few amino acid changes can play a
crucial role in protein-protein interactions, araewle is the association of ID2 with the
RB protein. ID2 binds directly to RB and the reth{@l07 and p130 pocket proteins
through the HLH domain of ID2 (Lasoreks al, 1996). However, ID1 and ID3 cannot
bind to RB and its related proteins, which sugg#ss a few amino acid changes even
in the homologous HLH domain can be important i $pecificity of these proteins for
RB and possibly pol | factors. In the future it Meblbe interesting to further investigate
these preliminary findings on the regulation of pdranscription by ID proteins, in
order to understand in more detail the role thaséhproteins exert on cell proliferation.
Immunoprecipitation experiments could be carried tw investigate whether ID

proteins intetact with pol | basal transcripiontéas.
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Several cancer types and tumour cell lines oveesepithe ID1 protein. In
particular, ID1 is overexpressed in squamous @ltinoma and small cell lung cancer
cell lines (Langlandst al, 2000; Kamaliaret al, 2008). ID1 has also been found to be
overexpressed in human tumours such as cervicalecaand pancreatic carcinomas
(Schindlet al, 2001; Maruyamaet al, 1999). Evidence for the oncogenic role of 1D2
has been demonstrated in transgenic mice whereessipn of ID2 resulted in the
development of lymphomas (Morrovet al, 1999). Overexpression of ID2 by
adenovirus infection can upregulate the expressfahe tRNA®", 5S rRNA, tRNAY,
MRP RNA, tRNA®" and U6 snRNA pol Ill transcript® vivo in human cells. Studies
have linked ID3 to tumourigenesis as well. ID3 igpressed at high levels in
hepatocellular carcinomas and prostate tumours (resurenet al, 2005; Liet al,
2004).

In order to ensure that the depletion of ID1, ID2@3 by RNAi was specific for
each of these proteins, western blotting was pedr to determine the expression
levels of these proteins. It was shown that upgpledi®n of each ID specifically by
RNAI, the expression levels of their related pnesefemained unaltered. These results
are in agreement with studies where ID1, ID2 or IBincing did not result in
overexpression or suppression of other ID familynbers, and other work establishing
that the knockdown of ID1 protein levels had naeeffon the levels of the related 1D
proteins (Asirvathamet al, 2007; Zhenget al, 2004). Furthermore, it has been
demonstrated that overexpression of ID2 by adensvinfection does not result in
repression or overexpression of the other ID fanmigmbers and the E47 protein
(Rothschildet al, 2006).

To further confirm then vivo effects of knocking-down ID proteins by RNAIi on
pol Il transcription,in vitro transcription was employeth vitro experiments revealed a
reduction in the levels of pol Il transcription @ ID2 was depleted. The results in this
thesis suggest that ID proteins can positivelycffel 1l transcription, and therefore

play a crucial role in the regulation of cell grémt
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6.3 Interactions of ID1, ID2 and ID3 with the pol | I

transcription machinery

ID proteins are known to function by sequesterithtf H proteins, inhibiting
their DNA binding ability, with ID proteins beingnable to bind DNA (Benezret al,
1990). In chapter 4, ChIP experiments demonstrtitatiendogenous ID2 is present at
the promoters of the pol lll-transcribed 5S rRNAdaRNA"®" genes. Furthermore,
overexpression of ID2 by adenovirus infection resiiin strong enrichment of the 1D2
protein at other pol Ill templates, such as 55 rRNENA"Y, 7SL RNA and U6 snRNA.
Interestingly, E47 was present at the same pdfdhscribed genes as ID2, suggesting a
possible recruitment of E47 by ID2. In addition,3Ivas found to localise at the 5S
rRNA, tRNA"Y, tRNA™ and 7SL RNA pol lll-transcribed genes using a U2@Bline
stably expressing this protein. In the same cek,liE47 was also recruited to the
promoters of pol lll templates demonstrated in ¢biEp4 and 5. A possible explanation
for the presence of endogenous ID2 and not ID1IB8don pol Il genes could be that
in the cell lines tested the antibodies used, wknehe not ChIP grade, were unable to
detect ID1 and ID3 convincingly, even though they expressed. From these results, it
can be concluded that ID proteins are present htllpwanscribed genes of promoter
types I, Il and lllin vivoin human cells (Figure 6.2).

Furthermore, scanning ChIP assays indicatedlBatco-localises with TFIIIB
at the promoters of pol Il templates. Studies hal@emonstrated that another
oncoprotein, c-Myc, is able to co-localise with WBI using promoter mapping
experiments (Kennetét al, 2007). The results showed that ID2 and the BFidctor
were present at the start of the gene, rather themend of the gene where TFIIIC and
pol 1l localise. Therefore, these data suggest WflIB and more specifically Brfl
may be involved in the recruitment of ID2 to pdHhanscribed genes. Moreover, in the
HEK 293 cell line where ID2 was overexpressed, #43% also recruited to the promoter
of the pol Ill gene and E47 localises with ID2 ke tbeginning of the gene. These
findings indicate that ID2 might recruit E47 andaitttan ID2-E47 complex may exist,
which localises with TFIIIB at pol 1ll promotersh&€se data are very interesting since
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the HLH ID proteins are shown to localise at DNAdams mentioned earlier, ID
proteins lack a DNA binding domain and the polfttors examined have no HLH
domain.

Since ID proteins are localised at the promotergabfill-transcribed genes they
may be recruited by a specific mechanism. Experimmemploying co-IPs revealed that
ID1, ID2 and ID3 can interact with TFIIIB vivo, results which are in agreement with
the findings from ChIP data. Furthermorm vitro transcription and translation
experiments showed that GST-ID1, GST-ID2, GST-IBET-ID2 HLH and GST-ID2
OHLH fusion proteins interacted with TFIIIB and iragicular Brfl. These results
suggest that ID2 containing the HL#D2-HLH) and ID2 lacking the HLH domain
(ID2-6HLH) might both have binding sites for Brfl, therefod2Imay have more than
two binding domains available for the interactiothwthe Brfl subunit of TFIIIB. The
ID proteins can interact with their target protefeg. E47, MyoD and RB) through their
HLH domain (Murre, 2005; Hasskarl & Minger, 200@the HLH domain of ID2 is at
some point masked by the binding of another protsuch as E47, the amino or
carboxyl domain may be able to interact with BrTherefore, if ID2 and E47 are
localised as a complex together at pol 1l tem@athis may be a mechanism by which
ID2 and possibly other IDs can still exert theindtion by utilising another domain
other than the HLH.

Previous studies have demonstrated that the ovesgsipn of Brfl stimulates
the occupancy of Brfl and pol Il at class Il tdatps, inducing the transcription of 5S
rRNA and tRNA genes (Marshadt al, 2008). Other studies have shown that induction
of Myc resulted in enhanced recruitment of Brfl god Il at 5S rRNA genes (Kenneth
et al, 2007). Furthermore, when wild type and Myc nall fibroblast cell lines were
compared, the occupancy of pol Illl at a tRNA tertghlaas reduced in the cell line in
which the Myc oncogene was knocked-out (Kenredthl, 2007; Ernengt al, 2006).
Also, stimulation of the tumour suppressor p53tted decrease of Brfl recruitment to a
pol Il template (Crightoret al, 2003). The results have shown that in p53 knotkou
MEF cell lines the pol Il occupancy on pol Il tphates was higher than in wild type
cells (Crightonet al, 2003). Interestingly, knockout of ID2 in MEF celtesults in a
decrease in the promoter occupancy of Brfl, E47pmhdll. This suggests that ID2 may
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be involved in the recruitment of Brfl, which thiads to recruitment of pol Il and
stimulation of pol Il transcription. These findimglso reveal a possible role for the
recruitment of E47 by ID2 and the existence of BREKM7 complex that might be
involved in the regulation of pol lll-transcribeémges.

Future experiments will be required to determineethbr increased pol Il
transcription mediated by ID proteins plays a inlencogenesis. The pol Il 7SK RNA
has been implicated in cell transformation and tungenicity by regulating the
expression of the c-Myc oncoprotein (Lebal, 1997). Other studies suggest that the
induction of pol Ill transcription might play a min the transforming effect of c-Myc
(Johnsonet al, 2008). When RNAI was used to deplete Brfl andntabit c-Myc
stimulating pol Il transcription, this compromiséte ability of c-Myc to drive tumour
growth in mice (Johnsoet al, 2008). From these results it might be concludhed the
control by c-Myc and possibly ID proteins of pol denes may present a positive
feedback towards their own expression, in additmaffecting cell growth and cancer
progression. In the future, Q-PCR experiments cddddone in order to precisely
calculate the differences in the levels of poltiéinscripts upon altering the levels of ID
proteins. FACS analysis could be performed to dateg the cell viability and to
measure the percentage of apoptotic cells uponerpezssion or knockdown of ID
proteins. Also, mouse knockouts of ID1, ID2 and I&8ild be created to study pol Il
target gene expression in various mouse tissuesdthtion, tumour samples from
patients showing ID upregulation can be used ireotd study pol Ill target gene

expression.
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B-block

Induction

Figure 6.2: Possible model for the induction of pdlll transcription by the ID

proteins.

Schematic representation of changes to the patdfiscription machinery which might
be occurring in transformed cells due to ID protexpression. Most pol 1l genes have
internal promoters within the transcribed regioflITC (red) binds to the promoter
DNA sequences of tRNA genes. In turn, TFIIC retsulrFIIIB (green) by protein-
protein interactions. TFIIB recruits pol 1l (goldat the transcription initiation site.
Considerable levels of pol Il transcription are im@aned in all cells, such as
untransformed cells. In transformed cells, incrddegels of ID proteins (violet), might
stimulate recruitment of TFIIIB followed by recroiént of pol Il and activation of pol

[l transcription.
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6.4 Suppression of pol Il transcription by E47

The E47 protein has been shown to be involved atgsses such as cellular
growth and apoptosis. Increased or decreased le¥elst7 activity can lead to cell
death, suggesting that lymphocytes can only sur#ivan optimum range of E47
activity (Kim et al, 1999; Engel & Murre, 1999; Pagk al, 1999). Studies using mouse
models have demonstrated that E2A null mice devehatignant T cell lymphomas
(Bainet al, 1997; Yaret al, 1997). Restoring the E47 or E12 activity in celtgained
from E2A-deficient lymphomas led to apoptosis (HngeMurre, 1999). Furthermore,
when E47 was ectopically expressed in human Taceite lymphoblastic leukaemia cell
lines cell cycle progression was inhibited and psagmed cell death was activated
(Parket al, 1999; Quonget al, 2002). Therefore, it is thought that E47 functi@s a
tumour suppressor and its inactivation is a crustap in the development of human
leukaemias (Engel & Murre, 1999; Pagk al, 1999). In chapter 5, it was determined
whether the partial depletion of endogenous E47ldvatfect pol Ill transcription. The
knockdown of E47 by RNAI resulted in upregulatidrtioe expression of the 5S rRNA,
tRNA™Y, tRNA", tRNA tRNA™, 7SL RNA, 7SK RNA, MRP RNA, and U6
SNRNA pol Il transcripts in human celi® vivo (Figure 5.5). Moreover, it was
demonstrated that the E47 protein might be involwedthe regulation of pol |
transcription, since the depletion of E47 indudeel éxpression levels of the pre-rRNA
transcript (Figure 5.5). These data suggest that laBRjht target type |, type Il and type
Il promoters and negatively coordinate the regatatof both pol | and pol Il
transcription. Since components synthesised by pad pol 11l are constituents of the
translational apparatus, it might be a benefictedtegy for the cellular economy to
utilise the same protein to regulate expressionbaisomal proteins. Overexpression of
E47 by adenovirus infection results in downregolanf the expression of the 5S rRNA,
tRNAMY, tRNA™Y, tRNA%® 7SK RNA and MRP RNA pol Il transcripi® vivo in
human cells. These results demonstrate that ovesesipn of E47 reduces pol 1l
transcription, suggesting a mechanism by which iS4fivolved in the regulation of cell
growth.
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6.5 Possible mechanism of repression of pol Il

transcription by E47

E47 proteins have a dual function since they cefivate or repress gene
expression (lkawat al, 2004; Murre, 2005). The AD1 and AD2 domains medihe
transactivation and repression activities of E-@irat. In eukaryotic cells, DNA can be
condensed into nucleosomes which are composedstdénieis. The modification of
histones through acetylation by HATs and deacetyldty HDACSs, can have a positive
or negative effect, respectively, on transcriptibhe modulation of acetylation levels by
activators or repressors which are involved in theruitment of HATs or HDACSs,
respectively, can influence transcriptional acyivithe AD1 domain of E-proteins also
has the capability to repress transcription byuiiclg a family of corepressors known
as ETO (Zhanget al, 2004). There are three known ETO members, ETA)-ETand
MTGR1 (myeloid transforming gene-related proteinvifich are highly related and are
found in the mammalian genome. The ETO family mesmbave been demonstrated to
interact with the nuclear corepressors N-CoR (raraleceptor corepressor) and Sin3A.
Furthermore, the ETO members have the ability tyuie the HDAC1 and HDAC3
complexes in order to modulate chromatin accedsilffhanget al, 2004).

In chapter 5 the repression of pol Il transcoptiby E47 was shown to be
possibly mediated by recruitment of this proteingeme promoters by specific pol I
factors. The mechanism of this suppression, howegerains to be addressed. Since the
expression of a number of E47 target genes is natetlilby histone deacetylation, this
could be a potential mechanism for the regulatibpab Il transcription. Studies have
revealed that chromatin remodelling can affectlpactivity (Tseet al, 1998; Sutcliffe
et al, 2000; Kennettet al, 2007). Therefore, E47 might be involved in therugment
of HDACs to pol lll-transcribed genes. It has belmonstrated that the AML1-ETO
fusion protein interacts with the AD1 domain of E{eins leading to a silencing
mechanism of E-protein target genes (Zhahgl, 2004). This results in recruitment of
HDACSs to target promoters. Other studies have shihah TAL1/SCL interferes with
E47 target genes which are important for cell défgiation and survival. The repression
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is regulated by the recruitment of the mSin3A/HDACdrepressor complex to E47
target promoters (O’Neikt al, 2004). Evidence suggests that ETO and ID family
members have the ability to regulate the activityEsproteins and this occurs in
different ways. ID proteins inhibit the activity dE-proteins, interfering with both
positive and negative regulation by sequesterirmmthHowever, the ETO members
could be recruited to a particular set of genesntmulate transcriptional repression.
Whether E-proteins can recruit HDAC members torttaiget pol Ill genes is an issue
that remains to be addressed.

E47 has been reported to occupy several pol ikg@mmammalian cells (Zheng
et al, 2004; Prabhet al, 1997; Perez-Morenet al, 2001). In chapter 5, ChIP assays
demonstrated that endogenous E47 was present &StiBNA and tRNA™ pol liI-
transcribed geneas vivo in human cells. In addition, the overexpressioiE47¥ revealed
that E47 was strongly enriched at the promoterSfRNA, tRNA®" and 7SL genes.
Furthermore, the use of the U20S cell line staldyressing ID3 showed that E47 was
recruited to the tRNA% and 7SL pol Ill templates. This result represersedndication
that recruitment between E47 and ID proteins mighiccurring at pol lll-transcribed
genes. These results demonstrate that the E47irpristegpresent at several pol 1l
templates of promoter types | and Il and in a nunatbeell lines of human origin.

Moreover, mapping ChIP assays suggested that E&lides with TFIIIB and
TFIIC in vivo at the pol 1l promoter examined. These resulicate that TFIIIB
and/or TFIIC might be involved in the recruitmesft E47 to the promoter of pol lli
templates. Furthermore, using the HEK 293 cell Imevhich E47 was overexpressed,
ID1 and ID2 were also recruited; however, they @malised with TFIIIB at the start of
the gene. These findings indicate that E47 mighinkelved in the recruitment of ID1,
ID2, and possibly other ID family members which &mwn to interact with the E47
protein, to the promoters of pol lll-transcribedhgs.

