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Summary

Cell growth and proliferation are processes in the cell that must be tightly
regulated. Transcription of ribosomal RNA and ribosomal biogenesis are
directly linked to cell growth and proliferation, since the ribosomal RNA
encodes for the majority of transcription in a cell and ribosomal biogenesis
influences directly the number of proteins that are synthesized.
In the work presented in this thesis, we have investigated the ribosomal RNA
genes, namely the ribosomal DNA gene and the 5S rRNA gene, and their
transcriptional regulation. One protein complex that is involved in
RNA polymerase I and III transcription is the chromatin remodelling com-
plex B-WICH. B-WICH is composed of the proteins WSTF, SNF2h and
NM1. RNA polymerase I transcribes the rDNA gene, while RNA polymer-
ase III transcribes the 5S rRNA gene, among others. In Study I we deter-
mined the mechanism by which B-WICH is involved in regulating
RNA polymerase I transcription. B-WICH is associated with the rDNA gene
and was able to create a more open chromatin structure, thereby facilitating
the binding of HATs and the subsequent histone acetylation. This resulted in
a more active transcription of the ribosomal DNA gene. In Study II we
wanted to specify the role of NM1 in RNA polymerase I transcription. We
found that NM1 is not capable of remodelling chromatin in the same way as
B-WICH, but we demonstrated also that NM1 is needed for active
RNA polymerase I transcription and that NM1 is able to attract the HAT
PCAF. In Study III we investigated the intergenic part of the ribosomal DNA
gene. We detected non-coding RNAs transcribed from the intergenic region
that are transcribed by different RNA polymerases and that are regulated
differently in different stress situations. Furthermore, these ncRNAs are dis-
tributed at different locations in the cell, suggesting that they are involved in
different processes. In Study IV we showed the involvement of B-WICH in
RNA Pol III transcription and, as we previously had shown in Study I, that
B-WICH is able to create a more open chromatin structure, in this case by
acting as a licensing factor for c-Myc and the Myc/Max/Mxd network.

Taken together, we have revealed the mechanism by which the B-WICH
complex is able to regulate RNA Pol I and Pol III transcription and we have
determined the role of NM1 in the B-WICH complex. We conclude that
B-WICH is an important factor in the regulation of cell growth and prolifera-
tion. Furthermore, we found that the intergenic spacer of the rDNA gene is
actively transcribed, producing ncRNAs. Different cellular locations suggest
that the ncRNAs have different functions.
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Introduction

The transcription of ribosomal RNA is crucial for cell growth and prolifera-

tion, since ribosome biogenesis correlates directly with protein synthesis.

The transcription of the ribosomal RNA genes, therefore, must be tightly

regulated, considering that ribosomal transcription makes up the majority of

transcription in a cell. In human cells the 5S rRNA, which is part of the ribo-

some, is transcribed by RNA polymerase III, while the ribosomal DNA gene

is transcribed by RNA polymerase I. The ribosomal DNA gene comprises

43 kb, divided into a coding region of length 13 kb and an intergenic spacer

sequence of length 30 kb. Many factors regulate Pol I and III transcription,

including c-Myc, p53 and the B-WICH complex. B-WICH binds to the Pol I

and III genes and regulates their transcription.

The mechanism by which B-WICH is involved in regulating the ribosomal

RNA is, however, not known. We have investigated the role of B-WICH in

ribosomal transcription, and we have explored the intergenic spacer se-

quence of the ribosomal DNA gene.

RNA world

Transcription is essential for cell survival. RNA is transcribed from a DNA

template in the nucleus and the RNA may be one of two kinds. Transcription

can result in a messenger RNA (mRNA), when the mRNA codes for a pro-

tein. In this case, the mRNA is just an intermediate product, translation fol-

lows and the result will be a protein. The other kind is the non-protein-

coding RNA (ncRNA). In this case, the RNA itself is the functional and

regulating molecule. To the class of ncRNAs belong, for example, the rRNA

and the tRNA that are involved in mRNA translation. In eukaryotes, many

ncRNAs belong to the class of small ncRNAs, such as the snRNA, snoRNA,

miRNA, piRNA and siRNA (Bernstein and Allis 2005, Huttenhofer,
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Schattner et al. 2005, Mattick and Makunin 2006). The functions of these

small ncRNAs have been characterised in detail. While snRNAs play a role

in splicing and the snoRNAs are involved in rRNA processing, the miRNA,

piRNA and siRNA have a function in translational silencing (Mattick and

Makunin 2006). Beside the small ncRNAs another class exists: the long

intergenic ncRNAs (lincRNAs). These can be several kb long and are in-

volved in many functions, such as epigenetic regulation, transcriptional re-

pression, and gene dosage compensation (Guttman, Amit et al. 2009).

Non-protein-coding RNA (rRNA and tRNA)

The term “non-protein-coding RNA” (ncRNA) is, as the name implies, RNA

that is not translated into a protein. NcRNAs are neither intermediate prod-

ucts nor waste products. The functions of many such ncRNAs have been

determined. However, there are still many ncRNAs that need to be character-

ised in their function. Transfer RNA (tRNA) and ribosomal RNA (rRNA)

are two ncRNAs that have long been known, and have been studied in detail.

tRNA carries the amino acid and interacts with the mRNA, while rRNA

assembles the ribosome, together with ribosomal proteins. These RNAs are

transcribed from particular genes, the tRNA genes and the ribosomal gene

(Steitz and Moore 2003, Noller 2005).
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Ribosomal RNA

In mammalian cells, the ribosomal RNA is transcribed from two different

genes: The ribosomal DNA gene, from which the 45S pre-rRNA is tran-

scribed, and the 5S rRNA gene. Both genes are arranged in tandem repeats

and exist in many copies on the chromosomes. The ribosomal DNA gene is

transcribed by RNA polymerase I, while the 5S rRNA gene is transcribed by

RNA polymerase III. However, after transcription these ribosomal RNAs are

combined to assemble the ribosome.

The 5S rRNA gene

5S rRNA genes are very small genes. Like the rDNA genes, they are ar-

ranged in tandem repeats and mostly localised on chromosome 1 (Sorensen,

Lomholt et al. 1991). The 5S rRNA is 120 bp long and has a molecular

weight of 40 kd. In contrast to the long ribosomal RNA, the 5S rRNA is

transcribed by RNA polymerase III (Pol III). In humans, the 5S rRNA is

transcribed in the nucleus, while in yeast the gene is located in the nucleolus,

beside the 35S rRNA gene (Bell, DeGennaro et al. 1977). The 5S rRNA in

humans is, however, shuffled to the nucleolus after its transcription. There it

combines with other ribosomal RNAs to assemble the ribosome. The 5S

rRNA, together with the 5.8S and the 28S rRNAs, and several ribosomal

proteins, form the large ribosomal subunit; while the 18S rRNA, together

with other ribosomal proteins, forms the small ribosomal subunit (reviewed

in (Birch and Zomerdijk 2008)).

The ribosomal DNA gene

The ribosomal DNA genes (rDNA) are located on several chromosomes (13,

14, 15, 21 and 22) in sections that are known as the “nucleolar organized

region” (NOR), around which the nucleoli are formed. In humans, 300-400
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copies of the rDNA are arranged in tandem repeats, but approximately 50%

of the genes are actively transcribed in differentiated cells. Hence, the ribo-

somal DNA can exist in an active state or an inactive state. The active state,

however, can be pseudo-silenced, but is still transcriptionally competent

(Sanij, Poortinga et al. 2008). The rDNA is transcribed as a large pre-

transcript, the 47/45S rRNA. The 47/45S rRNA pre-transcript is transcribed

by the RNA polymerase I (Pol I) with its own transcription machinery. The

pre-transcript is then processed in 5.8S, 18S and 28S rRNA (reviewed in

(McStay and Grummt 2008).

The rDNA gene comprises 43 kb and is divided into a coding region, which

covers about 13 kb, and an intergenic spacer sequence (IGS), which covers

30 kb. Many Alu elements are located in the intergenic spacer of the human

gene repeat, to which they contribute 5474 bp. A pseudogene of the cell

cycle protein Cdc27 is located from bp 33,673-36,005. A p53 binding site is

located at around 39.5 kb (Gonzalez and Sylvester 1995). p53 is a tumor

suppressor protein that controls the transcription of the rDNA gene (Ko and

Prives 1996).

Figure 1: Schematic illustration of the human rDNA repeat unit

Non-protein-coding RNA (lincRNA)

Non-coding RNAs are often transcribed from intergenic regions and introns,

and they may be transcribed in the antisense direction relative to the direc-

tion of transcription of genes. Pseudogenes are also transcribed into RNA.
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The number of ncRNAs in an organism rises with its complexity. Just a

small number of ncRNAs exist in prokaryotes, and the numbers of ncRNAs

are higher in eukaryotes (Mattick and Makunin 2006). For many of the iden-

tified lincRNAs, no function has yet been discovered. The term “long

ncRNA” applies when the transcript is more than 200 nt long. Several well-

characterised long ncRNAs in mammals exist, such as Xist, MALAT,

HOTAIR and Kcnq1ot1. Xist is an ncRNA of length 17 kb. It is transcribed

from the X chromosome and it is involved in gene compensation. It silences

one X chromosome in female mammals (Heard 2004). MALAT1 (metasta-

sis-associated lung adenocarcinoma transcript 1) is an ncRNA of length 8 kb

that is expressed in human tissue and overexpressed in cancer (Ji, Diederichs

et al. 2003). MALAT1 is involved in alternative splicing (Tripathi, Ellis et

al. 2010). The long ncRNA HOTAIR is involved in gene repression (Rinn,

Kertesz et al. 2007; Khalil, Guttman et al. 2009). It is expressed from the

HOXC genes and is one of many ncRNAs that interact with the

polycomb repressing complex 2 (PRC2) (Tsai, Manor et al. 2010). Kcnq1ot1

is an ncRNA of length 91 kb, transcribed in the antisense direction relative

to the Kcnq1 gene. It is involved in genomic imprinting, and in the silencing

of genes in the Kcnq1 domain (Pandey, Mondal et al. 2008). Mohammad et

al. (2010) showed that Kcnq1ot1 is associated with chromatin and that it

interacts with Dnmt1 (Mohammad, Mondal et al. 2010). Since ncRNAs are

involved in a variety of functions, they can be distributed throughout the cell

(Fig. 2). It has been proposed that more or less the whole genome of eukary-

otes is transcribed. New techniques, in which the whole transcriptome is

analysed, make it possible to detect more ncRNAs (Okazaki, Furuno et al.

2002). Of course, not all transcripts are functional. For RNA polymerases, it

might just be energy-saving to transcribe the whole genome, including the

intergenic regions. Many cryptic unstable transcripts (CUTs) are produced

and these must be degraded. This is taken care of by surveillance mecha-

nisms in the cell. Machinery known as the “exosome complex” degrades
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most of the instable transcripts in eukaryotic cells (Wyers, Rougemaille et al.

2005, Houseley and Tollervey 2009).

Figure 2: Locations of different ncRNAs in the cell

RNA surveillance mechanism

The exosome complex, which in humans is also known as the PM/Scl-

complex (polymyositis/scleroderma-complex), is a multisubunit complex

that consists of different RNases. This RNase complex has a

3-5 exoribonuclease activity and is able to degrade mRNA that is not pro-

cessed correctly (Vanacova and Stefl 2007). The exosome is needed also for

the processing of the ribosomal and snoRNAs, and is present both in the

nucleus and in the cytoplasm (Shen and Kiledjian 2006).