In chapter 5, experiments were employed to idemidygsible factors that might
be involved in the recruitment of E47 to the proemstof pol lll-transcribed genes. The
results from co-IPs demonstrated that E47 intenadts TFIIIB in vivo, an observation
which is consistent with ChIP data. In additiam,vitro transcription and translation
assays revealed that the GST-E47 fusion proteidsbio the Brfl and TFIIC110
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subunits. However, the above technique cannotndisish between direct or indirect
interactions and thus it is possible that the T&Bubunit may be in a complex together
with another pol Il factor, representing an indirenteraction with the E47 protein.
Therefore, these results suggest that E47 is abiepress pol Ill transcription through a
direct mechanism, since E47 is present at polelthgdlates and is demonstrated to be
recruited to pol lll-transcribed genes, possiblyotlgh protein-protein interactions
(Figure 6.3). Future experiment could include Q-P®@MRich could be performed in
order to precisely calculate the differences in lnels of pol Il transcripts upon
altering the levels of E47 proteins. Furthermor&CE analysis could be done in order
to determine the cell viability and to measure pieecentage of apoptotic cells upon
overexpression or knockdown of E47 proteins. An Evbuse knockout model could be
created to study pol Il target gene expressiowdrious mouse tissues. In addition,
tumour samples from patients showing chromosomahstocations or deletions

affecting E47 can be used in order to study pdiaigjet gene expression.
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Figure 6.3: Possible model for the repression of pdll transcription by E47.

Schematic illustration of effects on the pol Ilatiscription machinery that might be
occurring under growth repression conditions du&4@ protein expression. Most pol
Il genes have internal promoters within the traitsa region, which are recognised by
TFIIC (red). TFIIC binds to the promoter regiorf tRNA genes. TFIIC recruits
TFIIIB (green) by protein-protein interactions. TIBI then recruits pol 11l (gold) at the
transcription start site. Transformation is assedawith increased levels of pol llI
transcription, with several oncoproteins stimulgtpol 11l activity. The restraint on cell
growth may involve the interaction of E47 (aquameyiwith TFIIIB, preventing the

recruitment of pol Il and therefore leading to ptgssion of pol Il transcription.
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6.6 Proposed models of regulation of pol Ill

transcription by the ID and E47 proteins

The findings in this thesis demonstrate that theptbteins are involved in the
induction of pol Il transcription, whereas, E4presses pol Il output. E47 has been
shown to modulate the cellular localisation andrdégtion of ID proteins. Expression
of E47 results in nuclear localisation of ID1, I2ad ID3 proteins (Lingbeckt al,
2005; Matsumurat al, 2002; Deecet al, 1996). Also, the expression of E47 stabilises
ID members leading to an increased half-life ofpidteins (Lingbeclet al, 2005; Deed
et al, 1996). In chapter 5, it is shown that when E471RR2 are overexpressed, this
results in increased enrichment of either prote¢itha promoters of pol lll-transcribed
genes. The expression of E47 was shown to resuéciruitment of ID2, since the ID2
signal observed in the ChIP experiments increasesAd-E47 infected cells.
Furthermore, the knockout of ID2 in MEF cells résuh reduced promoter occupancy
of E47, as shown in chapter 4. In addition, scaqr@hlIP assays showed that upon
expression of E47, the ID1 and ID2 proteins wepgeuiged to the 7SL promoter and co-
localised with TFIIIB. Also, overexpression of ID@sulted in recruitment of E47 to the
above promoter, and both proteins localised witHIlBFat the start of the gene
examined. These findings suggest that the ID antidgdteins might exert their function
on pol Il activity by a regulatory cross talk beten these transcription factors. Future
experiments will be needed to determine the meshaiy which ID and E47 proteins
regulate the expression of pol lll-transcribed genk proposed models of pol I
transcription, the ID proteins act by binding amd|sestering E47 proteins, the ratio of
ID proteins to E47 proteins ultimately determinitige level of ID protein activity.
Studies have shown that the overall effect of IDt@ns on proliferation can be
independent of E-proteins (Asirvathash al, 2007). However, in some cases the E-
proteins can determine the magnitude of the effeateverse the ID-mediated target
expression (Asirvatharmt al, 2007).
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In this thesis, it is demonstrated that both ID &4d proteins are present at the
pol Il templates, however, several possible moft@ishe induction or repression of pol
[l transcription are proposed. ID proteins arewshdo bind to TFIIIB in the absence of
DNA by co-immunoprecipitation anih vitro transcription and translation experiments
(Figure 4.6; Figure 4.8). This might suggest thedre is an initial interaction in the
cytoplasm preceding DNA binding, which may leadthe activation of TFIIIB that
increases its affinity for TFIIC. ID proteins miglactivate TFIIIB by precluding a
TFIlIB/suppressor complex interaction, by competiiog binding sites with pol Il
suppressor proteins RB and p53 (Sutcliéie al, 2000; Crightonet al, 2003). In
addition, the ID members might induce a confornraliachange to the TFIIIB complex
by binding or through a post-translational moditfica by an ID-associated factor (such
as a HAT complex). Moreover, ID proteins might ftioo through sequestration of their
target proteins such as RB, E47 and the ETS fapndieins, leading to the induction of
pol Ill transcription (Figure 6.4). FurthermoreetB47 transcription factor may promote
the translocation of ID proteins to the nucleusfdmyning an E47-ID complex, which
interacts with TFIIIB leading to the repressionpal 11l transcription. However, it is not
known whether an E47-ID complex is present at Haleimplates, or if these proteins
are present separately at different sites of tHellpdranscription complex. Another
model might also involve the E47 protein actingaasolecular switch repressing pol Il
transcription (Figure 6.5). The models proposec lserve as hypotheses of what might
be occurring for the regulation of pol Il trangition by the ID and E47 proteins,
however, different mechanisms may apply. Sequer@hlPs will be required to
determine whether IDs and E47 proteins are presmydther at pol Il templates.
Sequential ChIPs can also be used to investigdhese proteins can be found together
with pol Il at active pol lll-transcribed genesnéckout E47 cell lines would be helpful

to address the possible recruitment of IDs by B4 pd Il promoters.
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Cell cycle progression and cancer

Cytoplasm

6]

Figure 6.4: Possible model of activation of pol Ilitranscription by ID proteins.
Activation of pol Ill transcription by ID proteinthrough sequestration of their target
proteins. In undifferentiated cells large amountsl® proteins translocate from the
cytoplasm to the nucleus where they directly bmdnd inactivate their targets, the E47,
RB and ETS transcription factors (1). ID proteiftsoeind directly to TFIIB (2) which

promotes the recruitment of pol Ill, stimulatingrscription.
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Differentiation and cell cycle arrest

Figure 6.5: Possible models of repression of pollltranscription through

interaction with the pol Il machinery.

Following the activation of differentiation programthe expression of E47 increases.
E47 binds (1) and translocates ID proteins to thdaus (2). The E47-ID complex binds
to TFIIB (3) and inhibits the activation of pollltranscription. E47 (4) and ID (5)
proteins are present individually at different sitg TFIIIB interfering with the pol IlI
machinery, leading to repression of pol Il acigvilD proteins bind to TFIIB (6),
followed by E47 binding to IDs (7). Here, E47 aatsa molecular switch suppressing

pol Il transcription.
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6.7 Possible role of ID and E47 proteins in the
recruitment of HATs and HDACSs to pol lll-transcribe  d

genes

In the 1960s, it was discovered that histone aatbyl levels correlate with gene
activity (Allfrey et al, 1964). Histone acetylation and deacetylatioroistiolled by the
interplay between HATs and HDACs, which modify amatin structure and regulate
transcription. It is thought that HAT activity rd&uin increased gene transcription
through the opening of the chromatin architectyréhle addition of acetyl groups (Yang
& Seto, 2007; Nortoret al, 1990; Leeet al, 1993; Hebbegt al, 1988). In contrast,
HDACs remove acetyl groups and their activity iskéd to the repression of gene
expression through chromatin condensation (Ekw2005; Tauntonet al, 1996;
Rundlettet al, 1996). It has been demonstrated that HATs and E®Associate with
several transcriptional activator and repressottepms, such as c-Myc and MeCP2
(methyl CpG binding protein 2), which leads to tkeeruitment of HATs and HDACs
and results in the regulation of gene expressioerdortset al, 2003; Jone®t al,
1998). c-Myc interacts with HATs such as CBP- an@N5-containing complexes,
which leads to the recruitment of these compleregeine promoters (Vervoorés al,
2003; McMahoret al, 2000). c-Myc has been shown to recruit GCN5 dedcbfactor
TRRAP to pol lll-transcribed genes, which leadshe hyperacetylation of histone H3,
followed by recruitment of pol Il and activatior wanscription (Kennetlet al, 2007).
The ID1 protein has been demonstrated to induceadchigity of the hypoxia-inducible
factor-lo. (HIF-1a) in the breast cancer cell line MCF-7 (Kiet al, 2007). This
enhancement of the transcriptional activity of Hi-by overexpressing ID1 is due to
the recruitment of CBP. However, previous experiteghat have been performed in
order to investigate whether ID proteins interachwiHAT complexes have not shown
an interaction between these proteins (Lasostlial, 1996). A possible mechanism by
which ID proteins may activate pol Il transcripti@could involve the recruitment of
HAT complexes to pol llI-transcribed genes (FigGré). In this model, overexpression
of ID proteins might lead to binding to TFIIIB tagmote the formation of the TFIIIB-
TFIIC interaction. ID proteins could recruit HATomplexes including p300/CBP and
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GCNS5 to pol lli-transcribed genes. The recruitmehthe HAT complexes could then
result in histone acetylation, which may resultearuitment of pol 11l and induction of

pol 1l transcription (Figure 6.6).

Figure 6.6: Possible model for the activation of ddll transcription by ID proteins,
mediated by the recruitment of histone acetylases.

A. tRNA gene with TFIIIC bound in an inactive staBe.Activation of ID proteins leads
to the recruitment of an ID-TFIIIB-HAT complex tbe tRNA promoter, which in turn
leads to the acetylation of histon€x. This is then followed by the recruitment of the

polymerase and the subsequent activation of paddiiscription.
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Future experiments are required to determine whdibg, ID2 and ID3 proteins can
associate with HAT complexes.

The tumour suppressor RB and p53 proteins have 8emonstrated to repress
pol Il transcription by recruiting HDAC complexeas promoters (Brehm & Kouzarides,
1999; Luoet al, 1998; Murphyet al, 1999; Luoet al, 2000). It has been shown that
HDAC function contributes to regulation of pol ilene expression (Sutcliffet al,
2000). However, it has been demonstrated that HRA(Wity is not required for RB
and p53 to repress pol Il transcription (Sutclidgteal, 2000; Crightoret al, 2003). It is
suggested that RB and p53 use an HDAC-independenhanism to regulate pol 1l
transcriptionin vivo. This may be explained by the interaction of RRI g3 with
TFIIIB, which results in inhibiting promoter occupay by TFIIIB (Sutcliffeet al, 2000;
Crightonet al, 2003). Interestingly, E-proteins can functiortrasiscriptional repressors
by recruiting co-repressors such as ETO and mSiZ3anget al, 2004; Kee, 2009).
Also, it has been shown that the E-protein HEBui#eHDAC1 and HDAC3 to its AD1
domain, this AD1 domain is conserved with otherr&t@n family members, including
the E47 protein, suggesting that E47 may also astewith HDAC1 and HDAC3
(Zhanget al, 2004). Experiments in this thesis have shown B¥t represses pol Il
transcription (Figure 5.5; Figure 5.7) and that EdiGalises at pol lll-transcribed genes
(Figure 5.8; Figure 5.9; Figure 5.10; Figure 5.HI)d this repression may be due to the
recruitment of HDAC complexes to pol llI-transcribgenes. In a potential mechanism
the levels of ID proteins decrease during diffeegidn, which then allows E47 to
interact with TFIIIB, since it is not sequestergdID proteins. E47 may recruit HDAC
complexes leading to the repression of pol Il $@iption (Figure 6.7). Therefore, IDs
and E47 proteins might recruit HATs and HDACs resipely, leading to increases or
decreases in localised histone acetylation surriogngol Ill-transcribed genes. The
mechanisms proposed here provide hypotheses foegjudation of pol IlI transcription;
however, different mechanisms may apply as weihstead.

One mechanism by which HAT and HDAC complexes @¢dag responsible for
the patterns of acetylation and regulation of tcapson would be to remain in the
vicinity during replication and reassociate withe tmewly synthesised chromatin

following the passage of the replication fork.
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Figure 6.7: Possible model for the repression of pdll transcription by E47,

mediated by the recruitment of histone deacetylassomplexes.

The levels of ID protein members decrease duriffgréintiation, which correlates with
a reduction of pol Ill transcription. E47 is notdan the control of ID proteins which
results in binding of E47 to TFIlIIB. E47 may theacruit a co-repressor-HDAC

complex leading to the suppression of pol Il transcriptio
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Modification of histones, such as acetytation @& khstone tails, can alter the chromatin
structure by weakening the histone-histone andohesDNA contacts leading to the
opening of chromatin to assist the interaction rahscription complexes with DNA
(Wolffe & Hayes, 1999; Hansest al, 1998). HDACs could be recruited to methylated
DNA through their association with methyl-DNA-bimdj proteins, like MeCP2 and
MBD2 (methyl-CpG binding domain protein 2), and calsiith the DNA methyl
transferase itself (Fukst al, 2000; Ng & Bird, 2000). Furthermore, acetylatestdne
tails form interaction domains for the binding oblecules containing bromodomains
(brm [brahma]-like domains). Bromodomains are pmese HAT and chromatin
remodeling complexes and associate with acetylgtedies (Zeng & Zhou, 2002).
Sequential recruitment of bromodomain-containinggdes and complexes to promoter
regions is important for the regulation of generespion (Agaliotiet al, 2002; Hassan
et al, 2002). Acetylation of histones surrounding therpoters of pol llI-transcribed
genes might form interaction domains on the chromfar bromodomain-containing
complexes to serve as co-activators (Fis@tlal, 2003; Turner, 2000). It has been
shown that the Brgl ATPase, which is a subunit ®VI/SNF (switch/sucrose
nonfermentable) complex and contains a bromodonasagciates with pol 1ll genes
and it may be that histone acetylation can re&itiP-dependent chromatin remodelling
proteins (Sif, 2004).

In addition to regulating gene transcription bgtne modification, HATs and
HDACs can control the function of a wide range obtpins, including transcription
factors (Lee & Workman, 2007). CBP acts as a civaictr for the transcription factor
p53, and acetylates p53 on a lysine residue adjascehe DNA-binding domain (Gu &
Roeder, 1997). This modification enhances DNA-bigdand increases transcriptional
activity of p53 (Luoet al, 2004). p53 has also been shown to interact witiA&1, by
forming a complex with the co-repressor mSin3adileg to the deacetylation of lysine
residues of p53 by HDAC1 (Murphat al, 1999; Luoet al, 2000). As a result, the free
lysine residues are targeted for ubiquitinatioadlag to the degradation of p53 (kb
al., 2002; Rodriguezt al, 2000). The pol Il basal transcription factors IBFITFIIF
and TFIIB3 have been shown to be acetylated, with deacedylasilso occurring

suggesting that this is a reversible catalytic ps3¢ in order to control their functions
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(Choiet al, 2003; Imhofet al, 1997). The ID and E47 proteins might form a caxpl
with TFIIIB, preceding DNA localisation, recruiting ATs or HDACs to acetylate or
deacetylate this complex to regulate TFIIIB acyivituture experiments are required to
investigate this possible mechanism of activatiombibition of TFIIIB by ID or E47
proteins, respectively. Another possibility may that the recruitment of ID-HAT or
E47-HDAC complexes could lead to acetylation orca¢gation of other factors of the

pol Il machinery, resulting in activation or repsgon of transcription.
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6.8 Conclusions

Products of pol Il transcription include the F8NA and tRNAs which play an
important role in the biosynthetic capacity of sedhd subsequently in growth. Work in
this present study demonstrates that the ID1, Il 183 family members, which have
been implicated in the development and progressidomour growth, are involved in
the upregulation of pol Il transcripts. Furthermmpthe results described in this thesis
showed that the E47 protein, a transcription fattought to play a critical role in the
regulation of cell growth and survival, participatén the repression of pol Il
transcription. The ID family members appear to ¢athe TFIIIB factor and specifically
Brfl in order to induce pol Ill activity. Also, E4i8 demonstrated to interact with the
Brfl subunit to downregulate pol Il transcriptioBoth IDs and E47 members are
thought to interact directly with Brfl and appeaidcalise at pol Il genes. The pol Il
transcriptional machinery has been demonstratdektthe target of several oncogenes
and tumour suppressors. Recently, induction of Bd$ been shown to stimulate cell
proliferation and lead to oncogenic transformatibherefore, components of the pol i
machinery could be explored as potential therapdatigets. It will be interesting to
investigate whether the E47 protein functions bieradg the histone code and the
methylation status of pol Ill genes, and whetherpidteins can stimulate transcription
after pol Ill genes become accessible through recemt of chromatin-modifying
factors. Therefore, the ID and E47 protein fundi@ne branching out, adding to their
abilities the control of expression of pol lll-tisoribed genes. Deregulated ID and E47
proteins may utilise a mechanism involving pol ttanscription to affect cancer
progression. Finally, the knowledge concerninglfidranscription should be aimed to

provide therapy to benefit patients.

211



Chapter 7

References

212



Agalioti T, Chen G & Thanos D (2002). Decipherirge ttranscriptional histone
acetylation code for a human ge@ell 111, 381-392.

Akusjarvi G, Mathews MB, Andersson P, Vennstrom BP&ttersson U (1980).
Structure of genes for virus-associated RNAI andARMNf adenovirus type 2.
Proc Natl Acad Sci U S A7, 2424-2428.

Alani RM, Hasskarl J, Grace M, Hernandez MC, Isid& & Minger K (1999).
Immortalization of primary human keratinocytes ke thelix-loop-helix protein,
Id-1. Proc Natl Acad Sci U S 96, 9637-9641.

Allfrey VG, Faulkner R & Mirsky AE (1964). Acetyletn and methylation of
histones and their possible role in the regulatibRNA synthesisProc Natl Acad
SciU S A1, 786-794.

Alzuherri HM & White RJ (1998). Regulation of a TAIbinding protein-
associated factor during cellular differentiatidrBiol Chen273 17166-17171.

Anand G, Yin X, Shahidi AK, Grove L & Prochownik EV1997). Novel
regulation of the helix-loop-helix protein Id1 by5& a subunit of the 26 S
proteasome] Biol Chen272 19140-19151.

Arnold | & Watt FM (2001). c-Myc activation in tragenic mouse epidermis
results in mobilization of stem cells and diffeiatibn of their progenyCurr Biol
11, 558-568.

Aronheim A, Shiran R, Rosen A & Walker MD (1993hel E2A gene product
contains two separable and functionally distinahgcription activation domains.
Proc Natl Acad Sci U S 90, 8063-8067.

Arrebola R, Manaud N, Rozenfeld S, Marsolier MC,fdowre O, Carles C,
Thuriaux P, Conesa C & Sentenac A (1998). Tau9lesmential subunit of yeast

213



10.

11.

12.

13.

14.

15.

16.

17.

transcription factor 1lIC, cooperates with taul38DNA binding. Mol Cell Biol
18, 1-9.

Artavanis-Tsakonas S, Matsuno K & Fortini ME (1998ptch signalingScience
268 225-232.

Asirvatham AJ, Carey JP & Chaudhary J (2007). IDD2-, and ID3-regulated
gene expression in E2A positive or negative prestaincer cellsProstate67,
1411-1420.

Asirvatham AJ, Schmidt MA & Chaudhary J (2006). Nedundant inhibitor of
differentiation (Id) gene expression and functinrhuman prostate epithelial cells.
Prostate66, 921-935.

Asp J, Thornemo M, Inerot S & Lindahl A (1998). Thelix-loop-helix
transcription factors Id1 and Id3 have a functiaieé in control of cell division in
human normal and neoplastic chondrocyEsBS Letd38 85-90.

Aspland SE, Bendall HH & Murre C (2001). The rolé B2A-PBX1 in
leukemogenesi©ncogene&0, 5708-5717.

Atherton GT, Travers H, Deed R & Norton JD (199®egulation of cell
differentiation in C2C12 myoblasts by the Id3 hdbwp-helix protein.Cell
Growth Differ7, 1059-1066.

Azizkhan JC, Jensen DE, Pierce AJ & Wade M (1998)nscription from TATA-
less promoters: dihydrofolate reductase as a m@u#lRev Eukaryot Gene Expr
3, 229-254.

Baer M, Nilsen TW, Costigan C & Altman S (1990)tusture and transcription of
a human gene for H1 RNA, the RNA component of huRBiase PNucleic Acids
Res18, 97-103.

214



18.

19.

20.

21.

22.

23.

24.

25.

Bain G, Cravatt CB, Loomans C, Alberola-lla J, HekirSM & Murre C (2001).
Regulation of the helix-loop-helix proteins, E2Adalil3, by the Ras-ERK MAPK
cascadeNat ImmunoR, 165-171.

Bain G, Engel I, Robanus Maandag EC, te Riele Hianml JR, Sharp LL, Chun
J, Huey B, Pinkel D & Murre C (1997). E2A deficignieads to abnormalities in
alphabeta T-cell development and to rapid developroeT-cell lymphomasMol
Cell Biol 17, 4782-4791.

Bain G, Maandag EC, Izon DJ, Amsen D, Kruisbeek ANgintraub BC, Krop |,
Schlissel MS, Feeney AJ, van Roon M, van der ValkRvle HP, Berns A &
Murre C (1994). E2A proteins are required for propecell development and

initiation of immunoglobulin gene rearrangemef@sll 79, 885-892.

Baker RE, Camier S, Sentenac A & Hall BD (1987)n&esize differentially
affects the binding of yeast transcription facts to two intragenic regionBroc
Natl Acad Sci U S B4, 8768-8772.

Baker SJ, Markowitz S, Fearon ER, Willson JK & Visgein B (1990).
Suppression of human colorectal carcinoma cell grdw wild-type p53Science
249 912-915.

Bannister AJ & Kouzarides T (1996). The CBP coxatbr is a histone
acetyltransferaséature384, 641-643.

Baonza A & Garcia-Bellido A (1999). Dual role oftemacrochaetae in cell
proliferation and cell differentiation during wingorphogenesis in Drosophila.
Mech Dew80, 133-146.

Baonza A, de Celis JF & Garcia-Bellido A (2000). |&enships between
extramacrochaetae and Notch signalling in Drosephiing development.
Developmen127, 2383-2393.

215



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Bardeleben C, Kassavetis GA & Geiduschek EP (19®ncounters of
Saccharomyces cerevisiae RNA polymerase Il wihrdnscription factors during
RNA chain elongation] Mol Biol 235, 1193-1205.

Barndt RJ & Zhuang Y (1999). Controlling lymphopsigwith a combinatorial E-
protein codeCold Spring Harb Symp Quant B, 45-50.

Barone MV, Pepperkok R, Peverali FA & Philipson1994). Id proteins control
growth induction in mammalian cellBroc Natl Acad Sci U S 81, 4985-4988.

Bartholomew B, Kassavetis GA, Braun BR & GeiduscE€k(1990). The subunit
structure of Saccharomyces cerevisiae transcriféictor [[IC probed with a novel
photocrosslinking reagerEMBO J9, 2197-2205.

Bartkiewicz M, Gold H & Altman S (1989). Identifitan and characterization of
an RNA molecule that copurifies with RNase P attiftom Hela cellsGenes
Dev3, 488-499.

Batzer MA & Deininger PL (2002). Alu repeats andrtan genomic diversityNat
Rev GeneB, 370-379.

Baxter GC & Stanners CP (1978). The effect of prnoteegradation on cellular
growth characteristicg. Cell PhysioB6, 139-145.

Benezra R, Davis RL, Lockshon D, Turner DL & Weatb H (1990). The protein
Id: a negative regulator of helix-loop-helix DNAnbiing proteinsCell 61, 49-59.

Benezra R, Henke E, Ciarrocchi A, Ruzinova M, Sdalit Rosen N, Nolan D,
Mittal V & de Candia P (2005). Induction of com@eategressions of oncogene-
induced breast tumors in micgold Spring Harb Symp Quant Big0, 375-381.

Bennett KL, Hill RE, Pietras DF, Woodworth-Gutai Mane-Haas C, Houston
JM, Heath JK & Hastie ND (1984). Most highly rephtlispersed DNA families
in the mouse genompmlol Cell Biol 4, 1561-1571.

216



36.

37.

38.

39.

40.

41.

42.

43.

44,

Berezutskaya E, Yu B, Morozov A, Raychaudhuri P &gBhi S (1997).
Differential regulation of the pocket domains oé ttetinoblastoma family proteins
by the HPV16 E7 oncoprotei@ell Growth Differ8, 1277-1286.

Berg T (2003). Modulation of protein-protein intetians with small organic
moleculesAngew Chem Int Ed EndP, 2462-2481.

Bhat RA & Thimmappaya B (1985). Construction andalgsis of additional
adenovirus substitution mutants confirm the comgetation of VAI RNA
function by two small RNAs encoded by Epstein-Bams. J Virol 56, 750-756.

Biggs J, Murphy EV & Israel MA (1992). A human Iitteé helix-loop-helix
protein expressed during early developmé@&mac Natl Acad Sci U S 89, 1512-
1516.

Bogenhagen DF & Brown DD (1981). Nucleotide segesno Xenopus 5S DNA
required for transcription terminatioBell 24, 261-270.

Bogenhagen DF, Sakonju S & Brown DD (1980). A contegion in the center of
the 5S RNA gene directs specific initiation of sanption: Il. The 3' border of the
region.Cell 19, 27-35.

Bogenhagen DF, Wormington WM & Brown DD (1982). I8&a transcription
complexes of Xenopus 5S RNA genes: a means to anaitite differentiated state.
Cell 28, 413-421.

Bounpheng MA, Dimas JJ, Dodds SG & Christy BA (19p®egradation of Id
proteins by the ubiquitin-proteasome pathw&SEB 1.3, 2257-2264.

Bounpheng MA, Melnikova IN, Dimas JJ & Christy BA999a). Identification of
a novel transcriptional activity of mammalian Icbf@ins.Nucleic Acids Reg&7,
1740-1746.

217



45,

46.

47.

48.

49.

50.

51.

52.

53.

Boyer SN, Wazer DE & Band V (1996). E7 protein ahtan papilloma virus-16
induces degradation of retinoblastoma protein thinothe ubiquitin-proteasome
pathway.Cancer Re$6, 4620-4624.

Bradney C, Hjelmeland M, Komatsu Y, Yoshida M, YB® & Zhuang Y (2003).
Regulation of E2A activities by histone acetyltdf@nases in B lymphocyte
developmentJ Biol Chen278 2370-2376.

Braglia P, Percudani R & Dieci G (2005). Sequenmetext effects on oligo(dT)
termination signal recognition by Saccharomycegvwsiae RNA polymerase Ill.
J Biol Chen?280, 19551-19562.

Braun BR, Bartholomew B, Kassavetis GA & GeiduschER (1992b).
Topography of transcription factor complexes on$laecharomyces cerevisiae 5 S
RNA geneJ Mol Biol 228 1063-1077.

Braun BR, Kassavetis GA & Geiduschek EP (1992a).ndBe of the
Saccharomyces cerevisiae 5S rRNA gene in trangmmifactor complexesl Biol
Chem267, 22562-22569.

Bréant B, Huet J, Sentenac A & Fromageot P (1988plysis of yeast RNA
polymerases with subunit-specific antibodié&iol Chen258 11968-11973.

Brehm A & Kouzarides T (1999). Retinoblastoma piroteeets chromatintrends
Biochem Sc?4, 142-145.

Briggs MR, Kadonaga JT, Bell SP & Tjian R (1986)riRcation and biochemical
characterization of the promoter-specific trandavipfactor, Sp1Science234, 47-
52.

Britten RJ (1994). Evolutionary selection againkbrmge in many Alu repeat
sequences interspersed through primate genomes. Natl Acad Sci U S A1,
5992-5996.

218



54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Brooks RF (1997). Continuous protein synthesis dquired to maintain the
probability of entry into S phas€ell 12, 311-317.

Brow DA & Guthrie C (1990). Transcription of a ye&# snRNA gene requires a

polymerase Il promoter element in a novel positiBanes De, 1345-1356.

Buhler JM, Huet J, Davies KE, Sentenac A & Fromadre(1980). Immunological
studies of yeast nuclear RNA polymerases at thersubevel.J Biol Chem255
9949-9954.

Bustin SA, Benes V, Nolan T & Pfafft MW (2005). uidative real-time RT-
PCR a perspectivd.Mol Endocrinol34, 597-601.

Cabart P & Murphy S (2001). BRFU, a TFIIB-like factis directly recruited to
the TATA-box of polymerase Ill small nuclear RNAmgepromoters through its
interaction with TATA-binding protein] Biol Chen76, 43056-43064.

Cairns CA & White RJ (1998). p53 is a general repoe of RNA polymerase Il
transcriptionEMBO J17, 3112-3123.

Cao Y, Liu X, Zhang W, Deng X, Zhang H, Liu Y, Ché&n Thompson EA,
Townsend CM Jr & Ko TC (2009). TGF-beta repressibid2 induces apoptosis
in gut epithelial cellsOncogen&8, 1089-1098.

Chakraborty T, Brennan TJ, Li L, Edmondson D & @IdeN (1991). Inefficient
homooligomerization contributes to the dependericaymgenin on E2A products
for efficient DNA binding.Mol Cell Biol 11, 3633-3641.

Chang DD & Clayton DA (1987). A mammalian mitochaatl RNA processing
activity contains nucleus-encoded RN&cience235 1178-1184.

Chang DD & Clayton DA (1989). Mouse RNAase MRP RIMAencoded by a
nuclear gene and contains a decamer sequence coemidy to a conserved
region of mitochondrial RNA substra&ell 56, 131-139.

219



64.

65.

66.

67.

68.

69.

70.

71.

72.

Chédin S, Ferri ML, Peyroche G, Andrau JC, Jourd@ihefebvre O, Werner M,
Carles C & Sentenac A (1998). The yeast RNA polgserlll transcription
machinery: a paradigm for eukaryotic gene activat©old Spring Harb Symp
Quant Biol63, 381-389.

Chellappan S, Kraus VB, Kroger B, Munger K, Howkiy, Phelps WC & Nevins

JR (1992). Adenovirus E1A, simian virus 40 tumortigen, and human

papillomavirus E7 protein share the capacity taugis the interaction between
transcription factor E2F and the retinoblastomaegeroduct.Proc Natl Acad Sci

U S A89, 4549-4553.

Chen W, Bocker W, Brosius J & Tiedge H (1997b). Eession of neural BC200
RNA in human tumours] Pathol183 345-351.

Chen W, Heierhorst J, Brosius J & Tiedge H (199Expression of neural BC1
RNA: induction in murine tumour&ur J Cancei33, 288-292.

Chen ZJ, Parent L & Maniatis T (1996). Site-specifphosphorylation of
IkappaBalpha by a novel ubiquitination-dependentgin kinase activityCell 84,
853-862.

Choi CH, Hiromura M & Usheva A (2003). Transcriptidactor IIB acetylates
itself to regulate transcriptioNature424, 965-969.

Chowdary DR, Dermody JJ, Jha KK & Ozer HL (1994¢cAmulation of p53 in a
mutant cell line defective in the ubiquitin pathwol Cell Biol 14, 1997-2003.

Christy BA, Sanders LK, Lau LF, Copeland NG, JeskNA & Nathans D (1991).
An Id-related helix-loop-helix protein encoded bgrwth factor-inducible gene.
Proc Natl Acad Sci U S 88, 1815-1819.

Chu WM, Wang Z, Roeder RG & Schmid CW (1997). RNAlymerase llI
transcription repressed by Rb through its intecatiwith TFIIIB and TFIIC2.J
Biol Chem272 14755-14761.