The exosome and its subunits were first identified in yeast in 1997. The hu-

man exosome was subsequently characterised, and it became clear that the

subunits are conserved between yeast and human. The PM/Scl-complex ex-

ists of six core proteins that form a doughnut-shaped hexamer, with three

further subunits on the top. The hexameric ring is built by hRrp41, hRrp42,
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hMtr3, hRrp43, hRrp46 and the PM/Scl-75 (hRrp45) (Fig. 3). Characteristic

for these subunits is that they contain an RNase PH (phosphorolytic

exonuclease) domain. These RNases use inorganic phosphate to cleave

RNA. However, the exonuclease activity is derived only from the

hRrp41/hRrp45 dimer; the other subunits do not have an exoribonuclease

activity (Shen and Kiledjian 2006, van Dijk, Schilders et al. 2007). The pro-

teins that form the top cap are hCsl4, hRrp40 and hRrp4 (Fig. 3). These pro-

teins contain an S1 RNA-binding domain and two of them contain also a K-

homology (KH) domain. These cap proteins are needed for a stable exosome

complex to be formed. One further protein has been identified, PM/Scl 100,

which is directly homologous to Rrp6 in yeast. hRrp6 belongs to the RNase

D family – a hydrolytic exoribonuclease. It is associated with the exosome,

but is not part of the core complex. It is more closely associated with a

nucleosomal exosome complex. In yeast, another associated protein, Rrp44,

carries the activity in the yExo11 (exosome) complex (Allmang, Petfalski et

al. 1999). An orthologue has been identified in humans, hDis3, but this is not

physically associated with the exosome (Houseley, LaCava et al. 2006,

Vanacova and Stefl 2007).

Figure 3: Composition of the exosome complex
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ncRNA in the IGS of the rDNA gene

Non-coding RNAs in the rDNA intergenic repeat have been identified in

several species. The IGS of the rDNA gene is transcribed in yeast. However,

transcripts from the IGS are unstable and are thus substrates for the exosome

complex. The ncRNA is rapidly degraded (Houseley, Kotovic et al. 2007).

In mouse cells, the nucleolar remodelling complex (NoRC) contains ncRNA,

also known as “pRNA”, which is transcribed from the intergenic region

(IGS) of the rDNA gene. A spacer promoter is located 2000 nt upstream of

the 45S pre-rRNA promoter. An ncRNA is transcribed from this spacer

promoter, which is needed for the recruitment of NoRC to the chromatin.

Furthermore, this ncRNA is essential for the silencing of the rDNA gene.

The pRNA is 150-200 nt long and forms a secondary structure to which

NoRC is able to bind. It has been proposed that there are more spacer pro-

moters located in the IGS that show a related arrangement to the gene pro-

moter (Mayer, Schmitz et al. 2006).

The CCCTC binding factor (CTCF) binds to the IGS of the rDNA in mouse

cells upstream of the spacer promoter. The binding of CTCF to this region is

essential, and it regulates the transcription of the pRNA. CTCF binds also to

UBF, and it is required for UBF and Pol I to bind to the IGS near the spacer

promoter. CTCF is also involved in the copy number control of the rDNA

genes. Two binding sites of CTCF in the IGS have been identified in hu-

mans: one at H37.9 and one at H42.1. NcRNAs arising from these positions

have not been identified (van de Nobelen, Rosa-Garrido et al. 2010).

Another approach to identify ncRNA in the IGS of human cells was used by

Zentner et al. ChIP- and RNA-seq data from databases were aligned to the

rDNA, trying to map histone patterns in the IGS and to identify possible

ncRNAs. From the ChIP-seq data it could be concluded that the active his-

tone modifications have a more distinct pattern over the IGS than the repres-

sive histone modifications. The repressive histone modifications have a more
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even distribution, while a peak of active histone modifications was found at

the locations 28/29 kb and just upstream of the rDNA promoter. This sug-

gests that promoters may be located at these positions. Small amounts of

ncRNA are present at 28 kb and one small peak of RNA was visible at

43 kb, suggesting that this is the pRNA in human (Zentner, Saiakhova et al.

2011).

Audas et al. were able to detect ncRNAs that are transcribed from the IGS of

the rDNA in humans. These ncRNAs are upregulated in different stress situ-

ations, binding to specific proteins, such as HSP70, in response to stress, and

sequestering these proteins in the nucleolus (Audas, Jacob et al. 2012).

The RNA polymerases

There are three different RNA polymerases in eukaryotes: RNA polymer-

ase I, II and III. They are responsible for transcribing different genes. While

RNA polymerase II transcribes all protein-coding genes, RNA polymerase I

transcribes the rDNA gene, and RNA polymerase III transcribes the 5S

rRNA gene, the 7SL RNA gene, tRNA genes and snRNA genes.

RNA polymerase I transcription

RNA polymerase I (Pol I) transcribes only the rDNA gene.

A basal machinery of proteins is needed for the initiation of Pol I transcrip-

tion on active rDNA genes. The basal machinery is also known as the “pre-

initiation complex” (PIC), and consists of Pol I-specific transcription factors

and Pol I. The binding of UBF (upstream binding factor) to the enhancer,

and the binding of SL1 (selectivity factor 1) to the promoter of the rDNA

gene must precede the association of Pol I (reviewed in (Russell and

Zomerdijk 2005)). UBF is a transcription factor that binds to the upstream

core element that is localized upstream of the rDNA promoter. SL1, which

contains a TATA-binding protein (TBP) and at least three TBP-associated
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factors (TAFs), is a core-promoter-binding factor that binds to the core ele-

ment and interacts with UBF, an interaction that is required for active tran-

scription (Grummt 2003). SL1, in turn, attracts TIF-IA (in mice) or RRN3

(in humans), after which Pol I is recruited and transcription can be initiated

(White 2005). TIF-IA must be phosphorylated to be able to bind to SL1,

attract Pol I, and initiate transcription (Zhao, Yuan et al. 2003). Upon suc-

cessful PIC formation and initiation of transcription, Pol I can escape from

the promoter and continue to elongation, while UBF and SL1 remain at the

promoter (Panov, Friedrich et al. 2001). The transcription termination factor

(TTF-I) is located downstream of the rDNA transcription unit. It can bend

the DNA and in this way pause Pol I. When TTF-1 works together with the

transcript-release factor (PTRF), transcription can be terminated and the

transcript released from the template DNA (Gerber, Gogel et al. 1997, Jansa

and Grummt 1999).

UBF – a Pol I-specific transcription factor

The upstream binding factor (UBF) is a transcription factor that binds up-

stream of the rDNA gene promoter to the upstream core element (UCE) and

contains HMG (high mobility group) boxes. It can use these HMG boxes to

bend DNA. DNA can be wrapped around UBF just as it is wrapped around

the histone octamer. A length of 140 bp can be wrapped around UBF and

this conformation is called an “enhanceosome”. UBF is a chromatin remod-

elling factor itself, since it can modify the chromatin structure (Stefanovsky

and Moss 2006). There are two splicing variants of UBF, UBF1 and UBF2,

where UBF1 is active in rDNA gene transcription (O'Mahony and Rothblum

1991). UBF is needed for the PIC complex to form and to initiate Pol I tran-

scription. However, UBF not only binds to the rDNA promoter, but through-

out the whole rDNA repeat (O'Sullivan, Sullivan et al. 2002). UBF remains

with the rDNA gene throughout the cell cycle (Roussel, Andre et al. 1993).

Sanij et al. have shown that UBF is necessary to maintain rDNA genes in an
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active state, and it is associated only with active copies of rDNA genes. If

UBF is depleted in mice, linker histone H1 is able to bind to the rDNA, re-

sulting in a more closed chromatin structure and the inactivation of rDNA

transcription (Sanij, Poortinga et al. 2008).

RNA polymerase II transcription

RNA polymerase II (Pol II) transcribes all protein-coding genes, and

ncRNAs.

Some genes contain a TATA box, while others do not. The latter are known

as “TATA-less” genes, and not much is known about them. The mechanisms

by which transcription is initiated on TATA-rich promoters, in contrast, is

well known. Different transcription factors that are specific for Pol II (TFIIs)

are involved in the transcription of TATA box-containing genes (reviewed in

(Orphanides, Lagrange et al. 1996)). TFIID binds first to core promoter ele-

ments. This complex contains the TBP-binding protein, which recognises the

TATA box (Parker and Topol 1984, Nakajima, Horikoshi et al. 1988). TFIID

recruits TFIIB to the promoter (Buratowski, Hahn et al. 1989, Maldonado,

Ha et al. 1990), and the TFIIF/PolII complex is subsequently attracted to the

DNA:protein complex (reviewed in (Young 1991)). However, transcription

is not initiated until TFIIE and TFIIH bind, to form the preinitiation complex

(Flores, Ha et al. 1990). TFIIA can join the PIC at any point, but the role of

TFIIA in transcription initiation is uncertain (reviewed in (Orphanides, La-

grange et al. 1996)). Pol II harbours a C-terminal domain (CTD) that con-

sists of heptad repeats of the consensus protein sequence Tyr1-Ser2-Pro3-

Thr4-Ser5-Pro6-Ser7. A CTD can contain up to 52 repeats (26 in yeast, 52 in

human) of this consensus sequence (Allison, Moyle et al. 1985, Broyles and

Moss 1986). The repeat may be chemically modified and play a role in Pol II

progression through transcription. The most common modifications are

phosphorylation on Ser 2 or Ser 5. When Pol II joins the PIC, it is
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unphosphorylated on the CTD. However, phosphorylation on Ser 5 is then

needed to initiate transcription (Sogaard and Svejstrup 2007). The degree of

phosphorylation of Ser 5 decreases during elongation and Ser 2 starts to be

phosphorylated. The Ser 2 phosphorylation increases towards the 3' end of

the gene, and the Ser 5 phosphorylation is high at the 5' end. Many factors

bind to the CTD tail: factors involved in initiation, elongation, RNA pro-

cessing and termination (reviewed in (Heidemann, Hintermair et al. 2013)).

Two termination pathways have been studied in detail: the poly (A)-

dependent pathway and the Sen1-dependent pathway. The poly (A)-

dependent pathway is often used for mRNA, and the Sen1-dependent path-

way is used for ncRNAs (reviewed in (Kuehner, Pearson et al. 2011)).

RNA polymerase III transcription

The third of the RNA polymerases is RNA polymerase III (Pol III). It is

responsible for transcribing non-protein-coding RNAs that are shorter than

400 bp. The most well-known target genes are the 5S rRNA, tRNAs, 7SL

RNA and snRNA (reviewed in (Schramm and Hernandez 2002)). It has re-

cently been discovered that Pol III is responsible also for transcribing small

miRNA. The promoters of Pol III transcripts vary more than the promoters

of the other two RNA polymerases. Three types of promoter exist. Types I

and II have internal promoters while type III has external ones (Fig. 4).

The type I promoter, the 5S rRNA gene, first characterised in Drosophila

melanogaster, has different internal regulatory elements, the A box, the C

box and an intermediate element (IE), which build to the internal control

region (ICR) (Pieler, Hamm et al. 1987). Transcription factor IIIA (TFIIIA)

binds first to this region, and recruits TFIIIC, which, in turn, recruits TFIIIB.

TFIIIB, which contains TBP, then allows Pol III to bind and transcription

can be initiated (Engelke, Ng et al. 1980, Sakonju, Brown et al. 1981,

Lassar, Martin et al. 1983).
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The type II promoter has internal A and B boxes. Examples of genes with

such promoters are the Ad2 (adenovirus 2) VAI gene and the tRNA genes

from X. laevis and Drosophila melanogaster (Galli, Hofstetter et al. 1981,

Hofstetter, Kressman et al. 1981). TFIIIC binds to the promoter to form a

DNA:protein interaction, and then recruits TFIIIB, which in turn recruits

Pol III to initiate transcription (Bieker, Martin et al. 1985, Setzer and Brown

1985).