220



73.

74.

75.

76.

77.

78.

79.

80.

81.

Ciarmatori S, Scott PH, Sutcliffe JE, McLees A, éterri HM, Dannenberg JH, te
Riele H, Grummt I, Voit R & White RJ (2001). Overfaing functions of the pRb
family in the regulation of rRNA synthesiglol Cell Biol 21, 5806-5814.

Ciliberto G, Raugei G, Costanzo F, Dente L & Caté&s (1983). Common and
interchangeable elements in the promoters of gemagscribed by RNA
polymerase IlICell 32, 725-733.

Clarke EM, Peterson CL, Brainard AV & Riggs DL (B)9Regulation of the
RNA polymerase | and Il transcription systemseasponse to growth conditions.
J Biol Chen271, 22189-22195.

Clayton DA (2001). Molecular biology: A big develoent for a small RNA.
Nature410, 29-31.

Colbert T, Lee S, Schimmack G & Hahn S (1998). Aettture of protein and
DNA contacts within the TFIIIB-DNA complexMol Cell Biol 18, 1682-1691.

Conlon TM & Meyer KB (2004). Cloning and functioneharacterisation of avian
transcription factor E2ABMC Immunob, 11.

Cormack BP & Struhl K (1992). The TATA-binding peot is required for
transcription by all three nuclear RNA polymeraseyeast cellsCell 69, 685-
696.

Crighton D, Woiwode A, Zhang C, Mandavia N, Mortd, Warnock LJ, Milner
J, White RJ & Johnson DL (2003). p53 represses Rhlgmerase Il transcription
by targeting TBP and inhibiting promoter occupargy TFIIIB. EMBO J 22,
2810-2820.

Daly NL, Arvanitis DA, Fairley JA, Gomez-Roman N,odon JP, Graham SV,
Spandidos DA & White RJ (2005). Deregulation of RN#olymerase Il
transcription in cervical epithelium in responséhigh-risk human papillomavirus.
Oncogene4, 880-888.

221



82.

83.

84.

85.

86.

87.

88.

89.

Damdinsuren B, Nagano H, Kondo M, Yamamoto H, Hiea®, Yamamoto T,
Marubashi S, Miyamoto A, Umeshita K, Dono K, Nakair® Wakasa K, Sakon
M & Monden M (2005). Expression of Id proteins imrhan hepatocellular

carcinoma: relevance to tumor dedifferentiationn.J Oncol26, 319-327.

Dang CV (1999). c-Myc target genes involved in aglbwth, apoptosis, and
metabolismMol Cell Biol 19, 1-11.

Deed RW, Armitage S & Norton JD (1996). Nucleardlxation and regulation of
Id protein through an E protein-mediated chapermeehanismJ Biol Chen271,
23603-23606.

Deed RW, Bianchi SM, Atherton GT, Johnston D, Sartez-Koref M, Murphy JJ
& Norton JD (1993). An immediate early human genecgles an Id-like helix-
loop-helix protein and is regulated by protein ki@aC activation in diverse cell
types.Oncogene3, 599-607.

Deed RW, Hara E, Atherton GT, Peters G & Norton(1897). Regulation of 1d3
cell cycle function by Cdk-2-dependent phosphorgtatMol Cell Biol 17, 6815-
6821.

Deed RW, Hirose T, Mitchell EL, Santibanez-Koref MFNorton JD (1994).
Structural organisation and chromosomal mappinthefhuman 1d-3 gen&ene
151, 309-314.

Deed RW, Jasiok M & Norton JD (1998). Lymphoid-gpie@xpression of the 1d3
gene in hematopoietic cells. Selective antagonisrB2A basic helix-loop-helix
protein associated with 1d3-induced differentiatafrerythroleukemia cellsl Biol
Chem273 8278-8286.

Deprez E, Arrebola R, Conesa C & Sentenac A (199%ubunit of yeast TFIIIC
participates in the recruitment of TATA-binding peim. Mol Cell Biol 19, 8042-
8051.

222



90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Desai N, Lee J, Upadhya R, Chu Y, Moir RD & Willigl (2005). Two steps in
Mafl-dependent repression of transcription by RNymerase 111.J Biol Chem
280, 6455-6462.

Desprez PY, Hara E, Bissell MJ & Campisi J (19%)ppression of mammary
epithelial cell differentiation by the helix-loopelx protein 1d-1.Mol Cell Biol 15,
3398-3404.

Desprez PY, Lin CQ, Thomasset N, Sympson CJ, Bisselk Campisi J (1998).
A novel pathway for mammary epithelial cell invasimduced by the helix-loop-
helix protein 1d-1 Mol Cell Biol 18, 4577-4588.

Dieci G & Sentenac A (1996). Facilitated recyclipgthway for RNA polymerase
[ll. Cell 84, 245-252.

Diehl JA, Zindy F & Sherr CJ (1997). Inhibition oyclin D1 phosphorylation on
threonine-286 prevents its rapid degradation wautiquitin-proteasome pathway.
Genes Delll, 957-972.

Diller L, Kassel J, Nelson CE, Gryka MA, Litwak Gebhardt M, Bressac B,
Ozturk M, Baker SJ & Vogelstein B (1990). p53 fuaos as a cell cycle control
protein in osteosarcomadol Cell Biol 10, 5772-5781.

Doudna JA & Rath VL (2002). Structure and functadrthe eukaryotic ribosome:
the next frontierCell 109 153-156.

Downward J (2003). Targeting Ras signalling patrsvaycancer therapat Rev
Cancer3, 11-22.

Dumay-Odelot H, Acker J, Arrebola R, Sentenac A &rbk C (2002). Multiple
roles of the taul31 subunit of yeast transcripfactor [[IC (TFIIC) in TFIIIB
assemblyMol Cell Biol 22, 298-308.

Dumay-Odelot H, Marck C, Durrieu-Gaillard S, LefebvO, Jourdain S,
Prochazkova M, Pflieger A & Teichmann M (2007). dtlécation, molecular

223



100.

101.

102.

103.

104.

105.

106.

107.

cloning, and characterization of the sixth subuwfithuman transcription factor
TFIIC. J Biol Chen82 17179-17189.

Eckner R, Yao TP, Oldread E & Livingston DM (1998jteraction and functional
collaboration of p300/CBP and bHLH proteins in niascand B-cell
differentiation.Genes Dexl0, 2478-2490.

Ekwall K (2005). Genome-wide analysis of HDAC fupnat Trends GeneRl,
608-615.

Ellenberger T, Fass D, Arnaud M & Harrison SC (199rystal structure of
transcription factor E47: E-box recognition by asibaregion helix-loop-helix
dimer.Genes De®, 970-980.

Ellis HM, Spann DR & Posakony JW (1990). Extramabiaetae, a negative
regulator of sensory organ development in Drosephdlefines a new class of

helix-loop-helix proteinsCell 61, 27-38.

Emami KH, Nguyen C, Ma H, Kim DH, Jeong KW, Egudhi Moon RT, Teo JL,
Kim HY, Moon SH, Ha JR & Kahn M (2004). A small neclule inhibitor of beta-
catenin/CREB-binding protein transcriptioRroc Natl Acad Sci U S AO0],
12682-12687.

Engel | & Murre C (1999). Ectopic expression of Egf7E12 promotes the death
of E2A-deficient lymphomag?roc Natl Acad Sci U S 96, 996-1001.

Engelke DR, Ng SY, Shastry BS & Roeder RG (198@gcHic interaction of a
purified transcription factor with an internal cositregion of 5S RNA gene€ell
19, 717-728.

Ernens |, Goodfellow SJ, Innes F, Kenneth NS, BrihE, White RJ & Scott PH
(2006). Hypoxic stress suppresses RNA polymeraseedruitment and tRNA
gene transcription in cardiomyocyt®iucleic Acids Re34, 286-294.

224



108.

109.

110.

111.

112.

113.

114.

115.

Fabrizio P, Coppo A, Fruscoloni P, Benedetti PSBgni G & Tocchini-Valentini
GP (1987). Comparative mutational analysis of wyijde and stretched
tRNA3(Leu) gene promoterBroc Natl Acad Sci U S 84, 8763-8767.

Fairman R, Beran-Steed RK, Anthony-Cahill SJ, Ldar, Stafford WF 3rd,
DeGrado WF, Benfield PA & Brenner SL (1993). Mulkipoligomeric states
regulate the DNA binding of helix-loop-helix pepg®l Proc Natl Acad Sci U S A
90, 10429-10433.

Fajerman |, Schwartz AL & Ciechanover A (2004). Eastation of the Id2
developmental regulator: targeting via N-terminailquitination.Biochem Biophys
Res CommuB14, 505-512.

Felton-Edkins ZA & White RJ (2002). Multiple mechsms contribute to the
activation of RNA polymerase Il transcription inells transformed by
papovaviruses] Biol Chen277, 48182-48191.

Felton-Edkins ZA, Fairley JA, Graham EL, Johnstbdh Mhite RJ & Scott PH
(2003b). The mitogen-activated protein (MAP) kinaB®K induces tRNA
synthesis by phosphorylating TFIHIBEMBO J22, 2422-2432.

Felton-Edkins ZA, Kenneth NS, Brown TR, Daly NL, @ez-Roman N, Grandori
C, Eisenman RN & White RJ (2003a). Direct regulatad RNA polymerase llI
transcription by RB, p53 and c-MyCell Cycle2, 181-184.

Felton-Edkins ZA, Kondrashov A, Karali D, Fairlexx,JDawson CW, Arrand JR,
Young LS & White RJ (2006). Epstein-Barr virus icgs cellular transcription
factors to allow active expression of EBER gene®RblA polymerase 111J Biol
Chem281, 33871-33880.

Ferrari R & Dieci G (2008). The transcription reiaiion properties of RNA
polymerase Il in the absence of transcriptiondestCell Mol Biol Lett13, 112-
118.

225



116.

117.

118.

119.

120.

121.

122.

123.

124.

Ferri ML, Peyroche G, Siaut M, Lefebvre O, CarlesGonesa C & Sentenac A
(2000). A novel subunit of yeast RNA polymeraseititeracts with the TFIIB-
related domain of TFIIIB70Mol Cell Biol 20, 488-495.

Firestein R & Feuerstein N (1998). Association cfivaating transcription factor 2
(ATF2) with the ubiquitin-conjugating enzyme hUBC®nplication of the
ubiquitin/proteasome pathway in regulation of ATIRZT cells.J Biol Chem273
5892-5902.

Fischle W, Wang Y & Allis CD (2003). Histone andraematin cross-talkCurr
Opin Cell Biol 15, 172-183.

Fong S, Debs RJ & Desprez PY (2004). Id genes avtéips as promising targets
in cancer therapylrends Mol Med0, 387-392.

Fong S, ltahana Y, Sumida T, Singh J, Coppe JPYLRichards PC, Bennington
JL, Lee NM, Debs RJ & Desprez PY (2003). Id-1 asaecular target in therapy
for breast cancer cell invasion and metastd®isc Natl Acad Sci U S AOQ,
13543-13548.

Francis MA & Rajbhandary UL (1990). Expression dadction of a human
initiator tRNA gene in the yeast Saccharomyces wsiee. Mol Cell Biol 10,
4486-4494.

Fuks F, Burgers WA, Brehm A, Hughes-Davies L & Kardes T (2000). DNA
methyltransferase Dnmtl associates with histonealglase activityNat Genet
24, 88-91.

Fukuma M, Okita H, Hata J & Umezawa A (2003). Updagon of Id2, an
oncogenic helix-loop-helix protein, is mediatedtbg chimeric EWS/ets protein in
Ewing sarcomaOncogene&?2, 1-9.

Gage JR, Meyers C & Wettstein FO (1990). The ETgime of the nononcogenic
human papillomavirus type 6b (HPV-6b) and of theagenic HPV-16 differ in
retinoblastoma protein binding and other propertlégirol 64, 723-730.

226



125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Garcia-Alonso LA & Garcia-Bellido A (1988). Extrantachaetae a trans-acting
gene of the achaete-scute complex of Drosophilalwed in cell communication.
Roux's Arch. Dev. Bidl97, 328-338.

Garrell J & Modolell J (1990). The Drosophila extr@crochaetae locus, an
antagonist of proneural genes that, like these gjemecodes a helix-loop-helix
protein.Cell 61, 39-48.

Geiduschek EP & Kassavetis GA (2001). The RNA pa@sase Il transcription
apparatus) Mol Biol 310, 1-26.

Gille H, Sharrocks AD & Shaw PE (1992). Phosphdrgtaof transcription factor
p62TCF by MAP kinase stimulates ternary complexnfation at c-fos promoter.
Nature358 414-417.

Ginsberg AM, King BO & Roeder RG (1984). Xenopus &he transcription
factor, TFIIA: characterization of a cDNA clonecameasurement of RNA levels
throughout developmentell 39, 479-489.

Gomez-Roman N, Grandori C, Eisenman RN & White Z0D8). Direct activation
of RNA polymerase Il transcription by c-Myblature421, 290-294.

Goodenbour JM & Pan T (2006). Diversity of tRNA gerin eukaryoteNucleic
Acids Re$4, 6137-6146.

Goodfellow SJ & White RJ (2007). Regulation of RNpolymerase Il
transcription during mammalian cell grow@ell Cycle6, 2323-2326.

Goodfellow SJ, Graham EL, Kantidakis T, MarshallQgppins BA, Oficjalska
Pham D, Geérard M, Lefebvre O & White RJ (2008). Ration of RNA
polymerase Il transcription by Mafl in mammaliaglls. J Mol Biol 378 481-
491.

Gorlich D & Kutay U (1999). Transport between thell cnucleus and the
cytoplasmAnnu Rev Cell Dev Bidl5, 607-660.

227



135.

136.

137.

138.

139.

140.

141.

142.

143.

Gottesfeld JM, Johnson DL & Nyborg JK (1996). Tramgional activation of
RNA polymerase lll-dependent genes by the humaellTleukemia virus type 1
tax proteinMol Cell Biol 16, 1777-1785.

Grandori C, Gomez-Roman N, Felton-Edkins ZA, Ngaie@, Galloway DA,
Eisenman RN & White RJ (2005). c-Myc binds to hunmdmosomal DNA and
stimulates transcription of rRNA genes by RNA poémase I.Nat Cell Biol 7,
311-318.

Grant PA, Schieltz D, Pray-Grant MG, Steger DJ, &eeéC, Yates JR 3rd &
Workman JL (1998a). A subset of TAF(Il)s are inl@gromponents of the SAGA
complex required for nucleosome acetylation andsegeptional stimulationCell
94, 45-53.

Grant PA, Schieltz D, Pray-Grant MG, Yates JR 3riv&@rkman JL (1998b). The
ATM-related cofactor Tral is a component of theifjed SAGA complex.Mol
Cell 2, 863-867.

Grummt | (2003). Life on a planet of its own: regidbn of RNA polymerase |
transcription in the nucleolu&enes De7, 1691-1702.

Gu W & Roeder RG (1997). Activation of p53 sequespecific DNA binding by
acetylation of the p53 C-terminal doma@ell 90, 595-606.

Guddat U, Bakken AH & Pieler T (1990). Protein-negdd nuclear export of
RNA: 5S rRNA containing small RNPs in xenopus oesyCell 60, 619-628.

Haas AL & Siepmann TJ (1997). Pathways of ubiquitnjugation FASEB J11,
1257-1268.

Hacker C, Kirsch RD, Ju XS, Hieronymus T, Gust Kohl C, Jorgas T, Kurz
SM, Rose-John S, Yokota Y & Zenke M (2003). Traipmnal profiling
identifies 1d2 function in dendritic cell developnteNat Immunol, 380-386.

228



144,

145.

146.

147.

148.

149.

150.

151.

152.

153.

Hansen JC, Tse C & Wolffe AP (1998). Structure amdttion of the core histone
N-termini: more than meets the efgochemistry37, 17637-17641.

Hara E, Hall M & Peters G (1997). Cdk2-dependentspihorylation of 1d2
modulates activity of E2A-related transcriptionttas. EMBO J16, 332-342.

Hara E, Yamaguchi T, Nojima H, Ide T, Campisi Ja@kma H & Oda K (1994).
Id-related genes encoding helix-loop-helix proteins required for G1 progression
and are repressed in senescent human fibroblaBtsel Chen269, 2139-2145.

Harbour JW (1998). Overview of RB gene mutations patients with
retinoblastoma. Implications for clinical geneticreening.Ophthalmology105
1442-1447.

Harbour JW, Luo RX, Dei Santi A, Postigo AA & DeddC (1999). Cdk
phosphorylation triggers sequential intramolecutderactions that progressively
block Rb functions as cells move through Gll 98, 859-869.

Hasler J & Strub K (2006). Alu RNP and Alu RNA régfe translation initiation
in vitro. Nucleic Acids Re34, 2374-2385.

Hassan AH, Prochasson P, Neely KE, Galasinski $an@y M, Carrozza MJ &
Workman JL (2002). Function and selectivity of bomlomains in anchoring

chromatin-modifying complexes to promoter nucleossr@ell 111, 369-379.

Hasskarl J & Minger K (2002). Id proteins--tumorrk@s or oncogenesZancer
Biol Therl, 91-96.

Hata K & Mizuguchi J (2004). Genomic organizatiamdacharacterization of the
promoter for the E2A gen&ene325 53-61.

Hebbes TR, Thorne AW & Crane-Robinson C (1988).ikd link between core
histone acetylation and transcriptionally activeothatin.EMBO J7, 1395-402.

229



154.

155.

156.

157.

158.

159.

160.

161.

Heikkila R, Schwab G, Wickstrom E, Loke SL, Pluzidk, Watt R & Neckers
LM (1987). A c-myc antisense oligodeoxynucleotid@ibits entry into S phase
but not progress from GO to Glature328, 445-449.

Henke E, Perk J, Vider J, de Candia P, Chin Y,t$#, Ponomarev V, Cartegni
L, Manova K, Rosen N & Benezra R (2008). Peptidepogated antisense
oligonucleotides for targeted inhibition of a trangtional regulator in vivoNat
Biotechnol26, 91-100.

Henry RW, Ma B, Sadowski CL, Kobayashi R & Hernandié (1996). Cloning
and characterization of SNAP50, a subunit of th&NA-activating protein
complex SNAPCcEMBO J15, 7129-7136.

Henthorn P, Kiledjian M & Kadesch T (1990). Two tehst transcription factors
that bind the immunoglobulin enhancer microE5/kappaotif. Science247, 467-
470.

Henthorn PS, Stewart CC, Kadesch T & Puck JM (199he gene encoding
human TFE3, a transcription factor that binds ttmenunoglobulin heavy-chain
enhancer, maps to Xpl11.22. The gene encoding hufk&8, a transcription
factor that binds the immunoglobulin heavy-chairharcer, maps to Xpl1.22.
Genomicsl1, 374-378.

Hernandez N (1993). TBP, a universal eukaryotindcaption factortGenes Dev
7, 1291-1308.

Hernandez N (2001). Small nuclear RNA genes: a inggstem to study
fundamental mechanisms of transcriptidiBiol Chen76 26733-26736.

Hernandez-Vargas H, Ballestar E, Carmona-Saez R, Kobbe C, Bafion-
Rodriguez |, Esteller M, Moreno-Bueno G & Palacib$2006). Transcriptional
profiling of MCF7 breast cancer cells in responsétFluorouracil: relationship
with cell cycle changes and apoptosis, and ideatitbon of novel targets of p53.
Int J Cancerl19 1164-1175.

230



162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

Herr AJ, Jensen MB, Dalmay T & Baulcombe DC (200%NA polymerase IV
directs silencing of endogenous DN3cience808 118-120.

Herr W & Cleary MA (1995). The POU domain: versatilin transcriptional
regulation by a flexible two-in-one DNA-binding dam. Genes Dew9, 1679-
1693.

Hirsch HA, Gu L & Henry RW (2000). The retinoblasta tumor suppressor
protein targets distinct general transcriptiondesto regulate RNA polymerase Il
gene expressiomMol Cell Biol 20, 9182-9191.

Hochstrasser M & Varshavsky A (1990). In vivo defsion of a transcriptional
regulator: the yeast alpha 2 repres€®il 61, 697-708.

Hockman DJ & Schultz MC (1996). Casein kinase lIreguired for efficient
transcription by RNA polymerase IIMol Cell Biol16, 892-898.

Hoeffler WK & Roeder RG (1985). Enhancement of RNlymerase Il
transcription by the E1A gene product of adenovi@edl 41, 955-963.

Hoeffler WK, Kovelman R & Roeder RG (1988). Actiiat of transcription factor
[IIC by the adenovirus E1A protei@ell 53, 907-920.

Hollstein M, Rice K, Greenblatt MS, Soussi T, FuéhsSorlie T, Hovig E, Smith-
Sorensen B, Montesano R & Harris CC (1994). Dawmlsp53 gene somatic

mutations in human tumors and cell linKsicleic Acids Re&2, 3551-3555.

Hollstein M, Sidransky D, Vogelstein B & Harris G@991). p53 mutations in

human cancer$cience253, 49-53.

Honda H, Inaba T, Suzuki T, Oda H, Ebihara Y, TidGjjNakahata T, Ishikawa T,
Yazaki Y & Hirai H (1999). Expression of E2A-HLF icheric protein induced T-
cell apoptosis, B-cell maturation arrest, and dgwelent of acute lymphoblastic
leukemia.Blood 93, 2780-2790.

231



172.

173.

174.

175.

176.

177.

178.

179.

Hsieh YJ, Kundu TK, Wang Z, Kovelman R & Roeder RO99b). The TFIIIC90
subunit of TFIIC interacts with multiple componsrdf the RNA polymerase llI
machinery and contains a histone-specific acetyfexase activityMol Cell Biol
19, 7697-7704.

Hsieh YJ, Wang Z, Kovelman R & Roeder RG (1999a)jonftg and
characterization of two evolutionarily conservedbwuits (TFIIC102 and
TFIIC63) of human TFIIIC and their involvement fanctional interactions with
TFIIB and RNA polymerase [lIMol Cell Biol 19, 4944-4952.

Hu P, Wu S & Hernandez N (2003). A minimal RNA polgrase lll transcription
system from human cells reveals positive and negaggulatory roles for CK2.
Mol Cell 12, 699-709.

Huang HJ, Yee JK, Shew JY, Chen PL, Bookstein RdRtann T, Lee EY & Lee
WH (1988). Suppression of the neoplastic phenotypeeplacement of the RB
gene in human cancer celcience242 1563-1566.

Huang LE, Gu J, Schau M & Bunn HF (1998). Regulatid hypoxia-inducible
factor lalpha is mediated by an O2-dependent dagoad domain via the
ubiquitin-proteasome pathwaigroc Natl Acad Sci U S 95, 7987-7992.

Huang Y & Maraia RJ (2001). Comparison of the RNAlymerase |li
transcription machinery in Schizosaccharomyces momisaccharomyces
cerevisiae and humaNucleic Acids Re®9, 2675-2690.

Huang Y, Hamada M & Maraia RJ (2000). Isolation atwhing of four subunits
of a fission yeast TFIIIC complex that includes artholog of the human
regulatory protein TFIlICbetal Biol Chen75 31480-31487.

Huggins GS, Chin MT, Sibinga NE, Lee SL, Haber EL&e ME (1999).
Characterization of the mUBC9-binding sites recquirdor E2A protein
degradationJ Biol Chen274, 28690-28696.

232



180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

Hunter T & Pines J (1994). Cyclins and cancerClclin D and CDK inhibitors
come of ageCell 79, 573-582.

lavarone A & Lasorella A (2004). Id proteins in n@lucancerCancer Lett204,
189-196.

lavarone A, Garg P, Lasorella A, Hsu J & Israel NI®94). The helix-loop-helix
protein Id-2 enhances cell proliferation and bitdshe retinoblastoma protein.
Genes De®, 1270-1284.

Imhof A, Yang XJ, Ogryzko VV, Nakatani Y, Wolffe AR Ge H (1997).
Acetylation of general transcription factors bytbre acetyltransferase&sSurr Biol
7, 689-692.

Inaba T, Roberts WM, Shapiro LH, Jolly KW, Raimor®C, Smith SD & Look
AT (1992). Fusion of the leucine zipper gene HLF® E2A gene in human acute
B-lineage leukemiaScience257, 531-534.

Inoue T, Shoji W & Obinata M (1999). MIDAL, an Iésociating protein, has two
distinct DNA binding activities that are convertby the association with Id1: a
novel function of Id proteirBiochem Biophys Res Comn286, 147-151.

International Human Genome Sequencing Consortid@1R Initial sequencing

and analysis of the human genorNature409, 860-921.

International Human Genome Sequencing ConsortiuB04R Finishing the

euchromatic sequence of the human genda&ure431, 931-945.

Ishiguro A, Kassavetis GA & Geiduschek EP (2003sdntial roles of Bdpl, a
subunit of RNA polymerase Il initiation factor TIB, in transcription and tRNA
processingMol Cell Biol 22, 3264-3275.

Israel MA, Hernandez MC, Florio M, Andres-Barquid, Rlantani A, Carter JH &
Julin CM (1999). Id gene expression as a key mediaf tumor cell biology.
Cancer Re$9, 1726-1730.

233



190.

191.

192.

193.

194.

195.

196.

197.

Ito A, Kawaguchi Y, Lai CH, Kovacs JJ, Higashimoto Appella E & Yao TP
(2002). MDM2-HDAC1-mediated deacetylation of p53 iequired for its
degradationEMBO J21, 6236-6245.

Jackson AL, Bartz SR, Schelter J, Kobayashi SVcBard J, Mao M, Li B, Cavet
G & Linsley PS (2003). Expression profiling reveaf§target gene regulation by
RNAI. Nat BiotechnoP1, 635-637.

Jackson AL, Burchard J, Schelter J, Chau BN, Cl@ayyLim L & Linsley PS
(2006). Widespread siRNA "off-target” transcripteacing mediated by seed
region sequence complementar®NA12, 1179-1187.

Jacobs Y, Xin XQ, Dorshkind K & Nelson C (1994) nHe2A expression precedes
immunoglobulin  heavy-chain expression during B Iymopoiesis in
nontransformed cells, and Pan/E2A proteins aredatcted in myeloid cell$/ol
Cell Biol 14, 4087-4096.

Jahn D, Wingender E & Seifart KH (1987). Transeaptcomplexes for various
class Ill genes differ in parameters of formatiom atability towards saltl Mol
Biol 193 303-313.

Jan YN & Jan LY (1993). HLH proteins, fly neurogsise and vertebrate
myogenesisCell 75:827-830.

Jelinek WR, Toomey TP, Leinwand L, Duncan CH, BRé&, Choudary PV,
Weissman SM, Rubin CM, Houck CM, Deininger PL & 8std CW (1980).
Ubiquitous, interspersed repeated sequences in rahamgenomesProc Natl
Acad Sci U S A7, 1398-1402.

Jen Y, Weintraub H & Benezra R (1992). Overexpaessif Id protein inhibits the
muscle differentiation program: in vivo associataffid with E2A proteinsGenes
Dev6, 1466-1479.

234



198.

199.

200.

201.

202.

203.

204.

205.

206.

Johnson LF, Abelson HT, Green H & Penman S (19Thanges in RNA in
relation to growth of the fibroblast. Amounts of MR, rRNA and tRNA in
resting and growing cell€ell 1, 95-100.

Johnson SA, Dubeau L & Johnson DL (2008). EnhariRBé\ polymerase IlI-
dependent transcription is required for oncogemingformationJ Biol Chen283
19184-19191.

Johnson SA, Dubeau L, Kawalek M, Dervan A, Schdntid, Dang CV &
Johnson DL (2003). Increased expression of TATAdmg protein, the central
transcription factor, can contribute to oncogendd Cell Biol 23, 3043-3051.

Johnson SS, Zhang C, Fromm J, Willis IM & Johnsdn (R007). Mammalian
Mafl is a negative regulator of transcription byl #hree nuclear RNA
polymerasesMol Cell 26, 367-379.

Johnston IM, Allison SJ, Morton JP, Schramm L, $&3# & White RJ (2002).
CK2 forms a stable complex with TFIIIB and actiwatBNA polymerase Il
transcription in human celldol Cell Biol 22, 3757-3768.

Jones PL, Veenstra GJ, Wade PA, Vermaak D, Kass [%lddsberger N,
Strouboulis J & Wolffe AP (1998). Methylated DNA&MeCP2 recruit histone
deacetylase to repress transcriptidat Genetl9, 187-191.

Kamalian L, Gosney JR, Forootan SS, Foster CS, BaoBeesley C & Ke Y
(2008). Increased expression of Id family proteimmsmall cell lung cancer and its
prognostic significanceClin Cancer Red4, 2318-2325.

Karin M (1994). Signal transduction from the calfface to the nucleus through
the phosphorylation of transcription facta@urr Opin Cell Biol6, 415-424.

Kassavetis GA, Blanco JA, Johnson TE & GeiduschBk(E992). Formation of
open and elongating transcription complexes by RidAymerase I11.J Mol Biol
226, 47-58.

235



207.

208.

209.

210.

211.

212.

213.

214,

215.

Kassavetis GA, Braun BR, Nguyen LH & Geiduschek #P90). S. cerevisiae
TFIIB is the transcription initiation factor propef RNA polymerase lll, while
TFIIIA and TFIIC are assembly factor€ell 60, 235-245.

Kassavetis GA, Letts GA & Geiduschek EP (2001). R¥A polymerase llI
transcription initiation factor TFIIIB participatés two steps of promoter opening.
EMBO J20, 2823-2834.

Kassavetis GA, Nguyen ST, Kobayashi R, Kumar A,d@scthek EP & Pisano M
(1995). Cloning, expression, and function of TF@% gene encoding the B"
component of the Saccharomyces cerevisiae RNA pmigse Il transcription
factor TFIIIB. Proc Natl Acad Sci U S 82, 9786-9790.

Kebebew E, Treseler PA, Duh QY & Clark OH (2000heThelix-loop-helix
transcription factor, Id-1, is overexpressed in olkedy thyroid cancerSurgery
128 952-957.

Kee BL & Murre C (1998). Induction of early B cédictor (EBF) and multiple B
lineage genes by the basic helix-loop-helix traipsion factor E12.J Exp Med
188 699-713.

Kee BL (2009). E and ID proteins branch duat Rev Immund, 175-184.

Kenneth NS, Ramsbottom BA, Gomez-Roman N, Mardhallole PA & White
RJ (2007). TRRAP and GCN5 are used by c-Myc tovatdi RNA polymerase Il
transcriptionProc Natl Acad Sci U S 204, 14917-14922.

Kho CJ, Huggins GS, Endege WO, Hsieh CM, Lee ME &bétr E (1997).
Degradation of E2A proteins through a ubiquitinjogating enzyme, UbcE2Al
Biol Chem272 3845-3851.

Kim D, Peng XC & Sun XH (1999). Massive apoptosighymocytes in T-cell-
deficient 1d1 transgenic mic&lol Cell Biol 19, 8240-8253.

236



216.

217.

218.

219.

220.

221.

222.

223.

224.

Kim HJ, Chung H, Yoo YG, Kim H, Lee JY, Lee MO & Kg G (2007). Inhibitor
of DNA binding 1 activates vascular endothelialwgtlo factor through enhancing
the stability and activity of hypoxia-inducible tac-lalpha.Mol Cancer Res,
321-329.

Kleeff J, Ishiwata T, Friess H, Buchler MW, IsradA & Korc M (1998). The
helix-loop-helix protein Id2 is overexpressed imfan pancreatic canceCancer
Resb8, 3769-3772.

Knudsen ES & Knudsen KE (2006). Retinoblastoma tusuppressor: where
cancer meets the cell cyckexp Biol Med231, 1271-1281.

Komano J, Maruo S, Kurozumi K, Oda T & Takada K92P Oncogenic role of
Epstein-Barr virus-encoded RNAs in Burkitt's lympfeo cell line AkataJ Virol
73, 9827-9831.