The third type of promoter contains external regulatory elements. It contains

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

element (DSE), which is located upstream of the PSE. RNAs that are tran-

scribed from a type III promoter include the U6 snRNA genes in humans.

This small nuclear RNA (snRNA) is part of the spliceosome and is in this

way involved in splicing (Kunkel and Pederson 1988). The PSE-binding

protein (PBP) or the snRNA-activating complex (SNAPc) of a type III pro-

moter makes the initial binding to the PSE-element, and the TBP component

of an TFIIIB-like protein is recruited to the TATA box. These then recruit

RNA polymerase III (Waldschmidt, Wanandi et al. 1991, Schramm,

Pendergrast et al. 2000).

Another type of promoter exists that is most similar to type III. This promot-

er has internal A and B boxes and an internal TATA box. This type of pro-

moter is present in the U6 RNA of Saccharomyces cerevisae. The

TFIIIB-like protein binds to the TATA box independently of TFIIIA, TFIIIC

and SNAPc, and attracts Pol III to initiate transcription (Kassavetis, Braun et

al. 1990).

All Pol III genes have in common that they own a cluster of T residues

downstream of their transcription unit, where transcription is terminated.

Pol III recognises these T residues and terminates transcription. Another

protein that is involved in transcription termination is the La protein. This

protein was first identified as an autoantigen (Wolin and Cedervall 2002). It

is now known to be involved in Pol III transcription by binding to the poly-U
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tail at rRNA transcripts, which suggests that La plays a role in transcript

release (Stefano 1984). La is still bound to the 5S rRNA after its release

from the DNA template and helps to shuffle it to the nucleolus, where it is

needed for ribosome assembly (Intine, Dundr et al. 2004).

Figure 4: Schematic overview over the different types of Pol III promoter

The RNA polymerases in the transcription of ncRNA

All three RNA polymerases are involved in the transcription of ncRNA.

The RNAs that are transcribed by Pol I and III all belong to the class of

ncRNAs, but Pol II also transcribes ncRNAs. Long non-coding RNAs such

as Xist and Kcnq1ot1, and short RNAs such as miRNA and siRNA, are tran-

scribed by Pol II (Huttenhofer, Schattner et al. 2005, Chaumeil, Le Baccon

et al. 2006, Pandey, Mondal et al. 2008). The pRNA that is present in the

IGS of the rDNA gene in mice is transcribed by Pol I (Mayer, Schmitz et al.

2006), whereas the ncRNAs in the IGS of the rDNA gene in yeast is tran-



23

scribed by Pol II (Houseley, Kotovic et al. 2007). Pol III transcribes the non-

coding ALU RNA in humans that arises from SINES (Yakovchuk, Goodrich

et al. 2009). Transcription of ncRNAs is not limited to one class of RNA

polymerase.

Regulation of Pol I transcription

Ribosomal DNA genes are heavily transcribed, since ribosomal RNA is

needed in large amounts to build ribosomes that can carry out protein syn-

thesis. It is, therefore, important that Pol I transcription is carefully regulated

and highly controlled. Numerous proteins regulate rDNA transcription: Tu-

mor suppressors, oncogenes, phosphatases, and several pathways and factors

that are required for rDNA transcription (reviewed in (White 2005)).

C-Myc regulates transcription in an activating manner. C-Myc is an onco-

gene and works as transcription factor. C-Myc has often a deregulated ex-

pression and is involved in numerous cancers (Vita and Henriksson 2006).

Together with Myc-associated factor X (Max), c-Myc can bind to E-box

sequences (CGCGTG) and stimulate transcription (Blackwell, Kretzner et al.

1990, Papoulas, Williams et al. 1992). The ribosomal DNA gene contains

several E-boxes to which c-Myc binds, thereby increasing the transcription

of ribosomal RNA (Arabi, Wu et al. 2005). Grandori et al. showed that the

increase in ribosomal transcription depends on c-Myc binding, and SL1 and

Pol I being recruited to the rDNA gene (Grandori, Gomez-Roman et al.

2005).

Overexpression of UBF can stimulate Pol I transcription in cancer, and

c-Myc regulates Pol I transcription by inducing overexpression of UBF

(Poortinga, Hannan et al. 2004). Furthermore, the post-translational modifi-

cations of UBF play an essential role in regulating the transcription of the

rDNA gene. For example, phosphorylation of UBF at the C-terminus allows

the recruitment of SL1 to the promoter, thereby attracting Pol I to start tran-
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scription (Tuan, Zhai et al. 1999). On the other hand, UBF can also be acety-

lated by the histone acetyltransferase CBP. This acetylation increases the

activity of UBF, and thus the transcription rate of the rDNA gene increases

(Hirschler-Laszkiewicz, Cavanaugh et al. 2001).

The tumor suppressor protein p53 is involved in the transcription of many

genes. It is involved also in Pol I transcription (Crighton, Woiwode et al.

2003; Sugimoto, Kuo et al. 2003). p53 can repress the transcription of the

45S pre-rRNA, and p53-deficient cell lines have elevated pre-rRNA levels

(Budde and Grummt 1999, Zhai and Comai 2000). The retinoblastoma pro-

tein (RB) is another tumor suppressor that represses Pol I transcription by

interacting with UBF, thereby preventing the recruitment of SL1 to the pro-

moter (Hannan, Kennedy et al. 2000). RB is active only in its

unphosphorylated state (Cavanaugh, Hempel et al. 1995). p53 and RB are

often disregulated in cancer, showing that they play important roles in the

control of cell proliferation by controlling rDNA synthesis.

Different signaling pathways regulate rRNA synthesis. For example, the

TOR (target of rapamycin) pathway and the MAP pathway are involved in

cell growth and cell proliferation, and have a direct influence on Pol I tran-

scription. The TOR pathway can be inhibited by rapamycin and is stimulated

by nutrients. The TOR pathway is involved in the phosphorylation of UBF,

and in this way improves the binding to SL1 and stimulates Pol I transcrip-

tion (Hannan, Brandenburger et al. 2003). The MAPK pathway is stimulated

by growth factors and the extracellular signal-regulated kinase (ERK) is an

important kinase that acts in this pathway. ERK phosphorylates several fac-

tors that are involved and that regulate Pol I transcription, such as UBF, RB,

TIF-IA and TBP. ERK thus plays a major role in the regulation of ribosomal

transcription (Stefanovsky, Pelletier et al. 2001, Zhao, Yuan et al. 2003).
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Regulation of Pol III transcription

Control and regulation of ribosomal transcription is essential for the cell,

making it obvious that various factors that regulate Pol I transcription also

regulate Pol III transcription.

C-Myc plays a role also in regulating Pol III transcription. It activates tRNA

and 5S rRNA transcription. No E-box has been identified in the promoter

region of the 5S genes, where c-myc binds in a complex with Max. However

c-Myc binding to tRNA genes and 5S rRNA genes has been confirmed.

C-Myc probably binds and acts at Pol III genes via its binding to TFIIIB

(Gomez-Roman, Grandori et al. 2003).

Also the tumor suppressors p53 and RB regulate Pol III genes. p53 binds to

TFIIIB, and prevents it from being recruited to promoters (Crighton,

Woiwode et al. 2003). RB also binds to TFIIIB, making it impossible for

TFIIIB to bind to TFIIIC and Pol III, and thus start transcription (Sutcliffe,

Brown et al. 2000, Hirsch, Jawdekar et al. 2004).

As pointed out in the previous section, ERK has a great influence on factors

that are involved in ribosomal transcription. This is the case also in Pol III

transcription. ERK phosphorylates TFIIIB and enhances the binding of the

transcription factor to Pol III (Felton-Edkins, Fairley et al. 2003). Also the

TOR pathway is involved in Pol III transcription, but the mechanism behind

is not clear. Strict regulation mechanisms are necessary for Pol I and III tran-

scription, to make sure that cell growth, proliferation and cell cycle progres-

sion occur at the right times.
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Chromatin

The RNA polymerases must overcome the structural barrier of chromatin to

be able to access DNA and initiate transcription.

Chromatin is formed when DNA is wrapped around proteins to create a

compact but dynamic structure. Two meters of linear DNA must be packed

to fit into the nucleus. The most important proteins in the chromatin structure

are the histones. Stable ionic bonds are formed between the positively

charged histones and the negatively charged DNA. There are five types of

histones: H1, H2A, H2B, H3 and H4. A nucleosome constitutes two

H2A-H2B dimers and one H3-H4 tetramer, forming the histone octamer

(Luger, Mader et al. 1997). 146 bp of DNA are wrapped around this octamer

to form the nucleosome core, which is the smallest unit in the chromatin.

The DNA is wrapped around the histone octamer 1.7 times and builds the

“10 nm-fiber” which has a “beads-on-a-string” appearance (Luger 2003).

The nucleosomes in turn are packaged further to form the 30 nm fiber of the

chromosome, this is achieved by the linker histone H1 that binds between

nucleosomes (Wolffe and Hayes 1999). These fibers are then folded into

looped domains, associated with other non-histone proteins. These looped

domains form either the tightly packed heterochromatin or the more loosely

packed euchromatin of the chromosome (Campos and Reinberg 2009).

Chromatin remodelling complexes

Histone modifications and covalent histone-modifying
enzymes

To overcome structural barriers in the chromatin structure and expose DNA

for transcription, replication or DNA repair, histone tails must be modified
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by histone-modifying enzymes, or chromatin remodelling complexes must

alter chromatin structures. It is the lysine-rich histone tails that can be chem-

ically modified. Modifying enzymes are responsible for altering the histone

tails. By modifying the histone tails, the chromatin structure can go through

a conformational change. Histones can be acetylated, methylated,

SUMOylated, ubiquitinated or phosphorylated. Here the focus is on acetylat-

ed and methylated histones. Acetylated histones play a role in chromatin

accessibility and transcriptional activation, while methylated histones often

play a role in heterochromatin formation and transcriptional silencing. His-

tone acetylation creates a more open chromatin structure known as an “ac-

tive histone mark”. Methylation of histones can do both, depending on the

location and the identity of the proteins that are recruited to the locations. It

can open up the chromatin structure, or the chromatin can become more

closely packed and then it is known as an “inactive histone mark” (reviewed

in (Jenuwein and Allis 2001)). Examples of active histone marks are

H3K9ac, H3K14ac and H3K4me3. The latter is often found on 5' ends of

genes (McStay and Grummt 2008). H3K9me3 and H3K27me3 are often

found at promoters in heterochromatin (reviewed in (Wang, Allis et al.

2007)).

Histone methyl transferases (HMTs) and histone demethylases methylate

and demethylate lysine residues, respectively. HATs (histone acetyl transfer-

ases) and HDACs (histone deacetylases) acetylate and deacetylate histone

tails, respectively (Davie 1998, MacDonald and Howe 2009). Three main

families of HATs exist: the Gcn5-related N-acetyl transferase family, which

includes HAT1, Gcn5 and PCAF; the CBP/P300 family; and the MYST

family, which includes TIP60 and Mof. Gcn5, for example, acetylates the

histone H3 at lysine 14 (Johnsson and Wright 2010), and Mof acetylates H4

at lysine 16 (Akhtar and Becker 2000). There are four classes of HDACs:

class I, which contains HDAC1-3 and HDAC8; class II, which consists of
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HDAC4-7 and 9-10; class III, which consists of Sirtuin 1-7; and class IV,

which includes HDAC11 (Bolden, Peart et al. 2006, Kouzarides 2007).

Histone modifications can attract other proteins to maintain and stabilise a

specific state on the chromatin. Methylation of lysine 27 on histone H3

(H3K27me3), for example, recruits the polycomb repressor complex (PRC),

either PRC1 or PRC2. PCR2 is involved in gene repression. PRC2 contains

the enhancer of zeste 2 (EZH2), which itself is a methyltransferase for

H3K27me3 and is involved in stem cell renewal and embryonic develop-

ment (Bracken, Dietrich et al. 2006, Sparmann and van Lohuizen 2006).

Methylation of lysine 9 (H3K9me3), on the other hand, recruits HP1, which

is important for heterochromatin formation (Grewal and Elgin 2007).

ATP-dependent chromatin remodelling complexes

In addition to histone-modifying enzymes, ATP-dependent chromatin re-

modelling complexes can change the chromatin structure. They use the ener-

gy of ATP hydrolysis to slide nucleosomes, and at least one ATPase subunit

is needed in each such complex. Chromatin remodelling complexes play a

major role in gene expression and they facilitate transcription, DNA replica-

tion and repair. The ATPase subunits all belong to the SWI2/SNF2 super-

family of proteins (Becker and Horz 2002). It got its name according to the

first characterised ATP-dependent chromatin remodelling complex: the

SWI/SNF complex in yeast (Cote, Quinn et al. 1994).

The SWI2/SNF2 superfamily contains four main subfamilies: the

SWI2/SNF2-, the ISWI-, the CHD- and the Ino80-subfamily. Each of these

subfamilies is able to promote nucleosomal sliding. Different chromatin

remodelling complexes have been identified in different species such as

yeast, Drosophila and humans/mice (Becker and Horz 2002).

The SWI2/SNF2 group contains a bromodomain that allows them to bind to

acetylated histones (Horn and Peterson 2001, Martens and Winston 2003).
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Complexes containing SWI2/SNF2 are involved in the activation and repres-

sion of transcription (Cairns, Schlichter et al. 1999).

The subfamily ISWI is characterised by a SANT domain. ISWI-containing

complexes are involved in different processes. Depending on the complex

and the species, they can be involved in regulation of Pol II and I transcrip-

tion (Santoro, Li et al. 2002, Morillon, Karabetsou et al. 2003), and in chro-

matin assembly and replication (Bozhenok, Wade et al. 2002). The CHD

contains a chromodomain and can deacetylate histones (Feng and Zhang

2003). INO80 has a split ATPase domain and is involved in DNA repair

(Shen, Mizuguchi et al. 2000).

ISWI-containing complexes

In this study we focus on the ISWI subfamily. ISWI stands for “imitation

switch” because of its sequence similarity to the SWI2/SNF2. There are two

isoforms of ISWI in mammals, SNF2h (sucrose non-fermenter homologue)

and SNF2l (sucrose non-fermenter like). ISWI is part of numerous chromatin

remodelling complexes, such as CHRAC and NURF (Vignali, Hassan et al.

2000). Here we will concentrate on the isoform SNF2h in mammalian cells

and the chromatin remodelling complexes NoRC, WICH and B-WICH.

NoRC consists of the ATPase SNF2h and TIP5 (Strohner, Nemeth et al.

2001). WICH consists of the ATPase SNF2h and WSTF. The WICH com-

plex is recruited to replication foci by the DNA clamp protein PCNA and it

is involved in replication. First, WSTF is attracted to PCNA and then WSTF

recruits SNF2h (Poot, Bozhenok et al. 2004). The B-WICH complex consists

also of the ATPase SNF2h and WSTF, and contains also NM1 and several

RNA-processing proteins (Percipalle, Fomproix et al. 2006).
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The WAL/BAZ family - WSTF

WSTF belongs to the WAL/BAZ family of proteins and is also known as

“BAZ1B”. The WSTF gene is located on chromosome 7 and was given its

name because there is a heterozygous deletion of the WSTF gene in patients

who have Williams Syndrome (Lu, Meng et al. 1998, Peoples, Cisco et al.

1998). WSTF contains a number of different motifs that are conserved from

Xenopus laevis to mammals. A PHD (plant homeodomain) domain and a

bromodomain are located in the gene, and genes with those domains can

bind to and/or modify chromatin. The WSTF bromodomain binds to

H3K14ac (Kato, Fujiki et al. 2007). Proteins that harbour a bromodomain

are involved in transcription (Barnett and Krebs 2011). Furthermore, WSTF

contains a WAC domain. A WAC domain is often found in proteins that

have kinase activity. Xiao et al. have shown that WSTF is a tyrosine kinase

in mouse cells. WSTF is also involved in DNA damage response by phos-

phorylating H2A.X, a histone modification that is accumulated in DNA

damage (Xiao, Li et al. 2009). WSTF itself can be post-transcriptionally

modified. It is phosphorylated in the WAC domain at serine 158 by MAP

kinases. This is, however, not necessary for WICH complex assembly, since

WSTF binds to SNF2h in its unphosphorylated form (Barnett and Krebs

2011).

Figure 5: Drawing of the WSTF gene including its conserved domains LH,

WAC, DDT, BAZ1, BAZ2, WAKZ, PHD and the bromodomain
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The role of B-WICH, NoRC and CSB in Pol I
transcription

We have previously identified B-WICH as a chromatin remodelling factor in

rRNA transcription. It is composed of the WICH complex and other nuclear

proteins. These include Sf3b155/SAP155, RNA helicase II/Guα, proto-

oncogen Dek, CSB, Myb-binding protein 1a and NM1. B-WICH binds to the

rDNA promoter and throughout the coding region, and this has led to it be-

ing proposed that B-WICH plays a role in Pol I transcription. Knock down

of WSTF, which recruits SNF2h and NM1, results in a decreased 45S pre-

mRNA level, which confirms that the B-WICH complex is involved in Pol I

transcription (Cavellán, Asp et al. 2006).

Other scientists have, however, shown that the CSB (Cockayne syndrome B)

remodels chromatin over rDNA genes. CSB recruits the methyl transferase

G9a to the rDNA gene, which creates a more open chromatin structure

(Yuan, Feng et al. 2007). CSB was originally identified through the role it

plays in DNA damage. CSB has an ATPase activity, and is involved in

chromatin remodelling (Citterio, Van Den Boom et al. 2000), and in Pol II

transcription (Balajee, May et al. 1997). Its role in Pol I transcription became

clear later (Bradsher, Auriol et al. 2002). Despite its ATPase activity, CSB is

not part of the SWI2/SNF2 superfamily of ATP-dependent chromatin re-

modelling complexes.

Transcription is repressed at inactive copies of the rDNA gene by the chro-

matin remodelling factor NoRC, which, in turn, recruits histone deacetylases

that deacetylate histone H4. Furthermore, DNA methyltransferases and his-

tone methyltransferases that methylate the DNA (CpG-islands), H3K9 and

the H4K20 respectively, are involved in the repression (Mayer, Schmitz et

al. 2006).
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Figure 6: A mechanistic model for B-WICH and its role in Pol I transcrip-

tion

Role of B-WICH in Pol III transcription

B-WICH binds also at Pol III genes such as the 5S rRNA and 7SL RNA

gene. The B-WICH complex also facilitates chromatin remodelling and tran-

scription at those genes, since the knock down of WSTF (recruiter of SNF2h

and NM1) reduces the transcript levels of 5S rRNA and 7SL RNA

(Cavellan, Asp et al. 2006).
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The present investigation

Objectives/Aim of the studies
In these studies we focused on the ribosomal RNA genes: the ribosomal

Pol I 45S rRNA gene and the 5S rRNA gene. We focused also on Pol III

transcription, which transcribes the 7SL RNA and tRNAs, among others.

One aim of these studies was to obtain more insight how ribosomal tran-

scription is regulated: to determine the mechanism by which the chromatin

remodelling complex B-WICH is involved in ribosomal RNA transcription.

Another aim was to investigate the IGS of the rDNA gene. We studied the

extent to which the IGS is transcribed and how non-coding transcripts from

this region are regulated.

Model system
These studies were conducted with two human cell lines: HeLa and

HEK293T cells. HeLa is a cervical carcinoma cell line that is commonly

used in research. It is an immortal transformed cancer cell line, the cells of

which are derived from a patient called Henrietta Lacks, who died of cervi-

cal cancer in 1951. The cells have been kept in culture ever since. HEK293T

cells are immortalized human embryonic kidney cells. They were obtained

from a healthy aborted fetus in the 1970s and were transformed with sheared

DNA of human adenovirus 5.
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Study I

The chromatin remodelling complex B-WICH changes the

chromatin structure and recruits histone acetyltransferases

to active rRNA genes

Aim

In our first study, we investigated the coding region of the ribosomal DNA

gene. We had shown earlier that the B-WICH (WSTF, SNF2h and NM1)

complex is involved in RNA Pol I transcription (Percipalle, Fomproix et al.

2006), and the aim of Study 1 was to analyse the mechanism by which this

participation of B-WICH occurs.

Results

In Paper I we showed that the B-WICH complex is associated with active

copies of the rDNA gene, together with Pol I and UBF. DNase accessibility

assays revealed that DNA is more inaccessible to DNase I when WSTF has

been knocked down than in a knock down with a scrambled control. We

conclude that WSTF can create a more open chromatin structure over the

rDNA gene promoter and in the coding region. Since we could see an effect

on chromatin structure by knocking down WSTF, we investigated the re-

cruitment of proteins by WSTF. We showed with IPs that WSTF attracts

SNF2h, NM1 and Pol I to the rDNA gene, while the UBF binding is inde-

pendent of WSTF. We checked whether the B-WICH complex is involved

also in the processing of the ribosomal subunits. Northern blots revealed that

the rRNA processing intermediates did not change when WSTF was

knocked down. We concluded that B-WICH does not play a role in rRNA

processing, and that the role of B-WICH is limited to the chromatin struc-

ture. Histone acetylation is often correlated with active transcription

(MacDonald and Howe 2009). Active histone marks were present on the
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rDNA gene, and the H3K9ac had the highest decrease in WSTF kd cells.

Inactive histone marks were associated also with the rDNA gene, since at

least half of the copies are silent. WSTF kd resulted in a reduced silencing

mark H4K20me3, while the H3K9me3 was unaffected.

For histones to be modified, different histone-modifying enzymes are need-

ed. Histones are acetylated, for example, by HATs (histone acetyl transferas-

es) (Davie 1998). As histone acetylation decreased in WSTF kd cells, we

wanted to investigate whether this occurred at the level of HAT recruitment

to the rDNA. Decreased H3-HAT binding to the rDNA promoter in

WSTF kd cells was detected, which confirms that WSTF attracts H3-HATs

to the rDNA gene. Mof was not affected upon WSTF kd, indicating that

WSTF is not responsible for recruiting H4-HATs. Since HATs are depend-

ent on WSTF at the rDNA gene, we next checked if the HATs would be

bound by WSTF. Interaction between PCAF and WSTF was only detected at

low salt concentrations, suggesting that the interaction is weak. WSTF does

not interact with Gcn5 nor with p300. Finally, we examined whether a

chromatin remodelling event precedes the acetylation of H3. With a MNase

assay in scrambled control and WSTF kd cells, the B-WICH complex was

needed to open up the chromatin structure 200 bp upstream of the rDNA

promoter. A more closed chromatin structure at this position was detected

when WSTF was knocked down.

In our studies we define a clearer picture of the mechanism by which the

B-WICH complex regulates rDNA synthesis. We have shown by ChIP ex-

periments that WSTF, a protein in the B-WICH complex, attracts HATs to

the rDNA gene, and that the B-WICH complex is thus indirectly responsible

for the acetylation of histones at rDNA. This action, in turn, creates a more

open chromatin structure and more transcription can take place. We can,

however, only speculate on the way in which B-WICH attracts HATs, since

no direct interaction has been found with p300 or Gcn5, and a very weak

interaction with PCAF. It is possible that B-WICH creates a more open
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chromatin structure by remodelling chromatin, thereby establishing spots on

the DNA for the HATs to bind. We can speculate further that this is unique

for H3-HATs, since WSTF knock down did not influence the H4-specific

HAT Mof.