Kovalenko OV, Plug AW, Haaf T, Gonda DK, AshleyWard DC, Radding CM
& Golub EI (1996). Mammalian ubiquitin-conjugatiegzyme Ubc9 interacts with
Rad51 recombination protein and localizes in symagtnal complexes. Prddatl
Acad Sci U S A3, 2958-2963.

Kovelman R & Roeder RG (1992). Purification andreleterization of two forms
of human transcription factor 111Q. Biol Chen67, 24446-24456.

Kravchenko JE, Rogozin 1B, Koonin EV & Chumakov KRDO5). Transcription
of mammalian messenger RNAs by a nuclear RNA potgses of mitochondrial
origin. Nature436, 735-739.

Krol A, Carbon P, Ebel JP & Appel B (1987). Xenopuspicalis U6 snRNA
genes transcribed by Pol 11l contain the upstreammpter elements used by Pol Il
dependent U snRNA gendsucleic Acids Re%5, 2463-2478.

Kurooka H & Yokota Y (2005). Nucleo-cytoplasmic $iing of 1d2, a negative
regulator of basic helix-loop-helix transcriptioactors.J Biol Chem280, 4313-
4320.

237



225.

226.

227.

228.

229.

230.

231.

232.

233.

Kusunoki T, Sugai M, Katakai T, Omatsu Y, lyoda [hgba K, Nakahata T,
Shimizu A & Yokota Y (2003). TH2 dominance and deive development of a
CD8+ dendritic cell subset in 1d2-deficient mideAllergy Clin Immunol1l, 136-
142.

Lafontaine DL & Tollervey D (2001). The function @rsynthesis of ribosomes.
Nat Rev Mol Cell BioR, 514-520.

Lai EC (2002). Micro RNAs are complementary to IJRJsequence motifs that
mediate negative post-transcriptional regulatiat GeneB0, 363-364.

Landesman-Bollag E, Song DH, Romieu-Mourez R, SassiJ, Cardiff RD,
Sonenshein GE & Seldin DC (2001). Protein kinase2Clsignaling and
tumorigenesis in the mammary glaibl Cell Biochen227, 153-165.

Langlands K, Down GA & Kealey T (2000). Id proteim® dynamically expressed
in normal epidermis and dysregulated in squamolisaeinoma.Cancer Re$0,
5929-5933.

Langlands K, Yin X, Anand G & Prochownik EV (199Differential interactions
of Id proteins with basic-helix-loop-helix trangmtion factors.J Biol Chem272
19785-19793.

Larminie CG, Cairns CA, Mital R, Martin K, Kouzagd T, Jackson SP & White
RJ (1997). Mechanistic analysis of RNA polymeraske régulation by the
retinoblastoma proteiicEMBO J16, 2061-2071.

Larminie CG, Sutcliffe JE, Tosh K, Winter AG, Felt&dkins ZA & White RJ
(1999). Activation of RNA polymerase Il transcignt in cells transformed by
simian virus 40Mol Cell Biol 19, 4927-4934.

Lasorella A, Boldrini R, Dominici C, Donfrancesco, Xokota Y, Inserra A &
lavarone A (2002). 1d2 is critical for cellular fiferation and is the oncogenic

effector of N-myc in human neuroblaston@ancer Re$2, 301-306.

238



234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244,

Lasorella A, lavarone A & Israel MA (1996). 1d2 gifecally alters regulation of
the cell cycle by tumor suppressor proteis! Cell Biol 16, 2570-2578.

Lasorella A, Noseda M, Beyna M, Yokota Y & lavaroAe(2000). 1d2 is a
retinoblastoma protein target and mediates sigrgably Myc oncoproteindNature
407, 592-598.

Lasorella A, Uo T & lavarone A (2001). Id proteirsd the cross-road of
development and cancé&ncogen&0, 8326-8333.

Lassar AB, Davis RL, Wright WE, Kadesch T, Murre\@ronova A, Baltimore
D & Weintraub H (1991). Functional activity of myagic HLH proteins requires
hetero-oligomerization with E12/E47-like proteimsvivo. Cell 66, 305-315.

Lazorchak A, Jones ME & Zhuang Y (2005). New inssgimnto E-protein function
in lymphocyte developmentrends Immuna26, 334-338.

Lee DY, Hayes JJ, Pruss D & Wolffe AP (1993). A ipes role for histone
acetylation in transcription factor access to nostenal DNA.Cell 72, 73-84.

Lee JY & Engelke DR (1989). Partial characterizatocd an RNA component that
copurifies with Saccharomyces cerevisiae RNadédP Cell Biol 9, 2536-2543.

Lee KK & Workman JL (2007). Histone acetyltranstracomplexes: one size
doesn't fit allNat Rev Mol Cell Bio8, 284-295.

L'Etoile ND, Fahnestock ML, Shen Y, Aebersold R &rB AJ (1994). Human
transcription factor 11IC box B binding subunRroc Natl Acad Sci U S A1,
1652-1656.

Lewin B (2000).Genes VIl Oxford University Press, Oxford.

Li H, Gerald WL & Benezra R (2004). Utilization dfone marrow-derived
endothelial cell precursors in spontaneous prostaers varies with tumor grade.
Cancer Re$4, 6137-6143.

239



245.

246.

247.

248.

249.

250.

251.

252.

253.

Librizzi MD, Brenowitz M & Willis IM (1998). The TA'A element and its
context affect the cooperative interaction of TADBAding protein with the
TFIIB-related factor, TFIIIB70J Biol Chen73 4563-4568.

Liebhaber SA, Wolf S & Schlessinger D (1978). Diéfieces in rRNA metabolism
of primary and SV40-transformed human fibrobla€sll 13, 121-127.

Light W, Vernon AE, Lasorella A, lavarone A & LaBoa C (2005). Xenopus Id3
is required downstream of Myc for the formation mfiltipotent neural crest

progenitor cellsDevelopmeni32 1831-1841.

Lin CQ, Singh J, Murata K, Itahana Y, ParrinelloL#&ng SH, Gillett CE, Campisi
J & Desprez PY (2000). A role for Id-1 in the aggi®e phenotype and steroid

hormone response of human breast cancer Galscer Re$0, 1332-1340.

Lin X, Ruan X, Anderson MG, McDowell JA, Kroeger PEesik SW & Shen Y
(2005). siRNA-mediated off-target gene silencingggered by a 7 nt
complementationNucleic Acids Re83, 4527-4535.

Lingbeck JM, Trausch-Azar JS, Ciechanover A & SaltwvAL (2005). E12 and
E47 modulate cellular localization and proteasoneeliated degradation of MyoD
and |d1.0ncogene4, 6376-6384.

Lister J, Forrester WC & Baron MH (1995). Inhibitioof an erythroid
differentiation switch by the helix-loop-helix psdn Id1.J Biol Chen270, 17939-
17946.

Luo J, Li M, Tang Y, Laszkowska M, Roeder RG & Gu(2004). Acetylation of
p53 augments its site-specific DNA binding bothvitro and in vivo.Proc Natl
Acad Sci U S A0, 2259-2264.

Luo J, Su F, Chen D, Shiloh A & Gu W (2000). Deglzton of p53 modulates its
effect on cell growth and apoptosiéature408 377-381.

240



254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

Luo RX, Postigo AA & Dean DC (1998). Rb interactghahistone deacetylase to
repress transcriptioi©ell 92, 463-473.

Luo Y, Kurz J, MacAfee N & Krause MO (1997). C-mgeregulation during
transformation induction: involvement of 7SK RNACell Biochenb4, 313-327.

Lyden D, Young AZ, Zagzag D, Yan W, Gerald W, OIReR, Bader BL, Hynes
RO, Zhuang Y, Manova K & Benezra R (1999). Id1 ddd@ are required for
neurogenesis, angiogenesis and vascularizationnodur xenograftsNature 401,
670-677.

Macara 1G. (2001). Transport into and out of theleus.Microbiol Mol Biol Rev
65, 570-594.

Makita J, Kurooka H, Mori K, Akagi Y & Yokota Y (ZIB). Identification of the
nuclear export signal in the helix-loop-helix inidr Id1. FEBS Lett580 1812-
1816.

Manaud N, Arrebola R, Buffin-Meyer B, Lefebvre Opads H, Riva M, Conesa C
& Sentenac A (1998). A chimeric subunit of yeaahscription factor 11IC forms a
subcomplex with tau93/ol Cell Biol 18, 3191-3200.

Marcu KB, Bossone SA & Patel AJ (1992). myc funetand regulationAnnu Rev
Biochem61, 809-860.

Marshall L & White RJ (2008). Non-coding RNA prodioty by RNA polymerase
[l is implicated in canceMat Rev Cance8, 911-914.

Marshall L, Kenneth NS & White RJ (2008). Elevat&NA(iMet) synthesis can

drive cell proliferation and oncogenic transforroatiCell 133 78-89.

Maruyama H, Kleeff J, Wildi S, Friess H, Blichler MWgrael MA & Korc M
(1999). Id-1 and Id-2 are overexpressed in pancreancer and in dysplastic

lesions in chronic pancreatitism J Patholl55 815-822.

241



264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

Massari ME & Murre C (2000). Helix-loop-helix prats: regulators of
transcription in eucaryotic organisnigol Cell Biol 20, 429-440.

Massari ME, Grant PA, Pray-Grant MG, Berger SL, Woan JL & Murre C
(1999). A conserved motif present in a class oixHebp-helix proteins activates
transcription by direct recruitment of the SAGA qaex. Mol Cell 4, 63-73.

Massari ME, Jennings PA & Murre C (1996). The Abdnsactivation domain of
E2A contains a highly conserved helix which is iieggh for its activity in both

Saccharomyces cerevisiae and mammalian ¢¢dsCell Biol 16, 121-129.

Mathew S, Chen W, Murty VV, Benezra R & Chaganti @895). Chromosomal
assignment of human ID1 and ID2 ger@snomics30, 385-387.

Matsumura ME, Lobe DR & McNamara CA (2002). Conitibn of the helix-
loop-helix factor 1d2 to regulation of vascular sstto muscle cell proliferation]
Biol Chem277, 7293-7297.

Matsuzaki H, Kassavetis GA & Geiduschek EP (199jalysis of RNA chain
elongation and termination by Saccharomyces caaeviRNA polymerase II1J
Mol Biol 235, 1173-1192.

Mattaj IW & Englimeier L (1998). Nucleocytoplasmramnsport: the soluble phase.
Annu Rev Bioche®7, 265-306.

Mauck JC & Green H (1974). Regulation of pre-trandRNA synthesis during
transition from resting to growing statéell 3, 171-177.

Mayr B & Montminy M (2001). Transcriptional reguian by the phosphorylation-
dependent factor CREBlat Rev Mol Cell BioR, 599-609.

McMahon SB, Wood MA & Cole MD (2000). The essentamifactor TRRAP
recruits the histone acetyltransferase hGCNS5 toyc-Mlol Cell Biol 20, 556-562.

242



274.

275.

276.

277.

278.

279.

280.

281.

282.

Meggio F & Pinna LA (2003). One-thousand-and-onestnates of protein kinase
CK2?FASEB J17, 349-368.

Miller J, McLachlan AD & Klug A (1985). Repetitiveinc-binding domains in the
protein transcription factor Ill1A from Xenopus oteg.EMBO J4, 1609-1614.

Minn AJ, Gupta GP, Siegel PM, Bos PD, Shu W, GiD,DViale A, Olshen AB,
Gerald WL & Massagué J (2005). Genes that mediiatast cancer metastasis to
lung. Nature436, 518-524.

Mittal V, Cleary MA, Herr W & Hernandez N (1996)h& Oct-1 POU-specific
domain can stimulate small nuclear RNA gene trapsoen by stabilizing the
basal transcription complex SNARdol Cell Biol 16, 1955-1965.

Mittal V, Ma B & Hernandez N (1999). SNAP(c): a egpromoter factor with a
built-in DNA-binding damper that is deactivated thg Oct-1 POU domairGenes
Dev13, 1807-1821.

Miyamoto A, Cui X, Naumovski L & Cleary ML (1996Melix-loop-helix proteins
LYL1 and E2a form heterodimeric complexes with idisive DNA-binding
properties in hematolymphoid celidol Cell Biol 16, 2394-2401.

Moir RD, Puglia KV & Willis IM. (2000). Interactiom between the
tetratricopeptide repeat-containing transcriptiactér TFIIIC131 and its ligand,
TFIIB70. Evidence for a conformational changehe tomplexJ Biol Chen75
26591-26598.

Mori S, Nishikawa S| & Yokota Y (2000). Lactatioreféct in mice lacking the
helix-loop-helix inhibitor II2EMBO J19, 5772-5781.

Morrissey JP & Tollervey D (1995). Birth of the $&Ps: the evolution of RNase
MRP and the eukaryotic pre-rRNA-processing systBrands Biochem S&0, 78-
82.

243



283.

284.

285.

286.

287.

288.

289.

290.

291.

Morrow MA, Mayer EW, Perez CA, Adlam M & Siu G (19P Overexpression of
the Helix-Loop-Helix protein 1d2 blocks T cell ddgpment at multiple stages.
Mol Immunol36, 491-503.

Morton JP, Kantidakis T & White RJ (2007). RNA palgrase Il transcription is
repressed in response to the tumour suppressor N&ffeic Acids Re85, 3046-
3052.

Moss T & Stefanovsky VY (2002). At the center okaryotic life.Cell 109, 545-
548.

Murphy M, Ahn J, Walker KK, Hoffman WH, Evans RMgetine AJ & George
DL (1999). Transcriptional repression by wild-type53 utilizes histone
deacetylases, mediated by interaction with mSi@Gmes Dew 3, 2490-2501.

Murphy S, Tripodi M & Melli M (1986). A sequence stpeam from the coding
region is required for the transcription of the 7BKIA genesNucleic Acids Res
14, 9243-9260.

Murphy S, Yoon JB, Gerster T & Roeder RG (1992)t-Dand Oct-2 potentiate
functional interactions of a transcription factatimthe proximal sequence element
of small nuclear RNA geneblol Cell Biol 12, 3247-3261.

Murre C (2005). Helix-loop-helix proteins and lyngayte developmentNat
Immunol6, 1079-1086.

Murre C, Bain G, van Dijk MA, Engel I, Furnari BMassari ME, Matthews JR,
Quong MW, Rivera RR & Stuiver MH (1994). Structumad function of helix-
loop-helix proteinsBiochim Biophys Actd218 129-135.

Murre C, McCaw PS & Baltimore D (1989). A new DNAinding and
dimerization motif in immunoglobulin enhancer bingj daughterless, MyoD, and
myc proteinsCell 56, 777-783.

244



292.

293.

294,

295.

296.

297.

298.

299.

300.

301.

Musti AM, Treier M & Bohmann D (1997). Reduced ubitin-dependent
degradation of c-Jun after phosphorylation by MAfakesScience275 400-402.

Nagata Y, Shoji W, Obinata M & Todokoro K (1995phosphorylation of helix-
loop-helix proteins ID1, ID2 and IDBiochem Biophys Res Comm2d?7, 916-
926.

Nau MM, Brooks BJ, Battey J, Sausville E, Gazdat Ki¥sch IR, McBride OW,
Bertness V, Hollis GF & Minna JD (1985). L-myc, &wm myc-related gene

amplified and expressed in human small cell lungceaNature318 69-73.

Nesbit CE, Tersak JM & Prochownik EV (1999). MYCcogenes and human
neoplastic diseas@ncogend 8, 3004-3016.

Ng HH & Bird A (2000). Histone deacetylases: silerscfor hire.Trends Biochem
Sci25, 121-126.

Nguyen VT, Kiss T, Michels AA & Bensaude O (200IpK small nuclear RNA
binds to and inhibits the activity of CDK9/cyclin domplexesNature 414, 322-
325.

Nie L, Xu M, Vladimirova A & Sun XH (2003). Notchmduced E2A
ubiquitination and degradation are controlled by RMRinase activitiesEMBO J
22, 5780-5792.