Model:

Figure 7: Model of the role of B-WICH in rRNA transcription. The B-WICH
complex is required for the access of B-WICH factors and H3-specific his-
tone acetyl-transferase to the DNA, resulting in H3K9-acetylation.
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Study II

Nuclear myosin 1c facilitates the chromatin modifications

required to activate rRNA gene transcription and cell cycle

progression

Aim

The aim for our research in this paper concerned only the question of the

mechanism by which NM1 is involved in Pol I transcription.

In Study I we show the mechanism by which the B-WICH complex is in-

volved in Pol I transcription. In this paper we focus on NM1, a protein that is

part of the B-WICH complex, recruited by WSTF to the Pol I gene.

This paper also included studies of the regulation of B-WICH in mitosis and

interphase. Additionally the phosphorylation pattern of WSTF was charac-

terised during the cell cycle.

Results

In Paper II we show that NM1 is needed for active Pol I transcription. De-

creased 45S pre-rRNA levels are detected in NM1 knock down cells.

Just as in Paper I, we carried out MNase assays in NM1 kd and scrC cells.

The degree of chromatin protection did not change following NM1 kd, sug-

gesting that NM1 itself is not responsible for chromatin remodelling. The

binding of WSTF-SNF2h or of Pol I to the rDNA gene was not affected

when NM1 was knocked down. We concluded that WSTF acts at a step prior

to NM1. Similar to WSTF kd, however, NM1 kd causes a decrease in the

histone acetylation pattern. The binding of the HAT PCAF was

down-regulated in NM1 kd cells, which suggests that binding of PCAF to

the Pol I gene is an NM1-specific feature. Furthermore, WSTF binding to

the Pol I gene was tested throughout the cell cycle with ChIP experiments.

WSTF associates to the rDNA gene during the complete cell cycle, and does
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not leave the gene during mitosis. During mitosis, however, WSTF associ-

ates with the Pol I gene in its phosphorylated form. WSTF is unable to bind

SNF2h and NM1 when it is phosphorylated (Oya, Yokoyama et al. 2009).

NM1 is needed for active Pol I transcription, but it is not a chromatin remod-

elling complex itself and cannot open up the chromatin on the rDNA gene.

Since rDNA levels decrease upon NM1 knock down, NM1 is an important

component of the B-WICH complex that is necessary to carry out Pol I tran-

scription.

Study III

Non-coding RNAs from the rDNA intergenic repeat are tran-

scribed by RNA polymerase I and II and have different func-

tions

Aim

In this study we investigated the IGS of the rDNA gene. Interest into

intergenic regions is increasing, as is interest into coding strands of DNA,

since it has become clear that ncRNAs, including asRNAs, are transcribed

from these locations. Furthermore, ncRNA is transcribed from the IGS of the

rDNA gene in other species than humans (Mayer, Schmitz et al. 2006).

NcRNAs have recently been identified in the IGS in human cells (Audas,

Jacob et al. 2012). Here we wanted to investigate the extent to which the IGS

of the rDNA gene in humans is transcribed, and whether these ncRNAs

regulate Pol I transcription.

Results

In Paper III we show with RT-qPCR that more or less the complete IGS of

the rDNA gene in human cells is transcribed. However, in a Northern blot



39

approach we could identify three specific ncRNAs by their size and direction

of transcription. We found the IGS19asRNA, the IGS32asRNA and the

IGS38RNA, which differ in length and transcription direction. Only

IGS32asRNA was transcribed by Pol I, the other two were Pol II products.

NcRNAs are sometimes unstable transcripts and degraded by the exosome

complex (Houseley, Kotovic et al. 2007). NcRNAs identified in this studies

showed greater expression when Rrp6, a protein of the exosome complex,

was knocked down, which suggests that these ncRNAs are a substrate for the

exosome.

FISH experiments revealed that IGS19asRNA is enriched at specific sites in

the nucleus and its 5' TSS could be identified with a 5' RACE.

The two antisense RNAs, at 19 kb and 32 kb from TSS, are differently regu-

lated. The IGS19asRNA is up-regulated upon heat shock, as is also an ncRNA

from the human IGS of the rDNA gene, which was identified by Audas et al.

(Audas, Jacob et al. 2012). The IGS32asRNA was up-regulated upon glucose

refeeding in the same way as the 45S pre-rRNA, while the level of

IGS38RNA did not change in either treatment. Furthermore, we obtained a

speckled nuclei staining with IGS19asRNA with FISH, suggesting that

IGS19asRNA is associated with speckles. ChRIP experiments showed that

IGS32asRNA remains at the chromatin and binds to HP1.The IGS32asRNA is

one of the first ncRNAs that binds to HP1, and may play a role in transcrip-

tional repression. However, the functions of these ncRNAs are still unknown

and need to be elucidated. We cannot rule out that the ncRNAs regulate tran-

scription of the 45S pre-rRNA or influence nucleolar stability. IGS32asRNA

is transcribed in close proximity to the pseudogene Cdc27, and it is possible

that it is involved in regulating this region. We found IGS19asRNA mostly

outside the nucleoli in a speckled pattern, where it may be involved in regu-

lating nuclear processes.
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Study IV

The B-WICH chromatin-remodelling complex regulates

RNA polymerase III transcription by promoting Max de-

pendent c-Myc binding

Aim

We have previously identified the chromatin remodelling complex B-WICH.

It binds to Pol III genes, such as the 5S rRNA gene and the 7SL RNA gene.

Upon knock down of the WSTF, in which the subunit that recruit SNF2h and

NM1 is removed, transcription of these genes is down-regulated (Cavellán

2006). It is not clear, however, how B-WICH down-regulates Pol III tran-

scription. In this study we investigated the way in which B-WICH is in-

volved in Pol III transcription.

Results

The B-WICH complex is able to influence the binding of the Pol III machin-

ery to the 5S rRNA and 7SL RNA genes. It does not, however, recruit the

TFIIIs and Pol III directly, which we can conclude since our results showed

that the proteins do not interact.

We investigated the influence of the B-WICH complex on chromatin.

B-WICH was able to influence the chromatin structure around the 5S rRNA

and 7SL RNA genes at specific locations, as shown by MNase assays, con-

firming that B-WICH functions as a chromatin remodeller. The chromatin

structure after WSTF knock down was a closed structure. WSTF was the

protein that attracted the rest of the B-WICH complex to Pol I and III genes.

The closed chromatin structure could be caused by changes in the histone

modifications that occur. Similar to the regulation of Pol I genes, WSTF kd

reduced the levels of H3K9ac and H3K14ac and abolished the binding of the

H3-HATs p300 and Gcn5 to the 5S rRNA and 7SL RNA gene. The HAT
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Gcn5 is part of the TRRAP complex (Kenneth, Ramsbottom et al. 2007).

C-Myc is involved in the regulation of Pol III transcription, where it attracts

the TRRAP complex and alters the binding of Pol III factors (Gomez-

Roman, Grandori et al. 2003; van Riggelen, Yetil et al. 2010). These find-

ings led us to investigate whether the B-WICH complex is involved in c-

Myc binding to Pol III genes. We demonstrated that binding of c-Myc is

reduced at Pol III genes upon WSTF knock down, thereby confirming that

B-WICH is involved in the attraction of c-Myc. We also showed that c-Myc

binds to the IGS of the 5S rRNA gene, in addition to the promoter binding.

When WSTF is knocked down, c-Myc levels are even lower at the position

in the IGS than they are at the promoter binding site. c-Myc binding was also

affected at 7SL RNA genes when WSTF was knocked down. We identified

an E-box in the IGS of the 5S rRNA gene. c-Myc binds to E-boxes with its

binding partner Max (Wahlstrom and Henriksson 2007, Gallant and Steiger

2009). We also detected Myc:Max binding to this E-box in the IGS of the 5S

rRNA gene, suggesting that c-Myc not only regulates transcription by bind-

ing at the promoter but also by binding to the IGS. We showed that c-Myc

regulates histone acetylation and recruitment of Pol III to the 5S rRNA gene.

However, knock down of c-Myc did not influence the binding of WSTF or

SNF2h to the 5S rRNA gene, which suggests that B-WICH acts at a step

prior to the step at which c-Myc acts.

We suggest that c-Myc can alter the 5S rRNA transcription in a

B-WICH-dependent manner in two ways: by binding to the promoter, inter-

acting with TFIIIB and thereby recruiting more Pol III, and in a

Max-dependent way in the IGS. These findings show for the first time that

also the 5S rRNA is under the control of the Myc/Max/Mxd network. As in

Pol I transcription, the B-WICH here works as a factor that makes it possible

for other proteins to bind to Pol III genes.
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Conclusions

Study I

The B-WICH complex acts as a licensing factor by creating a more open

chromatin structure over the promoter region of the rDNA gene.

B-WICH is subsequently able to attract HATs to the rDNA gene, Gcn5,

p300 and PCAF, by which process histone tails become more highly acety-

lated and activate transcription.

Study II

NM1 is part of the B-WICH complex and cannot remodel chromatin. In-

stead, NM1 can activate Pol I transcription by attracting the HAT PCAF.

This results in higher acetylation of H3 histone tails, which stimulates tran-

scription.

Study III

Three ncRNAs transcribed from the IGS of the rDNA gene were identified:

the IGS19asRNA, the IGS32asRNA and the IGS38RNA. IGS19asRNA and

IGS38RNA are transcribed by Pol II, while IGS32asRNA is a Pol I transcript.

The IGS19asRNA and the IGS32asRNA are regulated upon heat shock stress

and glucose refeeding, respectively. The IGS19asRNA enters the nucleoplasm

and gives a speckled pattern, suggesting that it binds to speckles. The

IGS32asRNA binds to the HP1 on chromatin and may be involved in tran-

scriptional repression.

Study IV

As in Study I, the B-WICH complex is able to create a more open structure

at Pol III genes. B-WICH is able to remodel a site at Pol III genes in which

c-Myc binds to an E-box. C-Myc recruits the TRRAP complex in a
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Max-dependent way, which in turn acetylates histones to activate transcrip-

tion.

Future perspectives
We have determined the mechanism by which the B-WICH complex is in-

volved in Pol I and III transcription, and we have determined the role of

NM1 in Pol I transcription. We confirm that B-WICH plays an important

role in the transcription of ribosomal genes, and thus a role in cell prolifera-

tion and cell growth. However, we do not know how WSTF is initially re-

cruited to the Pol I and III genes. The question remains what recruits it to the

rDNA gene, the 5S rRNA and the 7SL RNA gene?

We have also identified three ncRNA transcripts in the IGS of the human

rDNA gene. We have characterised them and determined the function of

IGS32asRNA. The functions of IGS19asRNA and IGS38RNA, however, remain

to be investigated. More experiments to investigate IGS32asRNA:HP1 inter-

action and its outcome are needed.



44

Acknowledgements

Many people have supported and helped me on my way to get a PhD - scien-

tifically, procedurally and socially. Without you I would not have been able

to walk this road towards the defence of my thesis. Thank you.

First and greatest of all I am thankful to my supervisor Ann-Kristin Östlund

Farrants. Thank you for giving me the opportunity to start a PhD in your

group, for believing in me and giving me the work freedom I needed. Thank

you for your endless patience, your help and your support, for always taking

time and for always seeing something good in experiments that seemed to be

lost. I learned and grew a lot in the sometimes chaotic Östlund-Farrants lab.

A big thank you goes to my co-supervisor Neus Visa for always taking time

explaining and trying new methods. For sharing your great ideas, giving

valuable input and for all your support. I appreciate a lot to have you as my

co-supervisor.

Special thanks to my past and present lab fellows: to Anna for all the work

fun in the lab, that started even before our PhD. Thank you for sharing more

happy and less happy moments and for “rocking” this PhD-time with me. To

Fatemeh, for your help in the lab and your patience as the wise PhD-student.

 Thank you for the fun at courses and conferences. To Toni, our newest

member. It felt so good to have a male counterpart in our female lab. 

Thank you for all the nice scientific as unscientific discussions.

I am grateful to my colleaques from old cellbio and new MBW. Thank you

for your advice, scientifical discussions and input. It was a pleasure to work

with you. I am particularly thankful to Kicki, for going beside throughout

my whole PhD-studies. Thank you for the morning coffees, training, for

sharing “up´s and down´s” and just EVERYTHING, I do not know how I

would have managed without you. And to Deike for sharing this 5 years PhD



45

time. Thank you for all the time that we spent during working hours and

outside the lab. I will always keep the unique cellbio parties in my mind.

Thank you to all my dear friends in Sweden and Germany, I am so glad to

have you. Especially to my girls in Germany - Sigi, Mone, Katha and Eve.

Thank you for never loosing contact, always having an open ear and always

believing in me. I am so happy to have you in my live. To my study buddy

Sonja, for always keeping in touch, discussing science and life, I am so glad

that I have found you. And to “The sun” for the funny moments and excur-

sions outside the lab.

Thank you Claes, for all your support, interest and love and for being my

“last-minute-computer-savior”. I am so happy that you are part of my life,

and that you let the sun shine every day.

And of course I would like to thank my family, my father and mother for all

your love, encouragement and support. Thank you for making me to the

person that I am today. Last but not least to my beloved sister Lena. Thank

you for being there, listening and always believing in me. You are an inspi-

ration in my life and simply the best!



46

References

Akhtar, A. and P. B. Becker (2000). "Activation of transcription through
histone H4 acetylation by MOF, an acetyltransferase essential for dosage
compensation in Drosophila." Mol Cell 5(2): 367-375.

Allison, L. A., M. Moyle, M. Shales and C. J. Ingles (1985). "Extensive
homology among the largest subunits of eukaryotic and prokaryotic RNA
polymerases." Cell 42(2): 599-610.

Allmang, C., E. Petfalski, A. Podtelejnikov, M. Mann, D. Tollervey and P.
Mitchell (1999). "The yeast exosome and human PM-Scl are related
complexes of 3' --> 5' exonucleases." Genes Dev 13(16): 2148-2158.

Arabi, A., S. Wu, K. Ridderstrale, H. Bierhoff, C. Shiue, K. Fatyol, S.
Fahlen, P. Hydbring, O. Soderberg, I. Grummt, L. G. Larsson and A. P.
Wright (2005). "c-Myc associates with ribosomal DNA and activates RNA
polymerase I transcription." Nat Cell Biol 7(3): 303-310.

Audas, T. E., M. D. Jacob and S. Lee (2012). "Immobilization of proteins in
the nucleolus by ribosomal intergenic spacer noncoding RNA." Mol Cell
45(2): 147-157.

Balajee, A. S., A. May, G. L. Dianov, E. C. Friedberg and V. A. Bohr
(1997). "Reduced RNA polymerase II transcription in intact and
permeabilized Cockayne syndrome group B cells." Proc Natl Acad Sci U S
A 94(9): 4306-4311.

Barnett, C. and J. E. Krebs (2011). "WSTF does it all: a multifunctional
protein in transcription, repair, and replication." Biochem Cell Biol 89(1):
12-23.

Becker, P. B. and W. Horz (2002). "ATP-dependent nucleosome
remodeling." Annu Rev Biochem 71: 247-273.

Bell, G. I., L. J. DeGennaro, D. H. Gelfand, R. J. Bishop, P. Valenzuela and
W. J. Rutter (1977). "Ribosomal RNA genes of Saccharomyces cerevisiae. I.
Physical map of the repeating unit and location of the regions coding for 5 S,
5.8 S, 18 S, and 25 S ribosomal RNAs." J Biol Chem 252(22): 8118-8125.

Bernstein, E. and C. D. Allis (2005). "RNA meets chromatin." Genes Dev
19(14): 1635-1655.



47

Bieker, J. J., P. L. Martin and R. G. Roeder (1985). "Formation of a rate-
limiting intermediate in 5S RNA gene transcription." Cell 40(1): 119-127.

Birch, J. L. and J. C. Zomerdijk (2008). "Structure and function of ribosomal
RNA gene chromatin." Biochem Soc Trans 36(Pt 4): 619-624.

Blackwell, T. K., L. Kretzner, E. M. Blackwood, R. N. Eisenman and H.
Weintraub (1990). "Sequence-specific DNA binding by the c-Myc protein."
Science 250(4984): 1149-1151.

Bolden, J. E., M. J. Peart and R. W. Johnstone (2006). "Anticancer activities
of histone deacetylase inhibitors." Nat Rev Drug Discov 5(9): 769-784.

Bozhenok, L., P. A. Wade and P. Varga-Weisz (2002). "WSTF-ISWI
chromatin remodeling complex targets heterochromatic replication foci."
EMBO J 21(9): 2231-2241.

Bracken, A. P., N. Dietrich, D. Pasini, K. H. Hansen and K. Helin (2006).
"Genome-wide mapping of Polycomb target genes unravels their roles in cell
fate transitions." Genes Dev 20(9): 1123-1136.

Bradsher, J., J. Auriol, L. Proietti de Santis, S. Iben, J. L. Vonesch, I.
Grummt and J. M. Egly (2002). "CSB is a component of RNA pol I
transcription." Mol Cell 10(4): 819-829.

Broyles, S. S. and B. Moss (1986). "Homology between RNA polymerases
of poxviruses, prokaryotes, and eukaryotes: nucleotide sequence and
transcriptional analysis of vaccinia virus genes encoding 147-kDa and 22-
kDa subunits." Proc Natl Acad Sci U S A 83(10): 3141-3145.

Budde, A. and I. Grummt (1999). "p53 represses ribosomal gene
transcription." Oncogene 18(4): 1119-1124.

Buratowski, S., S. Hahn, L. Guarente and P. A. Sharp (1989). "Five
intermediate complexes in transcription initiation by RNA polymerase II."
Cell 56(4): 549-561.

Cairns, B. R., A. Schlichter, H. Erdjument-Bromage, P. Tempst, R. D.
Kornberg and F. Winston (1999). "Two functionally distinct forms of the
RSC nucleosome-remodeling complex, containing essential AT hook, BAH,
and bromodomains." Mol Cell 4(5): 715-723.

Campos, E. I. and D. Reinberg (2009). "Histones: annotating chromatin."
Annu Rev Genet 43: 559-599.



48

Cavanaugh, A. H., W. M. Hempel, L. J. Taylor, V. Rogalsky, G. Todorov
and L. I. Rothblum (1995). "Activity of RNA polymerase I transcription
factor UBF blocked by Rb gene product." Nature 374(6518): 177-180.

Cavellán, E., P. Asp, P. Percipalle and A. K. Farrants (2006). "The WSTF-
SNF2h chromatin remodeling complex interacts with several nuclear
proteins in transcription." J Biol Chem 281(24): 16264-16271.

Chaumeil, J., P. Le Baccon, A. Wutz and E. Heard (2006). "A novel role for
Xist RNA in the formation of a repressive nuclear compartment into which
genes are recruited when silenced." Genes Dev 20(16): 2223-2237.

Citterio, E., V. Van Den Boom, G. Schnitzler, R. Kanaar, E. Bonte, R. E.
Kingston, J. H. Hoeijmakers and W. Vermeulen (2000). "ATP-dependent
chromatin remodeling by the Cockayne syndrome B DNA repair-
transcription-coupling factor." Mol Cell Biol 20(20): 7643-7653.

Cote, J., J. Quinn, J. L. Workman and C. L. Peterson (1994). "Stimulation of
GAL4 derivative binding to nucleosomal DNA by the yeast SWI/SNF
complex." Science 265(5168): 53-60.

Crighton, D., A. Woiwode, C. Zhang, N. Mandavia, J. P. Morton, L. J.
Warnock, J. Milner, R. J. White and D. L. Johnson (2003). "p53 represses
RNA polymerase III transcription by targeting TBP and inhibiting promoter
occupancy by TFIIIB." EMBO J 22(11): 2810-2820.

Davie, J. R. (1998). "Covalent modifications of histones: expression from
chromatin templates." Curr Opin Genet Dev 8(2): 173-178.

Engelke, D. R., S. Y. Ng, B. S. Shastry and R. G. Roeder (1980). "Specific
interaction of a purified transcription factor with an internal control region of
5S RNA genes." Cell 19(3): 717-728.

Felton-Edkins, Z. A., J. A. Fairley, E. L. Graham, I. M. Johnston, R. J. White
and P. H. Scott (2003). "The mitogen-activated protein (MAP) kinase ERK
induces tRNA synthesis by phosphorylating TFIIIB." EMBO J 22(10): 2422-
2432.

Feng, Q. and Y. Zhang (2003). "The NuRD complex: linking histone
modification to nucleosome remodeling." Curr Top Microbiol Immunol 274:
269-290.



49

Flores, O., I. Ha and D. Reinberg (1990). "Factors involved in specific
transcription by mammalian RNA polymerase II. Purification and subunit
composition of transcription factor IIF." J Biol Chem 265(10): 5629-5634.

Gallant, P. and D. Steiger (2009). "Myc's secret life without Max." Cell
Cycle 8(23): 3848-3853.

Galli, G., H. Hofstetter and M. L. Birnstiel (1981). "Two conserved
sequence blocks within eukaryotic tRNA genes are major promoter
elements." Nature 294(5842): 626-631.

Gerber, J. K., E. Gogel, C. Berger, M. Wallisch, F. Muller, I. Grummt and F.
Grummt (1997). "Termination of mammalian rDNA replication: polar arrest
of replication fork movement by transcription termination factor TTF-I."
Cell 90(3): 559-567.

Gomez-Roman, N., C. Grandori, R. N. Eisenman and R. J. White (2003).
"Direct activation of RNA polymerase III transcription by c-Myc." Nature
421(6920): 290-294.

Gonzalez, I. L. and J. E. Sylvester (1995). "Complete sequence of the 43-kb
human ribosomal DNA repeat: analysis of the intergenic spacer." Genomics
27(2): 320-328.

Grandori, C., N. Gomez-Roman, Z. A. Felton-Edkins, C. Ngouenet, D. A.
Galloway, R. N. Eisenman and R. J. White (2005). "c-Myc binds to human
ribosomal DNA and stimulates transcription of rRNA genes by RNA
polymerase I." Nat Cell Biol 7(3): 311-318.

Grewal, S. I. and S. C. Elgin (2007). "Transcription and RNA interference in
the formation of heterochromatin." Nature 447(7143): 399-406.

Grummt, I. (2003). "Life on a planet of its own: regulation of RNA
polymerase I transcription in the nucleolus." Genes Dev 17(14): 1691-1702.

Guttman, M., I. Amit, M. Garber, C. French, M. F. Lin, D. Feldser, M.
Huarte, O. Zuk, B. W. Carey, J. P. Cassady, M. N. Cabili, R. Jaenisch, T. S.
Mikkelsen, T. Jacks, N. Hacohen, B. E. Bernstein, M. Kellis, A. Regev, J. L.
Rinn and E. S. Lander (2009). "Chromatin signature reveals over a thousand
highly conserved large non-coding RNAs in mammals." Nature 458(7235):
223-227.