Nishimori H, Sasaki Y, Yoshida K, Irifune H, ZembutH, Tanaka T, Aoyama T,
Hosaka T, Kawaguchi S, Wada T, Hata J, ToguchiddaBamura Y & Tokino T

(2002). The 1d2 gene is a novel target of transicm@al activation by EWS-ETS
fusion proteins in Ewing family tumor&@ncogene&1, 8302-8309.

Norton JD & Atherton GT (1998). Coupling of cellogvth control and apoptosis
functions of Id proteindMol Cell Biol 18, 2371-2381.

Norton JD (2000). ID helix-loop-helix proteins ielcgrowth, differentiation and
tumorigenesis] Cell Sci113 3897-3905.

245



302.

303.

304.

305.

306.

307.

308.

309.

310.

Norton JD, Deed RW, Craggs G & Sablitzky F (1998helix-loop-helix proteins
in cell growth and differentiatiol.rends Cell BioB, 58-65.

Norton VG, Marvin KW, Yau P & Bradbury EM. (1990Nucleosome linking
number change controlled by acetylation of histdd@sand H4.J Biol Chen265,
19848-19852.

Notterman DA, Alon U, Sierk AJ & Levine AJ (2001Jranscriptional gene
expression profiles of colorectal adenoma, adewouama, and normal tissue

examined by oligonucleotide arrayzancer Re$1, 3124-3130.

Oficjalska-Pham D, Harismendy O, Smagowicz WJ, Gtz de Peredo A,
Boguta M, Sentenac A & Lefebvre O (2006). Genergpression of RNA
polymerase Il transcription is triggered by pratghosphatase type 2A-mediated
dephosphorylation of MafMol Cell 22, 623-632.

Ogbourne S & Antalis TM (1998). Transcriptional trmhand the role of silencers

in transcriptional regulation in eukaryot®&ochem B31, 1-14.

Ogryzko VV, Schiltz RL, Russanova V, Howard BH & id#ani Y (1996). The
transcriptional coactivators p300 and CBP are histacetyltransferase€ell 87,
953-959.

Ohtani N, Zebedee Z, Huot TJ, Stinson JA, Suginmdt®hashi Y, Sharrocks AD,
Peters G & Hara E (2001). Opposing effects of Bt lal proteins on p16INK4a
expression during cellular senescerid¢ature409, 1067-1070.

O'Neil J, Shank J, Cusson N, Murre C & Kelliher BDQ4). TAL1/SCL induces
leukemia by inhibiting the transcriptional activigf E47/HEB. Cancer Cell5,
587-596.

Ordentlich P, Lin A, Shen CP, Blaumueller C, Matsufy Artavanis-Tsakonas S
& Kadesch T (1998). Notch inhibition of E47 suppothe existence of a novel
signaling pathwayMol Cell Biol 18, 2230-2239.

246



311.

312.

313.

314.

315.

316.

317.

318.

319.

320.

Orgel LE & Crick FH (1980). Selfish DNA: the ultirreaparasiteNature284, 604-
607.

Ouyang XS, Wang X, Lee DT, Tsao SW & Wong YC (200Zaer expression of
ID-1 in prostate canced.Urol 167, 2598-2602.

Ouyang XS, Wang X, Ling MT, Wong HL, Tsao SW & WoN& (2002b). 1d-1
stimulates serum independent prostate cancer catlifggation through
inactivation of p16(INK4a)/pRB pathwa§arcinogenesi®3, 721-725.

Pagano A, Castelnuovo M, Tortelli F, Ferrari R, ®@i& & Cancedda R (2007).
New small nuclear RNA gene-like transcriptionaltaras sources of regulatory
transcriptsPLoS GenetDOI:10.1371/journal.pgen.0030001.

Pagliuca A, Gallo P, De Luca P & Lania L (2000).a€d A helix-loop-helix
proteins are positive regulators of several cydipendent kinase inhibitors'
promoter activity and negatively affect cell gron@ancer Re$0, 1376-1382.

Park ST, Nolan GP & Sun XH (1999). Growth inhibitiand apoptosis due to
restoration of E2A activity in T cell acute lympHastic leukemia cells] Exp Med
189 501-508.

Paule MR & White RJ (2000Nucleic Acids Re28, 1283-1298.

Perez-Moreno MA, Locascio A, Rodrigo |, Dhondt Gyrtiflo F, Nieto MA &
Cano A (2001). A new role for E12/E47 in the repres of E-cadherin expression
and epithelial-mesenchymal transitiodsBiol Chen276, 27424-27431.

Perk J, lavarone A & Benezra R (2005). Id familyhelix-loop-helix proteins in
cancerNat Rev Cances, 603-614.

Persinger J & Bartholomew B (1996). Mapping thetaots of yeast TFIIIB and
RNA polymerase Il at various distances from thgangroove of DNA by DNA
photoaffinity labelingJ Biol Chen271, 33039-33046.

247



321.

322.

323.

324.

325.

326.

327.

328.

329.

330.

Pesce S & Benezra R (1993). The loop region oh#lix-loop-helix protein Id1 is
critical for its dominant negative activitylol Cell Biol 13, 7874-7880.

Peverali FA, Ramqvist T, Saffrich R, Pepperkok Rydhe MV & Philipson L
(1994). Regulation of G1 progression by E2A anchddix-loop-helix proteins.
EMBO J13, 4291-4301.

Pieler T & Theunissen O (1993). TFIIA: nine fingethree hands7rends
Biochem Sci8, 226-230.

Pieler T, Appel B, Oei SL, Mentzel H & Erdmann VA985a). Point mutational
analysis of the Xenopus laevis 5S gene prom&fBO J4, 1847-1853.

Pieler T, Hamm J & Roeder RG (1987). The 5S geternal control region is
composed of three distinct sequence elements, i@eghnas two functional

domains with variable spacinGell 48, 91-100.

Pieler T, Oei SL, Hamm J, Engelke U & Erdmann VAA&&b). Functional
domains of the Xenopus laevis 5S gene prom&eBO J4, 3751-3756.

Pluta K, Lefebvre O, Martin NC, Smagowicz WJ, StadfDR, Ellis SR, Hopper
AK, Sentenac A & Boguta M (2001). Maflp, a negatigector of RNA
polymerase Ill in Saccharomyces cerevisMel Cell Biol 21, 5031-5040.

Pombo A, Jackson DA, Hollinshead M, Wang Z, RodRlér & Cook PR (1999).
Regional specialization in human nuclei: visualmat of discrete sites of
transcription by RNA polymerase [EMBO J18, 2241-2253.

Ponzielli R, Katz S, Barsyte-Lovejoy D & Penn LZ0(@5). Cancer therapeutics:
targeting the dark side of MyEur J Cance#l, 2485-2501.

Prabhu S, Ignatova A, Park ST & Sun XH (1997). Ratgpn of the expression of
cyclin-dependent kinase inhibitor p21 by E2A andotdteins.Mol Cell Biol 17,
5888-5896.

248



331.

332.

333.

334.

335.

336.

337.

338.

339.

340.

Qian Y & Chen X (2008). ID1, inhibitor of differeiation/DNA binding, is an
effector of the p53-dependent DNA damage respoatiayay.J Biol Chem283
22410-22416.

Qin XQ, Chittenden T, Livingston DM & Kaelin WG {£992). Identification of a
growth suppression domain within the retinoblast@eae productGenes De,
953-964.

Qiu S, Adema CM & Lane T (2005). A computationaidst of off-target effects of
RNA interferenceNucleic Acids Re33, 1834-1847.

Qiu Y, Sharma A & Stein R (1998). p300 mediatesdaaiptional stimulation by
the basic helix-loop-helix activators of the insugene.Mol Cell Biol 18, 2957-
2964.

Quong MW, Massari ME, Zwart R & Murre C (1993). Awn transcriptional-
activation motif restricted to a class of helixyebelix proteins is functionally
conserved in both yeast and mammalian celd. Cell Biol 13, 792-800.

Quong MW, Romanow WJ & Murre C (2002). E proteimdtion in lymphocyte
developmentAnnu Rev Immund@0, 301-322.

Reddy R, Henning D, Das G, Harless M & Wright D&I® The capped U6 small
nuclear RNA is transcribed by RNA polymeraseJiBiol Chen262 75-81.

Resnitzky D & Reed Sl (1995). Different roles forckns D1 and E in regulation
of the G1-to-S transitiorMol Cell Biol 15, 3463-3469.

Resto VA, Caballero OL, Buta MR, Westra WH, Wu Lg¥tendorf JM, Jen J,
Hieter P & Sidransky D (2000). A putative oncogerite for MPP11 in head and
neck squamous cell canc@ancer Re$0, 5529-5535.

Reya T & Grosschedl R (1998). Transcriptional ragah of B-cell
differentiation.Curr Opin Immunol.0, 158-165.

249



341.

342.

343.

344.

345.

346.

347.

348.

349.

Reynolds A, Anderson EM, Vermeulen A, Fedorov Y,bRson K, Leake D,
Karpilow J, Marshall WS & Khvorova A. Induction tiie interferon response by
SiRNA is cell type- and duplex length-dependent ARDP, 988-993.

Riechmann V, van Crichten | & Sablitzky F (1994heTexpression pattern of 1d4,
a novel dominant negative helix-loop-helix protem distinct from 1d1, Id2 and
Id3. Nucleic Acids Re82, 749-755.

Roberts EC, Deed RW, Inoue T, Norton JD & Sharrg®Rs(2001). Id helix-loop-
helix proteins antagonize Pax transcription facictivity by inhibiting DNA
binding.Mol Cell Biol 21, 524-533.

Roberts S, Miller SJ, Lane WS, Lee S & Hahn S (J9@%oning and functional
characterization of the gene encoding the TFI11BA@Bunit of RNA polymerase Il
transcription factor TFIIIBJ Biol ChenR71, 14903-14909.

Rodriguez MS, Desterro JM, Lain S, Lane DP & Hay 2000). Multiple C-
terminal lysine residues target p53 for ubiquitnotpasome-mediated degradation.
Mol Cell Biol 20, 8458-8467.

Rgnning OW, Lindmo T, Pettersen EO & Seglen PO 1198he role of protein
accumulation in the cell cycle control of human KH025 cells.J Cell Physiol
109 411-418.

Rosa MD, Gottlieb E, Lerner MR & Steitz JA (1988triking similarities are
exhibited by two small Epstein-Barr virus-encodeblonucleic acids and the

adenovirus-associated ribonucleic acids VAl and VKol Cell Biol 1, 785-796.

Rothschild G, Zhao X, lavarone A & Lasorella A (B)OE Proteins and Id2
converge on p57Kip2 to regulate cell cycle in neaedls. Mol Cell Biol 26, 4351-
4361.

Ruf IK, Rhyne PW, Yang C, Cleveland JL & Sample(2000). Epstein-Barr virus
small RNAs potentiate tumorigenicity of Burkitt lyphoma cells independently of
an effect on apoptosig.Virol 74, 10223-10228.

250



350.

351.

352.

353.

354.

355.

356.

357.

Rundlett SE, Carmen AA, Kobayashi R, Bavykin S,neuirBM & Grunstein M
(1996). HDA1 and RPD3 are members of distinct ydastone deacetylase
complexes that regulate silencing and transcripfvnc Natl Acad Sci U S 83,
14503-14508.

Russell J & Zomerdijk JC (2006). The RNA polymerasmanscription machinery.
Biochem Soc Symp3:203-216.

Rutherford MN & LeBrun DP (1998). Restricted exmies of E2A protein in
primary human tissues correlates with proliferatiamd differentiation.Am J
Pathol153 165-173.

Ruzinova MB & Benezra R (2003). Id proteins in depenent, cell cycle and
cancerTrends Cell Bioll3, 410-418.

Ruzinova MB, Schoer RA, Gerald W, Egan JE, Pand®ffj Rafii S, Manova K,
Mittal V & Benezra R (2003). Effect of angiogenesikibition by Id loss and the
contribution of bone-marrow-derived endothelial I£ein spontaneous murine
tumors.Cancer Celld, 277-289.

Sawai S & Campos-Ortega JA (1997). A zebrafishdohblogue and its pattern of
expression during embryogenedech Deww5, 175-185.

Scacheri PC, Rozenblatt-Rosen O, Caplen NJ, Woljsb&, Umayam L, Lee JC,
Hughes CM, Shanmugam KS, Bhattacharjee A, Meyeks@nCollins FS (2004).
Short interfering RNAs can induce unexpected andrdent changes in the levels
of untargeted proteins in mammalian ceRsoc Natl Acad Sci U S AO1, 1892-
1897.

Scheffner M, Munger K, Byrne JC & Howley PM (199Te state of the p53 and
retinoblastoma genes in human cervical carcinorfidies. Proc Natl Acad Sci U
S A88, 5523-5527.

251



358.

359.

360.

361.

362.

363.

364.

365.

366.

Schindl M, Oberhuber G, Obermair A, Schoppmann K&ner B & Birner P
(2001). Overexpression of Id-1 protein is a markerunfavorable prognosis in

early-stage cervical cancer. Cancer BE5703-5706.

Schindl M, Schoppmann SF, Strébel T, Heinzl H, eisC, Horvat R & Birner P
(2003). Level of Id-1 protein expression correlategh poor differentiation,
enhanced malignant potential, and more aggressivieat behavior of epithelial

ovarian tumorsClin Cancer Re9, 779-785.

Schmidt EV (1999). The role of c-myc in cellulaiogth control.Oncogenels,
2988-2996.

Schoppmann SF, Schindl M, Bayer G, Aumayr K, DieheBlorvat R, Rudas M,
Gnant M, Jakesz R & Birner P (2003). Overexpressibid-1 is associated with

poor clinical outcome in node negative breast camecel Cancerl04, 677-682.

Schramm L & Hernandez N (2002). Recruitment of RNé#lymerase 11l to its
target promoterssenes Dew 6, 2593-2620.

Schramm L, Pendergrast PS, Sun Y & Hernandez NO)20Different human
TFIIB activities direct RNA polymerase Il tranggtion from TATA-containing
and TATA-less promoter§&enes Del4, 2650-2663.

Schultz P, Marzouki N, Marck C, Ruet A, Oudet P é&n&nac A (1989). The two
DNA-binding domains of yeast transcription factautas observed by scanning
transmission electron microscoyMBO J8, 3815-3824.

Schwartz LB, Sklar VE, Jaehning JA, Weinmann R &&er RG (1974). Isolation
and partial characterization of the multiple formaé deoxyribonucleic acid-
dependent ribonucleic acid polymerase in the mouwggloma, MOPC 315] Biol
Chem249 5889-5897.

Scott MR, Westphal KH & Rigby PW (1983). Activatiasf mouse genes in
transformed cellCell 34, 557-567.

252



367.

368.

369.

370.

371.

372.

373.

374.

375.

376.

Scott PH, Cairns CA, Sutcliffe JE, Alzuherri HM, Mees A, Winter AG & White
RJ (2001). Regulation of RNA polymerase Il tramgtoon during cell cycle entry.
J Biol Chen276, 1005-1014.

Seldin DC & Leder P (1995). Casein kinase Il alpfsmsgene-induced murine
lymphoma: relation to theileriosis in cattiecience267, 894-897.

Shah SM, Kumar A, Geiduschek EP & Kassavetis GA@)9Alignment of the
B" subunit of RNA polymerase Il transcription factlliB in its promoter
complex.J Biol ChenmR74, 28736-28744.

Shen Y, Igo M, Yalamanchili P, Berk AJ & Dasgupta(#996). DNA binding
domain and subunit interactions of transcriptioctda ll1IC revealed by dissection
with poliovirus 3C proteas@lol Cell Biol 16, 4163-4171.

Shepherd TG, Thériault BL & Nachtigal MW (2008). tAarine BMP4 signalling
regulates ID3 proto-oncogene expression in humaniawv cancer cell$sene414,
95-105.

Sherr CJ (2001). The INK4a/ARF network in tumouppessionNat Rev Mol
Cell Biol 2, 731-737.