Hannan, K. M., Y. Brandenburger, A. Jenkins, K. Sharkey, A. Cavanaugh,
L. Rothblum, T. Moss, G. Poortinga, G. A. McArthur, R. B. Pearson and R.



50

D. Hannan (2003). "mTOR-dependent regulation of ribosomal gene
transcription requires S6K1 and is mediated by phosphorylation of the
carboxy-terminal activation domain of the nucleolar transcription factor
UBF." Mol Cell Biol 23(23): 8862-8877.

Hannan, K. M., B. K. Kennedy, A. H. Cavanaugh, R. D. Hannan, I.
Hirschler-Laszkiewicz, L. S. Jefferson and L. I. Rothblum (2000). "RNA
polymerase I transcription in confluent cells: Rb downregulates rDNA
transcription during confluence-induced cell cycle arrest." Oncogene 19(31):
3487-3497.

Heidemann, M., C. Hintermair, K. Voss and D. Eick (2013). "Dynamic
phosphorylation patterns of RNA polymerase II CTD during transcription."
Biochim Biophys Acta 1829(1): 55-62.

Hirsch, H. A., G. W. Jawdekar, K. A. Lee, L. Gu and R. W. Henry (2004).
"Distinct mechanisms for repression of RNA polymerase III transcription by
the retinoblastoma tumor suppressor protein." Mol Cell Biol 24(13): 5989-
5999.

Hirschler-Laszkiewicz, I., A. Cavanaugh, Q. Hu, J. Catania, M. L.
Avantaggiati and L. I. Rothblum (2001). "The role of acetylation in rDNA
transcription." Nucleic Acids Res 29(20): 4114-4124.

Hofstetter, H., A. Kressman and M. L. Birnstiel (1981). "A split promoter
for a eucaryotic tRNA gene." Cell 24(2): 573-585.

Horn, P. J. and C. L. Peterson (2001). "The bromodomain: a regulator of
ATP-dependent chromatin remodeling?" Front Biosci 6: D1019-1023.

Houseley, J., K. Kotovic, A. El Hage and D. Tollervey (2007). "Trf4 targets
ncRNAs from telomeric and rDNA spacer regions and functions in rDNA
copy number control." EMBO J 26(24): 4996-5006.

Houseley, J., J. LaCava and D. Tollervey (2006). "RNA-quality control by
the exosome." Nat Rev Mol Cell Biol 7(7): 529-539.

Houseley, J. and D. Tollervey (2009). "The many pathways of RNA
degradation." Cell 136(4): 763-776.

Huttenhofer, A., P. Schattner and N. Polacek (2005). "Non-coding RNAs:
hope or hype?" Trends Genet 21(5): 289-297.



51

Intine, R. V., M. Dundr, A. Vassilev, E. Schwartz, Y. Zhao, M. L.
Depamphilis and R. J. Maraia (2004). "Nonphosphorylated human La
antigen interacts with nucleolin at nucleolar sites involved in rRNA
biogenesis." Mol Cell Biol 24(24): 10894-10904.

Jansa, P. and I. Grummt (1999). "Mechanism of transcription termination:
PTRF interacts with the largest subunit of RNA polymerase I and dissociates
paused transcription complexes from yeast and mouse." Mol Gen Genet
262(3): 508-514.

Jenuwein, T. and C. D. Allis (2001). "Translating the histone code." Science
293(5532): 1074-1080.

Johnsson, A. E. and A. P. Wright (2010). "The role of specific HAT-HDAC
interactions in transcriptional elongation." Cell Cycle 9(3): 467-471.

Kassavetis, G. A., B. R. Braun, L. H. Nguyen and E. P. Geiduschek (1990).
"S. cerevisiae TFIIIB is the transcription initiation factor proper of RNA
polymerase III, while TFIIIA and TFIIIC are assembly factors." Cell 60(2):
235-245.

Kato, S., R. Fujiki, M. S. Kim and H. Kitagawa (2007). "Ligand-induced
transrepressive function of VDR requires a chromatin remodeling complex,
WINAC." J Steroid Biochem Mol Biol 103(3-5): 372-380.

Kenneth, N. S., B. A. Ramsbottom, N. Gomez-Roman, L. Marshall, P. A.
Cole and R. J. White (2007). "TRRAP and GCN5 are used by c-Myc to
activate RNA polymerase III transcription." Proc Natl Acad Sci U S A
104(38): 14917-14922.

Ko, L. J. and C. Prives (1996). "p53: puzzle and paradigm." Genes Dev
10(9): 1054-1072.

Kouzarides, T. (2007). "Chromatin modifications and their function." Cell
128(4): 693-705.

Kuehner, J. N., E. L. Pearson and C. Moore (2011). "Unravelling the means
to an end: RNA polymerase II transcription termination." Nat Rev Mol Cell
Biol 12(5): 283-294.

Kunkel, G. R. and T. Pederson (1988). "Upstream elements required for
efficient transcription of a human U6 RNA gene resemble those of U1 and
U2 genes even though a different polymerase is used." Genes Dev 2(2): 196-
204.



52

Lassar, A. B., P. L. Martin and R. G. Roeder (1983). "Transcription of class
III genes: formation of preinitiation complexes." Science 222(4625): 740-
748.

Lu, X., X. Meng, C. A. Morris and M. T. Keating (1998). "A novel human
gene, WSTF, is deleted in Williams syndrome." Genomics 54(2): 241-249.

Luger, K., A. W. Mader, R. K. Richmond, D. F. Sargent and T. J. Richmond
(1997). "Crystal structure of the nucleosome core particle at 2.8 A
resolution." Nature 389(6648): 251-260.

MacDonald, V. E. and L. J. Howe (2009). "Histone acetylation: where to go
and how to get there." Epigenetics 4(3): 139-143.

Maldonado, E., I. Ha, P. Cortes, L. Weis and D. Reinberg (1990). "Factors
involved in specific transcription by mammalian RNA polymerase II: role of
transcription factors IIA, IID, and IIB during formation of a transcription-
competent complex." Mol Cell Biol 10(12): 6335-6347.

Martens, J. A. and F. Winston (2003). "Recent advances in understanding
chromatin remodeling by Swi/Snf complexes." Curr Opin Genet Dev 13(2):
136-142.

Mattick, J. S. and I. V. Makunin (2006). "Non-coding RNA." Hum Mol
Genet 15 Spec No 1: R17-29.

Mayer, C., K. M. Schmitz, J. Li, I. Grummt and R. Santoro (2006).
"Intergenic transcripts regulate the epigenetic state of rRNA genes." Mol
Cell 22(3): 351-361.

McStay, B. and I. Grummt (2008). "The epigenetics of rRNA genes: from
molecular to chromosome biology." Annu Rev Cell Dev Biol 24: 131-157.

Mohammad, F., T. Mondal, N. Guseva, G. K. Pandey and C. Kanduri
(2010). "Kcnq1ot1 noncoding RNA mediates transcriptional gene silencing
by interacting with Dnmt1." Development 137(15): 2493-2499.

Morillon, A., N. Karabetsou, J. O'Sullivan, N. Kent, N. Proudfoot and J.
Mellor (2003). "Isw1 chromatin remodeling ATPase coordinates
transcription elongation and termination by RNA polymerase II." Cell
115(4): 425-435.

Nakajima, N., M. Horikoshi and R. G. Roeder (1988). "Factors involved in
specific transcription by mammalian RNA polymerase II: purification,



53

genetic specificity, and TATA box-promoter interactions of TFIID." Mol
Cell Biol 8(10): 4028-4040.

Noller, H. F. (2005). "RNA structure: reading the ribosome." Science
309(5740): 1508-1514.

O'Mahony, D. J. and L. I. Rothblum (1991). "Identification of two forms of
the RNA polymerase I transcription factor UBF." Proc Natl Acad Sci U S A
88(8): 3180-3184.

O'Sullivan, A. C., G. J. Sullivan and B. McStay (2002). "UBF binding in
vivo is not restricted to regulatory sequences within the vertebrate ribosomal
DNA repeat." Mol Cell Biol 22(2): 657-668.

Okazaki, Y., M. Furuno, T. Kasukawa, J. Adachi, H. Bono, S. Kondo, I.
Nikaido, N. Osato, R. Saito, H. Suzuki, I. Yamanaka, H. Kiyosawa, K. Yagi,
Y. Tomaru, Y. Hasegawa, A. Nogami, C. Schonbach, T. Gojobori, R.
Baldarelli, D. P. Hill, C. Bult, D. A. Hume, J. Quackenbush, L. M. Schriml,
A. Kanapin, H. Matsuda, S. Batalov, K. W. Beisel, J. A. Blake, D. Bradt, V.
Brusic, C. Chothia, L. E. Corbani, S. Cousins, E. Dalla, T. A. Dragani, C. F.
Fletcher, A. Forrest, K. S. Frazer, T. Gaasterland, M. Gariboldi, C. Gissi, A.
Godzik, J. Gough, S. Grimmond, S. Gustincich, N. Hirokawa, I. J. Jackson,
E. D. Jarvis, A. Kanai, H. Kawaji, Y. Kawasawa, R. M. Kedzierski, B. L.
King, A. Konagaya, I. V. Kurochkin, Y. Lee, B. Lenhard, P. A. Lyons, D. R.
Maglott, L. Maltais, L. Marchionni, L. McKenzie, H. Miki, T. Nagashima,
K. Numata, T. Okido, W. J. Pavan, G. Pertea, G. Pesole, N. Petrovsky, R.
Pillai, J. U. Pontius, D. Qi, S. Ramachandran, T. Ravasi, J. C. Reed, D. J.
Reed, J. Reid, B. Z. Ring, M. Ringwald, A. Sandelin, C. Schneider, C. A.
Semple, M. Setou, K. Shimada, R. Sultana, Y. Takenaka, M. S. Taylor, R. D.
Teasdale, M. Tomita, R. Verardo, L. Wagner, C. Wahlestedt, Y. Wang, Y.
Watanabe, C. Wells, L. G. Wilming, A. Wynshaw-Boris, M. Yanagisawa, I.
Yang, L. Yang, Z. Yuan, M. Zavolan, Y. Zhu, A. Zimmer, P. Carninci, N.
Hayatsu, T. Hirozane-Kishikawa, H. Konno, M. Nakamura, N. Sakazume,
K. Sato, T. Shiraki, K. Waki, J. Kawai, K. Aizawa, T. Arakawa, S. Fukuda,
A. Hara, W. Hashizume, K. Imotani, Y. Ishii, M. Itoh, I. Kagawa, A.
Miyazaki, K. Sakai, D. Sasaki, K. Shibata, A. Shinagawa, A. Yasunishi, M.
Yoshino, R. Waterston, E. S. Lander, J. Rogers, E. Birney and Y.
Hayashizaki (2002). "Analysis of the mouse transcriptome based on
functional annotation of 60,770 full-length cDNAs." Nature 420(6915): 563-
573.

Orphanides, G., T. Lagrange and D. Reinberg (1996). "The general
transcription factors of RNA polymerase II." Genes Dev 10(21): 2657-2683.



54

Oya, H., A. Yokoyama, I. Yamaoka, R. Fujiki, M. Yonezawa, M. Y. Youn,
I. Takada, S. Kato and H. Kitagawa (2009). "Phosphorylation of Williams
syndrome transcription factor by MAPK induces a switching between two
distinct chromatin remodeling complexes." J Biol Chem 284(47): 32472-
32482.

Pandey, R. R., T. Mondal, F. Mohammad, S. Enroth, L. Redrup, J.
Komorowski, T. Nagano, D. Mancini-Dinardo and C. Kanduri (2008).
"Kcnq1ot1 antisense noncoding RNA mediates lineage-specific
transcriptional silencing through chromatin-level regulation." Mol Cell
32(2): 232-246.