Shoji W, Inoue T, Yamamoto T & Obinata M (1995).DA1, a protein associated
with Id, regulates cell growtld. Biol Chen70, 24818-24825.

Shoji W, Yamamoto T & Obinata M (1994). The heloep-helix protein Id
inhibits differentiation of murine erythroleukemezlls. J Biol Chem269, 5078-
5084.

Shuai K, Stark GR, Kerr IM & Darnell JE Jr (1993).single phosphotyrosine
residue of Stat91 required for gene activation riigrferon-gammaScience261,
1744-1746.

Sif S (2004). ATP-dependent nucleosome remodeliognptexes: enzymes
tailored to deal with chromatid.Cell Biochen®1, 1087-1098.

253



377.

378.

379.

380.

381.

382.

383.

384.

385.

Singh K, Carey M, Saragosti S & Botchan M (1985)pEession of enhanced
levels of small RNA polymerase |l transcripts eded by the B2 repeats in

simian virus 40-transformed mouse calsture314, 553-556.

Sinn E, Wang Z, Kovelman R & Roeder RG (1995). @igrand characterization
of a TFIIIC2 subunit (TFIIC beta) whose presencerelates with activation of
RNA polymerase lll-mediated transcription by adeénsy E1A expression and
serum factorsGenes De9, 675-685.

Slattery C, Ryan MP & McMorrow T (2008). E2A pratsi regulators of cell
phenotype in normal physiology and disedsé.J Biochem Cell Bio#0, 1431-
1436.

Sledz CA, Holko M, de Veer MJ, Silverman RH & Wéiins BR (2003).
Activation of the interferon system by short-inegihg RNAs.Nat Cell Biol 5,
834-839.

Sloan SR, Shen CP, McCarrick-Walmsley R & Kadesch (I996).
Phosphorylation of E47 as a potential determindr-oell-specific activity.Mol
Cell Biol 16, 6900-6908.

Smale ST (1997). Transcription initiation from TAJ@ss promoters within
eukaryotic protein-coding gend&iochim Biophys Acta351, 73-88.

Soderlund H, Pettersson U, Vennstrom B, Philipsafa Mathews MB (1976). A
new species of virus-coded low molecular weight Rfém cells infected with
adenovirus type Zell 7, 585-593.

Stein T, Crighton D, Boyle JM, Varley JM & White RJ002). RNA polymerase
[l transcription can be derepressed by oncogemesutations that compromise
p53 function in tumours and Li-Fraumeni syndro@acogen&1, 2961-2970.

Stewart DA, Thomas SD, Mayfield CA & Miller DM (2. Psoralen-modified
clamp-forming antisense oligonucleotides reduce lulzegl c-Myc protein
expression and B16-FO proliferatidducleic Acids Re29, 4052-4061.

254



386.

387.

388.

389.

390.

391.

392.

393.

394.

Stewart DA, Xu X, Thomas SD & Miller DM (2002). Adine-modified, clamp-
forming antisense oligonucleotides synergize withplatin to inhibit c-Myc

expression and B16-FO tumor progresshduacleic Acids Re80, 2565-2574.

Sun L, Trausch-Azar JS, Ciechanover A & Schwartz @D07). E2A protein
degradation by the ubiquitin-proteasome systentaigesdependent during muscle
differentiation.Oncogen&6, 441-448.

Sun XH & Baltimore D (1991). An inhibitory domairf &12 transcription factor
prevents DNA binding in E12 homodimers but not it2EheterodimersCell 64,
459-470.

Sun XH (2004). Multitasking of helix-loop-helix geans in lymphopoiesisAdv
Immunol84, 43-77.

Sun XH, Copeland NG, Jenkins NA & Baltimore D (1994 proteins Id1 and 1d2
selectively inhibit DNA binding by one class of ixeloop-helix proteinsMol Cell
Biol 11, 5603-5611.

Suntharalingam M & Wente SR (2003). Peering throtlgh pore: nuclear pore

complex structure, assembly, and functioey Cell4, 775-789.

Sutcliffe JE, Brown TR, Allison SJ, Scott PH & W&IRJ (2000). Retinoblastoma
protein disrupts interactions required for RNA puoBrase Il transcriptionMol
Cell Biol 20, 9192-9202.

Sutcliffe JE, Cairns CA, McLees A, Allison SJ, Tdshk& White RJ (1999). RNA
polymerase Il transcription factor IlIB is a tatder repression by pocket proteins
p107 and p13Mol Cell Biol 19, 4255-4261.

Swarbrick A, Akerfeldt MC, Lee CS, Sergio CM, CaiddcCE, Hunter LJ,
Sutherland RL & Musgrove EA (2005). Regulation gtlm expression and cell
cycle progression in breast epithelial cells by Hetix-loop-helix protein Id1.
Oncogene&4, 381-389.

255



395.

396.

397.

398.

399.

400.

401.

402.

403.

Taunton J, Hassig CA & Schreiber SL (1996). A martimnahistone deacetylase
related to the yeast transcriptional regulator Rp&8ience272 408-411.

Teichmann M, Wang Z & Roeder RG (2000). A stablenptex of a novel
transcription factor 11B- related factor, human MBbO, and associated proteins
mediate selective transcription by RNA polymeraleof genes with upstream
promoter element®roc Natl Acad Sci U S 87, 14200-14205.

Thimmappaya B, Weinberger C, Schneider RJ & She(k982). Adenovirus VAI
RNA is required for efficient translation of virahRNAs at late times after
infection.Cell 31, 543-551.

Thomas MC & Chiang CM (2006). The general transgmip machinery and
general cofactor<rit Rev Biochem Mol Biall, 105-178.

Topper JN & Clayton DA (1990). Characterizationhoiman MRP/Th RNA and
its nuclear gene: full length MRP/Th RNA is an waetiendoribonuclease when
assembled as an RNRucleic Acids Re$8, 793-799.

Tournay O & Benezra R (1996). Transcription of th@minant-negative helix-
loop-helix protein Id1 is regulated by a proteinmgaex containing the immediate-

early response gene Egrilol Cell Biol 16, 2418-2430.

Traboni C, Ciliberto G & Cortese R (1984). Mutasan Box B of the promoter of
a eucaryotic tRNAPro gene affect rate of transwiptprocessing, and stability of
the transcriptsCell 36, 179-187.

Trausch-Azar JS, Lingbeck J, Ciechanover A & Sclmval (2004). Ubiquitin-
Proteasome-mediated degradation of Id1 is modulagddyoD.J Biol Chen279,
32614-32619.

Tschuch C, Schulz A, Pscherer A, Werft W, Benner Hatz-Wagenblatt A,
Barrionuevo LS, Lichter P & Mertens D (2008). Cdirget effects of siRNA
specific for GFPBMC Mol Biol9, 60.

256



404.

405.

406.

407.

408.

409.

410.

411.

412.

413.

Tse C, Sera T, Wolffe AP & Hansen JC (1998). Disnmpof higher-order folding
by core histone acetylation dramatically enhancasstription of nucleosomal
arrays by RNA polymerase IIMol Cell Biol 18, 4629-4638.

Turner BM (2000). Histone acetylation and an epagiencode Bioessay22, 836-
845.

Upadhya R, Lee J & Willis IM (2002). Mafl is an esfial mediator of diverse
signals that repress RNA polymerase Il transaiptMol Cell 10, 1489-1494.

Valadkhan S (2005). snRNAs as the catalysts ofniRNA splicing. Curr Opin
Chem Biol9, 603-608.

Vennstrom B, Sheiness D, Zabielski J & Bishop JM8Q). Isolation and
characterization of c-myc, a cellular homolog o thncogene (v-myc) of avian

myelocytomatosis virus strain 29Virol 42, 773-779.

Vervoorts J, Luscher-Firzlaff JM, Rottmann S, Llalkis R, Walsemann G,
Dohmann K, Austen M & Lischer B (2003). Stimulatimic-MYC transcriptional
activity and acetylation by recruitment of the aita CBP.EMBO Rep4, 484-

490.

Vierra CA, Jacobs Y, Ly L & Nelson C (1994). Patieof Pan expression and role
of Pan proteins in endocrine cell type-specific ptar formation.Mol Endocrinol
8, 197-2009.

Voet D & Voet JG (1995)Biochemistry John Wiley & Sons Inc., New Jersey.

Voronova AF & Lee F (1994). The E2A and tal-1 hdbwp-helix proteins
associate in vivo and are modulated by Id proteimsng interleukin 6-induced
myeloid differentiationProc Natl Acad Sci U S 81, 5952-5956.

Vousden KH & Lu X (2002). Live or let die: the cslfesponse to p53lat Rev
Cancer2, 594-604.

257



414,

415.

416.

417.

418.

419.

420.

421.

422.

423.

Vousden KH (1995). Regulation of the cell cycle \ayal oncoproteinsSemin
Cancer Biol6, 109-116.

Vousden KH (2000). p53: death st@ell 103 691-694.

Walter P & Blobel G (1982). Signal recognition pelg contains a 7S RNA
essential for protein translocation across the plagmic reticulumNature 299
691-698.

Walter P & Blobel G (1983). Disassembly and reciumison of signal recognition
particle.Cell 34, 525-533.

Wang HD, Trivedi A & Johnson DL (1997). HepatitisMBus X protein induces
RNA polymerase lll-dependent gene transcription armtleases cellular TATA-
binding protein by activating the Ras signalinghpaty. Mol Cell Biol 17, 6838-

6846.

Wang HD, Yuh CH, Dang CV & Johnson DL (1995). Thepatitis B virus X
protein increases the cellular level of TATA-bingimprotein, which mediates
transactivation of RNA polymerase Il gen&ol Cell Biol 15, 6720-6728.

Wang Z & Roeder RG (1997). Three human RNA polyrseidfi-specific subunits
form a subcomplex with a selective function in sfi@dranscription initiation.
Genes Dell, 1315-1326.

White RJ (1998a)RNA polymerase Il transcriptiorspringer-Verlag, Berlin.

White RJ (1998b). Transcription factor 1lIB: An imgpant determinant of
biosynthetic capacity that is targeted by tumouppsessors and transforming
proteins.Int J Oncol12, 741-748.

White RJ (2001)Gene TranscriptionMechanisms and contraBlackwell Science
Ltd., Oxford.

258



424.

425.

426.

427.

428.

429.

430.

431.

432.

White RJ, Jackson SP & Rigby PW (1992a). A role tfeer TATA-box-binding
protein component of the transcription factor [IDnplex as a general RNA
polymerase Il transcription factdProc Natl Acad Sci U S 89, 1949-1953.

White RJ, Rigby PW & Jackson SP (1992b). The TATAdIng protein is a

general transcription factor for RNA polymerase JIICell Scil6, 1-7.

White RJ, Stott D & Rigby PW (1990). Regulation BNA polymerase Il
transcription in response to Simian virus 40 tramsation. EMBO J9, 3713-3721.

White RJ, Trouche D, Martin K, Jackson SP & Koudesi T (1996). Repression
of RNA polymerase Il transcription by the retinabloma proteinNature 382
88-90.

Wibley J, Deed R, Jasiok M, Douglas K & Norton 996). A homology model of
the 1d-3 helix-loop-helix domain as a basis forusture-function predictions.
Biochim Biophys Act&294 138-146.

Wice BM & Gordon JI (1998). Forced expression ofLIth the adult mouse small
intestinal epithelium is associated with developtmeinadenomasJ Biol Chem
273 25310-25319.

Wierzbicki AT, Haag JR & Pikaard CS (2008). Nonguagltranscription by RNA
polymerase Pol IVb/Pol V mediates transcriptiond#nging of overlapping and
adjacent gene€ell 135 635-648.

Willis IM & Moir RD (2007). Integration of nutritinal and stress signaling
pathways by Maf1Trends Biochem S8R, 51-53.

Wilson JW, Deed RW, Inoue T, Balzi M, Becciolini &araoni P, Potten CS &
Norton JD (2001). Expression of Id helix-loop-helproteins in colorectal
adenocarcinoma correlates with p53 expression ataicnindex.Cancer Re$1,
8803-8810.

259



433.

434.

435.

436.

437.

438.

439.

440.

441.

442.

Wilson R & Mohun T (1995). Xldx, a dominant negativegulator of bHLH
function in early Xenopus embryddech Dew9, 211-222.

Winter AG, Sourvinos G, Allison SJ, Tosh K, ScoH,FSpandidos DA & White
RJ (2000). RNA polymerase Il transcription fac@llIC2 is overexpressed in
ovarian tumorsProc Natl Acad Sci U S 97, 12619-12624.

Woiwode A, Johnson SA, Zhong S, Zhang C, Roeder R&8chmann M &
Johnson DL (2008). PTEN represses RNA polymerdsgependent transcription
by targeting the TFIIIB complexMol Cell Biol 28, 4204-4214.

Wolffe AP & Hayes JJ (1999). Chromatin disruptiomdamodification.Nucleic
Acids Re7, 711-720.

Wong MW, Henry RW, Ma B, Kobayashi R, Klages N, Mé&s P, Strubin M &
Hernandez N (1998). The large subunit of basalstnaption factor SNAPCc is a
Myb domain protein that interacts with OctMol Cell Biol 18, 368-377.

Yaglom J, Linskens MH, Sadis S, Rubin DM, Futcher&BFinley D (1995).
p34Cdc28-mediated control of CIn3 cyclin degradatidol Cell Biol 15, 731-
741.

Yan W, Liu G, Scoumanne A & Chen X (2008). Suppsf inhibitor of
differentiation 2, a target of mutant p53, is reqdifor gain-of-function mutations.
Cancer Re$8, 6789-6796.

Yan W, Young AZ, Soares VC, Kelley R, Benezra R BuAng Y (1997). High
incidence of T-cell tumors in E2A-null mice and EBA double-knockout mice.
Mol Cell Biol 17, 7317-7327.

Yang XJ & Seto E (2007). HATs and HDACs: from stwre, function and
regulation to novel strategies for therapy and enéhon.Oncogene&6, 5310-5318.

Yang Z, Zhu Q, Luo K & Zhou Q (2001). The 7SK smalkclear RNA inhibits the
CDKO9/cyclin T1 kinase to control transcriptiddature414, 317-322.

260



443.

444,

445,

446.

447.

448.

449.

450.

451.

Yates PR, Atherton GT, Deed RW, Norton JD & Sh&so8D (1999). Id helix-
loop-helix proteins inhibit nucleoprotein complearmation by the TCF ETS-
domain transcription factorEMBO J18, 968-976.

Yenice S, Davis AT, Goueli SA, Akdas A, Limas C &ied K (1994). Nuclear
casein kinase 2 (CK-2) activity in human normalniba hyperplastic, and

cancerous prostatBrostate?24, 11-16.

Yokota Y, Mansouri A, Mori S, Sugawara S, AdachiNsshikawa S & Gruss P
(1999). Development of peripheral lymphoid orgamsd anatural Killer cells
depends on the helix-loop-helix inhibitor Id2ature397, 702-706.

Zeng L & Zhou MM (2002). Bromodomain: an acetylihes binding domain.
FEBS Let613 124-128.

Zetterberg A & Killander D (1965). Quantitative ophotometric and
autoradiographic studies on the rate of proteinthsgis during interphase in
mouse fibroblasts in vitrdexp Cell Regl0, 1-11.

Zhang J, Kalkum M, Yamamura S, Chait BT & Roeder RB04). E protein
silencing by the leukemogenic AML1-ETO fusion pinteScience305 1286-
1289.

Zhao F, Vilardi A, Neely RJ & Choi JK (2001). Protiam of cell cycle
progression by basic helix-loop-helix E2¥ol Cell Biol 21, 6346-6357.

Zhao GQ, Zhao Q, Zhou X, Mattei MG & de Crombrugdh€1993). TFEC, a
basic helix-loop-helix protein, forms heterodimersh TFE3 and inhibits TFE3-
dependent transcription activatidviol Cell Biol 13, 4505-4512.

Zheng W, Wang H, Xue L, Zhang Z & Tong T (2004).gBktion of cellular
senescence and pl6(INK4a) expression by Id1 andpEatéins in human diploid
fibroblast.J Biol Chenm279 31524-31532.

261