Panov, K. I., J. K. Friedrich and J. C. Zomerdijk (2001). "A step subsequent
to preinitiation complex assembly at the ribosomal RNA gene promoter is
rate limiting for human RNA polymerase I-dependent transcription." Mol
Cell Biol 21(8): 2641-2649.

Papoulas, O., N. G. Williams and R. E. Kingston (1992). "DNA binding
activities of c-Myc purified from eukaryotic cells." J Biol Chem 267(15):
10470-10480.

Parker, C. S. and J. Topol (1984). "A Drosophila RNA polymerase II
transcription factor contains a promoter-region-specific DNA-binding
activity." Cell 36(2): 357-369.

Peoples, R. J., M. J. Cisco, P. Kaplan and U. Francke (1998). "Identification
of the WBSCR9 gene, encoding a novel transcriptional regulator, in the
Williams-Beuren syndrome deletion at 7q11.23." Cytogenet Cell Genet
82(3-4): 238-246.

Percipalle, P., N. Fomproix, E. Cavellan, R. Voit, G. Reimer, T. Kruger, J.
Thyberg, U. Scheer, I. Grummt and A. K. Farrants (2006). "The chromatin
remodelling complex WSTF-SNF2h interacts with nuclear myosin 1 and has
a role in RNA polymerase I transcription." EMBO Rep 7(5): 525-530.

Pieler, T., J. Hamm and R. G. Roeder (1987). "The 5S gene internal control
region is composed of three distinct sequence elements, organized as two
functional domains with variable spacing." Cell 48(1): 91-100.

Poortinga, G., K. M. Hannan, H. Snelling, C. R. Walkley, A. Jenkins, K.
Sharkey, M. Wall, Y. Brandenburger, M. Palatsides, R. B. Pearson, G. A.
McArthur and R. D. Hannan (2004). "MAD1 and c-MYC regulate UBF and
rDNA transcription during granulocyte differentiation." EMBO J 23(16):
3325-3335.



55

Poot, R. A., L. Bozhenok, D. L. van den Berg, S. Steffensen, F. Ferreira, M.
Grimaldi, N. Gilbert, J. Ferreira and P. D. Varga-Weisz (2004). "The
Williams syndrome transcription factor interacts with PCNA to target
chromatin remodelling by ISWI to replication foci." Nat Cell Biol 6(12):
1236-1244.

Roussel, P., C. Andre, C. Masson, G. Geraud and D. Hernandez-Verdun
(1993). "Localization of the RNA polymerase I transcription factor hUBF
during the cell cycle." J Cell Sci 104 ( Pt 2): 327-337.

Russell, J. and J. C. Zomerdijk (2005). "RNA-polymerase-I-directed rDNA
transcription, life and works." Trends Biochem Sci 30(2): 87-96.

Sakonju, S., D. D. Brown, D. Engelke, S. Y. Ng, B. S. Shastry and R. G.
Roeder (1981). "The binding of a transcription factor to deletion mutants of a
5S ribosomal RNA gene." Cell 23(3): 665-669.

Sanij, E., G. Poortinga, K. Sharkey, S. Hung, T. P. Holloway, J. Quin, E.
Robb, L. H. Wong, W. G. Thomas, V. Stefanovsky, T. Moss, L. Rothblum,
K. M. Hannan, G. A. McArthur, R. B. Pearson and R. D. Hannan (2008).
"UBF levels determine the number of active ribosomal RNA genes in
mammals." J Cell Biol 183(7): 1259-1274.

Santoro, R., J. Li and I. Grummt (2002). "The nucleolar remodeling complex
NoRC mediates heterochromatin formation and silencing of ribosomal gene
transcription." Nat Genet 32(3): 393-396.

Schramm, L. and N. Hernandez (2002). "Recruitment of RNA polymerase
III to its target promoters." Genes Dev 16(20): 2593-2620.

Schramm, L., P. S. Pendergrast, Y. Sun and N. Hernandez (2000). "Different
human TFIIIB activities direct RNA polymerase III transcription from
TATA-containing and TATA-less promoters." Genes Dev 14(20): 2650-
2663.

Setzer, D. R. and D. D. Brown (1985). "Formation and stability of the 5 S
RNA transcription complex." J Biol Chem 260(4): 2483-2492.

Shen, V. and M. Kiledjian (2006). "A view to a kill: structure of the RNA
exosome." Cell 127(6): 1093-1095.

Shen, X., G. Mizuguchi, A. Hamiche and C. Wu (2000). "A chromatin
remodelling complex involved in transcription and DNA processing." Nature
406(6795): 541-544.



56

Sogaard, T. M. and J. Q. Svejstrup (2007). "Hyperphosphorylation of the C-
terminal repeat domain of RNA polymerase II facilitates dissociation of its
complex with mediator." J Biol Chem 282(19): 14113-14120.

Sorensen, P. D., B. Lomholt, S. Frederiksen and N. Tommerup (1991). "Fine
mapping of human 5S rRNA genes to chromosome 1q42.11----q42.13."
Cytogenet Cell Genet 57(1): 26-29.

Sparmann, A. and M. van Lohuizen (2006). "Polycomb silencers control cell
fate, development and cancer." Nat Rev Cancer 6(11): 846-856.

Stefano, J. E. (1984). "Purified lupus antigen La recognizes an oligouridylate
stretch common to the 3' termini of RNA polymerase III transcripts." Cell
36(1): 145-154.

Stefanovsky, V. and T. Moss (2006). "Regulation of rRNA synthesis in
human and mouse cells is not determined by changes in active gene count."
Cell Cycle 5(7): 735-739.

Stefanovsky, V. Y., G. Pelletier, R. Hannan, T. Gagnon-Kugler, L. I.
Rothblum and T. Moss (2001). "An immediate response of ribosomal
transcription to growth factor stimulation in mammals is mediated by ERK
phosphorylation of UBF." Mol Cell 8(5): 1063-1073.

Steitz, T. A. and P. B. Moore (2003). "RNA, the first macromolecular
catalyst: the ribosome is a ribozyme." Trends Biochem Sci 28(8): 411-418.

Strohner, R., A. Nemeth, P. Jansa, U. Hofmann-Rohrer, R. Santoro, G.
Langst and I. Grummt (2001). "NoRC--a novel member of mammalian
ISWI-containing chromatin remodeling machines." EMBO J 20(17): 4892-
4900.

Sutcliffe, J. E., T. R. Brown, S. J. Allison, P. H. Scott and R. J. White
(2000). "Retinoblastoma protein disrupts interactions required for RNA
polymerase III transcription." Mol Cell Biol 20(24): 9192-9202.

Tsai, M. C., O. Manor, Y. Wan, N. Mosammaparast, J. K. Wang, F. Lan, Y.
Shi, E. Segal and H. Y. Chang (2010). "Long noncoding RNA as modular
scaffold of histone modification complexes." Science 329(5992): 689-693.

Tuan, J. C., W. Zhai and L. Comai (1999). "Recruitment of TATA-binding
protein-TAFI complex SL1 to the human ribosomal DNA promoter is
mediated by the carboxy-terminal activation domain of upstream binding



57

factor (UBF) and is regulated by UBF phosphorylation." Mol Cell Biol
19(4): 2872-2879.

van de Nobelen, S., M. Rosa-Garrido, J. Leers, H. Heath, W. Soochit, L.
Joosen, I. Jonkers, J. Demmers, M. van der Reijden, V. Torrano, F.
Grosveld, M. D. Delgado, R. Renkawitz, N. Galjart and F. Sleutels (2010).
"CTCF regulates the local epigenetic state of ribosomal DNA repeats."
Epigenetics Chromatin 3(1): 19.

van Dijk, E. L., G. Schilders and G. J. Pruijn (2007). "Human cell growth
requires a functional cytoplasmic exosome, which is involved in various
mRNA decay pathways." RNA 13(7): 1027-1035.

van Riggelen, J., A. Yetil and D. W. Felsher (2010). "MYC as a regulator of
ribosome biogenesis and protein synthesis." Nat Rev Cancer 10(4): 301-309.
Vanacova, S. and R. Stefl (2007). "The exosome and RNA quality control in
the nucleus." EMBO Rep 8(7): 651-657.

Vignali, M., A. H. Hassan, K. E. Neely and J. L. Workman (2000). "ATP-
dependent chromatin-remodeling complexes." Mol Cell Biol 20(6): 1899-
1910.

Vita, M. and M. Henriksson (2006). "The Myc oncoprotein as a therapeutic
target for human cancer." Semin Cancer Biol 16(4): 318-330.

Wahlstrom, T. and M. Henriksson (2007). "Mnt takes control as key
regulator of the myc/max/mxd network." Adv Cancer Res 97: 61-80.

Waldschmidt, R., I. Wanandi and K. H. Seifart (1991). "Identification of
transcription factors required for the expression of mammalian U6 genes in
vitro." EMBO J 10(9): 2595-2603.

Wang, G. G., C. D. Allis and P. Chi (2007). "Chromatin remodeling and
cancer, Part I: Covalent histone modifications." Trends Mol Med 13(9): 363-
372.

White, R. J. (2005). "RNA polymerases I and III, growth control and
cancer." Nat Rev Mol Cell Biol 6(1): 69-78.

Wolffe, A. P. and J. J. Hayes (1999). "Chromatin disruption and
modification." Nucleic Acids Res 27(3): 711-720.

Wolin, S. L. and T. Cedervall (2002). "The La protein." Annu Rev Biochem
71: 375-403.



58

Wyers, F., M. Rougemaille, G. Badis, J. C. Rousselle, M. E. Dufour, J.
Boulay, B. Regnault, F. Devaux, A. Namane, B. Seraphin, D. Libri and A.
Jacquier (2005). "Cryptic pol II transcripts are degraded by a nuclear quality
control pathway involving a new poly(A) polymerase." Cell 121(5): 725-
737.

Xiao, A., H. Li, D. Shechter, S. H. Ahn, L. A. Fabrizio, H. Erdjument-
Bromage, S. Ishibe-Murakami, B. Wang, P. Tempst, K. Hofmann, D. J.
Patel, S. J. Elledge and C. D. Allis (2009). "WSTF regulates the H2A.X
DNA damage response via a novel tyrosine kinase activity." Nature
457(7225): 57-62.

Yakovchuk, P., J. A. Goodrich and J. F. Kugel (2009). "B2 RNA and Alu
RNA repress transcription by disrupting contacts between RNA polymerase
II and promoter DNA within assembled complexes." Proc Natl Acad Sci U S
A 106(14): 5569-5574.

Young, R. A. (1991). "RNA polymerase II." Annu Rev Biochem 60: 689-
715.

Yuan, X., W. Feng, A. Imhof, I. Grummt and Y. Zhou (2007). "Activation of
RNA polymerase I transcription by cockayne syndrome group B protein and
histone methyltransferase G9a." Mol Cell 27(4): 585-595.

Zentner, G. E., A. Saiakhova, P. Manaenkov, M. D. Adams and P. C.
Scacheri (2011). "Integrative genomic analysis of human ribosomal DNA."
Nucleic Acids Res 39(12): 4949-4960.

Zhai, W. and L. Comai (2000). "Repression of RNA polymerase I
transcription by the tumor suppressor p53." Mol Cell Biol 20(16): 5930-
5938.

Zhao, J., X. Yuan, M. Frodin and I. Grummt (2003). "ERK-dependent
phosphorylation of the transcription initiation factor TIF-IA is required for
RNA polymerase I transcription and cell growth." Mol Cell 11(2): 405-413.


